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Preface

In the ever-evolving landscape of scientific research, microfluidic technology has emerged as
a revolutionary force. This Special Issue Reprint titled “Application of Microfluidic Technology in
Bioengineering” is a collection of cutting-edge research papers that explore the vast potential of this
technology in the bioengineering realm.

The subject of this Special Issue is firmly rooted in the application of microfluidic technology
within bioengineering. Microfluidics, at its core, focuses on the manipulation and precise control of
tiny volumes of fluids in micrometer-sized channels. The scope of this issue is broad, encompassing
a wide range of topics such as design of microfluidic chips, microscale flow control, single-cell
manipulation, liquid biopsy, molecular diagnosis, and simulation modeling. The aim of this Special
Issue is to provide a comprehensive overview of the latest advancements in microfluidics as they
pertain to bioengineering. By gathering research from multiple disciplines, we hope to foster
cross-disciplinary collaboration and inspire new ideas. The purpose is to disseminate knowledge
about the practical applications of microfluidic technology, enabling researchers, engineers, and
students to stay abreast of the most recent developments and trends in this field.

The motivation behind this Special Issue stems from the remarkable potential of microfluidic
technology. Its unique characteristics, including miniaturization, integration, high precision,
automation, and versatility, make it an invaluable tool for fluid manipulation and sample analysis.
In bioengineering, these features translate into numerous benefits, such as more efficient diagnostic
methods, better understanding of cellular behavior at the single-cell level, and the development of
novel therapeutic strategies.

This Special Issue is addressed to a wide audience, including researchers in bioengineering,
biomedical engineering, chemistry, materials science, and environmental sciences. It will also be
of great interest to engineers and scientists working in the field of microfluidics, as well as students
who are interested in learning about the latest developments in this exciting area. Additionally, it can
serve as a valuable resource for industry professionals looking to explore the potential applications
of microfluidic technology in product development and innovation.

In conclusion, we believe that this Special Issue on the Application of Microfluidic Technology in
Bioengineering contribute significantly to the field. We hope that it will inspire further research and
development, leading to new breakthroughs and applications that will ultimately benefit society.

We would like to express our sincere gratitude to all the authors who have contributed their
valuable research to this Special Issue, as well as the reviewers for their insightful comments and

suggestions. Their efforts have been instrumental in ensuring the high quality of this collection of

papers.

Shuli Wang and Yigang Shen
Guest Editors
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Editorial for the Special Issue on the Application of Microfluidic
Technology in Bioengineering

Shuli Wang !'* and Yigang Shen %*

Fujian Engineering Research Center for Solid-State Lighting, Department of Electronic Science, School of
Electronic Science and Engineering, Xiamen University, Xiamen 361005, China

The Institute of Precision Machinery and Smart Structure, College of Engineering, Zhejiang Normal
University, Jinhua 321004, China

Correspondence: slwang@xmu.edu.cn (S.W.); yigangshen@zjnu.edu.cn (Y.S.)

1. Introduction

Microfluidics, also called lab-on-a-chip, is a cutting-edge technology in contemporary
interdisciplinary science. Its development stems from the rapid progress of microelectronics
manufacturing technology, as well as from the integration of multiple disciplines such as
biomedicine, materials science, fluid mechanics, and interface science [1-6]. Its core tech-
nology involves constructing a chip system with micron-scale channels and structures to
manipulate nanoliter or even picoliter fluids to complete a series of biochemical laboratory
functions, including sample transmission, mixing, reaction, sorting, and detection [7-14].
At present, microfluidics has progressed from theoretical exploration to the forefront of
clinical transformation and industrial application, playing an increasingly vital role in
modern bioengineering.

The unique advantages of microfluidics technology show great potential in many re-
search fields of bioengineering [15-23]. First, its highly integrated micro-systems effectively
reduce sample usage and reagent consumption, significantly lowering experimental costs
while enabling automated detection [24,25]. Secondly, its excellent control precision and
rapid response speed facilitate real-time dynamic detection, making it particularly valuable
for high-throughput single-cell analysis, rapid nucleic acid detection, and point-of-care test-
ing (POCT) systems [26-29]. In addition, microfluidic technology can be flexibly designed
into multi-channel and multi-modal information outputs, supporting comprehensive multi-
parameter monitoring that provides crucial capabilities for precision medicine [30-33],
early disease screening [34-39], and environmental toxicology detection [23,40—43].

In recent years, with the emergence of new materials and improved multi-physical-
field coupling mechanisms, microfluidic technology has advanced toward intelligence,
systematization, biomimicry, and clinical applications [44-54]. In microstructure manufac-
turing, traditional polydimethylsiloxane (PDMS) materials are being replaced by polymer
materials characterized by biocompatibility, photoresponsiveness, and electrical respon-
siveness, creating more stable and reliable chip systems. For driving mechanisms, the
integration of acoustic, electric, magnetic, and light fields enhances the flexibility of fluid ma-
nipulation while enabling precise control of biological cells and micro-nanoparticles [55-58].
The use of artificial intelligence algorithms for flow field modeling and image recognition
has significantly improved system automation and data processing efficiency [59-64].

Against this background, this Special Issue of Micromachines, “ Application of Microflu-
idic Technology in Bioengineering”, presents ten selected papers (seven interesting original
articles and three reviews) from various research institutions, covering the latest progress of
microfluidics in single-cell manipulation and detection, liquid biopsy, molecular diagnosis,

Micromachines 2025, 16, 1022 https://doi.org/10.3390/mil6091022
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interface design, and simulation modeling. These papers not only reflect the current multi-
faceted research landscape of microfluidics integration but also present the development
trends in microfluidics at both the basic innovation and clinical application levels.

2. Overview of Published Articles

The eleven papers featured in this Special Issue cover five aspects of microfluidic
technology, including single-cell manipulation and detection, liquid biopsy, molecular
diagnosis, interface design, and simulation modeling.

2.1. Clinical Cell Analysis: Liquid Biopsy, Prenatal Testing, and Hematology

In the field of cell manipulation and liquid biopsy, Chu et al. proposed a microfluidic
chip system based on optically induced dielectrophoresis (ODEP) which achieved efficient,
label-free enrichment and size-selective separation of circulating tumor cells (CTCs) [65].
This system relies on micromirror arrays to regulate spatial electric field distribution,
enabling automatic screening of different-sized tumor cell subgroups in a very short time,
with a separation purity reaching 93.5%. It has significant potential applications in the
fields of liquid biopsy and early cancer screening. Yang et al. developed a self-assembled
cell array chip (SACA) that combines multi-marker immunorecognition with microfluidic
array design, achieving automated identification and extraction of fetal nucleated red blood
cells (fnRBCs) [66]. The chip utilizes a joint discrimination strategy with markers such
as Hoechst, CD71, and HbF to rapidly complete the extraction and paternity analysis of
the extremely small number of fnRBCs in maternal blood, with a total operation time
of less than 2 h and a sorting efficiency of 97.85%, providing a feasible new technical
approach for non-invasive prenatal diagnosis. Hassan et al. conducted systematic modeling
and experimental analysis on the impact of carrier fluid elasticity on cellular mechanical
characterization in deformability cytometry [67]. They discovered significant errors in
cell stiffness calculations when fluid viscoelastic effects are ignored. Simulation results
based on CFD models indicate that fluid environment parameters significantly influence
deformation test outcomes, suggesting that material rheological properties should be
incorporated into future microfluidic chip structure optimization processes. Jiang et al.
developed a microfluidic platform to evaluate red blood cell (RBC) deformability in healthy
and thalassemia samples [68]. The chip, featuring capillary-mimicking microchannels,
combined high-speed imaging with deep learning algorithms for automated cell tracking
and contour analysis. The results confirmed significantly reduced deformability and slower
recovery in thalassemic RBCs, especially in narrow channels, establishing a standardized
and high-throughput method with strong diagnostic potential for hematological disorders.

2.2. Molecular Diagnostics and Extracellular-Vesicle Analysis

For molecular detection and nucleic acid analysis, Xian et al. proposed a MEMS digital
PCR system based on superhydrophilic microarray structures, which can complete rapid,
multi-target nucleic acid detection in reaction chambers as small as 120 pL [69]. The system
features high integration and easy operation and enables multi-channel amplification with-
out droplet encapsulation, demonstrating excellent detection sensitivity and specificity for
clinically relevant markers such as hepatitis B virus and EGFR mutations, with significant
practical value for point-of-care testing (POCT). Chen et al. authored a review systemati-
cally examining recent major strategies and technological platforms for exosome separation
and analysis in microfluidics [70]. The article evaluates various approaches, including mi-
cro/nanopore arrays, acoustic chips, dielectric enrichment, and microbead capture, while
pointing out the current contradiction between sample throughput and enrichment purity.
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It suggests that future systems could integrate electroacoustic synergistic strategies with
Al-assisted data analysis to enhance overall system performance.

2.3. Interface and Materials Engineering for Robust Microfluidic

Regarding microfluidic chip interface design, Wu et al. employed a single-cycle
brush-grafted polymer modification strategy to construct liquid bionic interfaces on PDMS
surfaces, effectively enhancing the anti-fouling performance of microfluidic chips in com-
plex blood environments [71]. Through droplet contact angle and fluorescent labeling
experiments, this interface significantly inhibited protein adsorption and cell adhesion,
improving system reusability stability and making it suitable for multiple sampling and
analysis scenarios. From a fluid dynamics modeling perspective, Ayeni et al. analyzed
the effects of microfiber bundles with different arrangements and densities on oil-water
interface morphology and flow behavior [72]. The research revealed that controlling fiber
spacing within the range of 10-50 pm can maximize interface area, helping to improve
interface reaction efficiency and providing engineering optimization ideas for microfluidic
extraction, emulsification, and phase separation process design.

2.4. System Modeling and Thermal Engineering

In the field of microfluidic chip system construction, Thiem et al. developed a thermal
conduction model for a microfluidic cooling system based on a micro-hotplate substrate,
addressing the needs of cryo-electron microscopy sample preparation [73]. The simula-
tion results showed that when using a silicon-based substrate with a thickness of less
than 5 pm, instantaneous cooling rates exceeding 10° K/s can be achieved, potentially
meeting the extreme freezing requirements for preserving biological macromolecular struc-
tures, thus providing theoretical support for organ-on-chip freezing processes and cell
preservation technologies.

2.5. Methodological Reviews: Microfluidics-Enabled Omics and Impedance Sensing

The other two reviews in the Special Issue focus on the introductory biological appli-
cations of microfluidics. Sun et al. conducted a comprehensive review of the application of
microfluidic technology in single-cell RNA sequencing and spatial omics research [74]. The
article reviewed the microfluidic chip structure and application scenarios of technical plat-
forms such as Drop-seq, 10x Genomics, and MERFISH, pointing out that microfluidics has
shown extremely high value in revealing cell heterogeneity, reconstructing developmental
lineages, and studying the tumor microenvironment. The authors look forward to the trend
of spatial resolution improvement and multimodal collaborative development. Finally,
Shen et al. focus on the basic principles, system construction, and biological applications of
microfluidic impedance detection technology [75]. The review systematically introduces
the cell equivalent circuit modeling, impedance spectrum feature extraction, and multi-
parameter detection methods; sorts out the typical application cases of this technology
in multiple dimensions, such as tumor cell identification, blood component analysis, and
microbial monitoring; and proposes the future integration of flexible electronics and Al
algorithms as a development direction.

3. Conclusions

The ten papers included in this Special Issue cover multiple areas, from modeling mi-
croscopic mechanisms to clinical transformations, reflecting the multi-dimensional capabil-
ities of pathfinding and system construction in microfluidic technology for bioengineering
applications. Whether in experimental design, material innovation, or analysis strategies
and data interpretation, each research team has demonstrated solid technical skills and
forward-looking application perspectives, highlighting the significant value of microflu-
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idic technology in promoting medical intelligence, systematization, and individualization.
Finally, we would like to highlight that this Special Issue collects cross-disciplinary and
complementary contributions from China, the USA, and Germany, representing a shared
and enhanced cross-technological research effort regarding microfluidic technology.
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Abstract: The analysis of circulating tumor cells (CTCs) at the molecular level holds great promise for
several clinical applications. For this goal, the harvest of high-purity, size-sorted CTCs with different
subtypes from a blood sample are important. For this purpose, a two-step CTC isolation protocol was
proposed, by which the immunomagnetic beads-based cell separation was first utilized to remove the
majority of blood cells. After that, an optically induced dielectrophoresis (ODEP) microfluidic system
was developed to (1) purify the CTCs from the remaining magnetic microbeads-bound blood cells
and to (2) sort and separate the CTCs with different sizes. In this study, the ODEP microfluidic system
was designed and fabricated. Moreover, its optimum operation conditions and performance were
explored. The results exhibited that the presented technique was able to purify and sort the cancer
cells with two different sizes from a tested cell suspension in a high-purity (93.5% and 90.1% for the
OECM 1 and HA22T cancer cells, respectively) manner. Overall, this study presented a technique
for the purification and sorting of cancer cells with different sizes. Apart from this application, the
technique is also useful for other applications in which the high-purity and label-free purification
and sorting of cells with different sizes is required.

Keywords: optically induced dielectrophoresis (ODEP); microfluidic technology; circulating tumor
cells (CTCs); cell isolation; cell sorting

1. Introduction

Cancer has been a primary threat to global health in recent decades. It is well known
that the majority of cancer deaths are due to cancer metastasis [1,2]. Circulating tumor cells
(CTCs) are the rare cancer cells existing in the peripheral blood of cancer patients, which
were first described in 1869 [3]. Several studies have well demonstrated that the presence
of CTCs in blood circulation is relevant to cancer metastasis [4]. Therefore, the analysis
of CTCs holds great promise for several clinical utilizations (e.g., cancer detection [4,5],
prognosis evaluation of cancer [6,7], therapeutic response evaluation of cancer [8-10], or
monitoring of cancer metastasis [11,12]). Compared with the clinical applications of CTCs
simply based on the quantification of their cell number [6,11], the analysis of CTCs at
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molecular level (e.g., gene expression analysis) could pave a more promising route to
comprehensively understand CTC heterogeneity [13,14], cancer progression [15,16], or
mechanisms of therapeutic resistance [17,18]. To achieve this goal, the harvest of high-
purity and all possible CTCs with different subtypes from the blood samples of cancer
patients is crucially important.

However, CTCs are naturally rare in a blood sample (e.g., approximately 1 CTC per
10°-107 leukocytes [19]), making them technically challenging to isolate and purify. In
terms of the CTC isolation and purification schemes, they can be generally categorized into
cell biophysical- and immunoaffinity-based mechanisms [20]. For the former, the physical
(e.g., size or density) differences between CTCs and the background blood cells [21] are
mainly used to separate and then purify CTCs from a blood sample. This strategy is gen-
erally regarded to be simple and low cost to operate. However, its purity and specificity
for target cell isolation are commonly inferior to the immunoaffinity-based strategy [22].
For the immunoaffinity-based methods, their working principles are based on the use of
specific antibodies to selectively bind to the surface antigens of cells to distinguish the
target CTCs from the other blood cells. CTCs normally express specific cellular surface
antigens (e.g., EpCAM and CKs) that set them apart from the other blood cells (i.e., posi-
tive immunoselection). Alternatively, the CTC isolation and purification can be achieved
by specifically removing the majority of blood cells, leaving the cell population that do
not express any blood cell-related antigens for the subsequent collection (i.e., negative
immunoselection) [23].

Due to the heterogeneity issue of CTCs regarding their surface antigens, the utilization
of the positive immunoselection-based strategy might only be able to harvest some possible
CTCs with different subtypes [24]. Conversely, the negative immunoselection-based CTC
isolation and purification techniques are believed to obtain all possible and label-free CTCs
from a blood sample [25]. Due to this technical advantage, the subsequent CTC analysis
could produce more comprehensive information, revealing more real situations of cancer
status. In practice, briefly, only blood cells (e.g., leukocytes) are targeted for removal via a
standard immunomagnetic microbeads-based cell separation and isolation technique [25].
Nevertheless, the CTC isolation and purification based on this strategy generally comes
across the technical problem of low CTC purity [25]. In this situation, the contamination of
leukocytes in the obtained cell sample could, therefore, complicate the subsequent CTC
analysis. Apart from the abovementioned issues, it was also reported that the CTCs in
blood samples have a diverse array of sizes (e.g., diameter: 12~30 um) [26,27], reflecting
that cancer cells maintain their high phenotypic plasticity in the bloodstream. Moreover, by
analyzing the morphological features of CTCs in different cancer types, the results reveal
that the CTCs isolated from hepatocellular and breast cancer patients exhibit larger cell
size compared with those obtained from the other types of cancers [28-30]. This finding
indicates that CTCs may display unique morphological features (e.g., size) depending on
the specific origin of the tumor. As a result, the initial sorting and separation of CTCs based
on their size differences during the CTC isolation and purification process might facilitate
the following CTC analytical work.

Moreover, with the advances in microfluidic technology, the microfluidic systems
integrated with various techniques (e.g., fluidic control- [31], acoustophoresis- [32], di-
electrophoresis (DEP)- [33], or optically induced dielectrophoresis (ODEP)- [34] based
mechanism) for cell manipulation have been presented for the isolation and purification
of biological cells. Due to the feature of miniaturization, overall, these microfluidic sys-
tems have been proved to have superior cell isolation and purification performance over
conventional cell isolation and purification schemes [31]. Among the cell manipulation
mechanisms, ODEP-based techniques are particularly suitable for biologists to use owing
to their ease of fabrication and operation. The microparticle manipulation using ODEP
was first presented in 2005 [35]. Its working principle is well discussed elsewhere and
briefly described herein. An electric voltage is applied within the solution layer of an ODEP
system to generate a uniform electric field. This in turn causes the dielectric microparticles
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(e.g., cells) within the solution to be electrically polarized. When the photoconductive
substrate of the ODEP system is projected with light, the illuminated light can cause
the electrical impedance at the light-projected area to decrease. This phenomenon in
turn causes the applied electric voltage to decline across the solution layer within the
light-illuminated region. Overall, the abovementioned phenomenon creates a locally non-
uniform electric field within an ODEP system. Based on these facts, the interaction between
the non-uniform electric field created and an electrically polarized microparticle is used
to manipulate the microparticles. In terms of operation, a scientist can simply control the
dynamic optical images projected on an ODEP system to manipulate the microparticles in
a manageable manner.

To harvest high-purity and all possible CTCs with different sizes from a blood sample,
a two-step CTC isolation and purification protocol was proposed in this study. For the first
step, the negative selection-based CTC isolation scheme based on the immunomagnetic
beads-based cell separation technique was adopted to remove 99% of blood cells [36]. In the
subsequent step, the combination of ODEP-based cell manipulation and the laminar flow
phenomenon in the presented microfluidic system was utilized to (1) purify the label-free
CTCs from the remaining magnetic microbeads-bound blood cells, and to (2) further sort
and separate the CTCs with different sizes. In this study, research was mainly focused
on the second step. For the ODEP microfluidic system, its working principles are mainly
based on the phenomena described in the following. First, the ODEP force acting on the
cells with varied sizes is different [37]. Second, previous studies have demonstrated that
the ODEP force generated on a cell is influenced by the intensity (or color brightness ratio)
of illuminated light [38—40]. Based on these facts, two dynamic light image arrays were
designed in the microchannel (i.e., the defined zone for cell separation) to first gather all
cells to one side of the microchannel and then to sort and separate the magnetic microbeads-
bound blood cells and the cancer cells with different sizes, respectively. Moreover, due to
the laminar flow pattern in a microchannel, the separated cells were then transported in a
partitioned manner for the subsequent cell collections via two static light bar arrays.

In this work, the ODEP microfluidic system was designed and fabricated. Moreover,
the ODEP operating conditions (i.e., the moving velocities and color brightness of the light
bars used in the two dynamic light image arrays, and the color brightness of the light
bars used in the two static light bar arrays) for effective purification and sorting of cancer
cells with two different sizes were explored experimentally. For performance evaluation
purposes, two cancer cell lines (OECM1 and HA22T cells) and a Jurkat cell line (used
as model leukocytes) were used as the model cells representing the CTCs with different
sizes and the remaining blood cells in the processed sample. Finally, the performance
of the proposed microfluidic system for the purification and sorting of cancer cells with
two different sizes was assessed. The results demonstrated that the ODEP-based cell
manipulation scheme was able to effectively purify and sort the cancer cells with two
different sizes from a tested cell suspension model in a high-purity (achieved purity for
the OECM1 and HA22T cancer cells: 93.5% and 90.1%, respectively) manner. Overall, this
study presented an ODEP microfluidic system for the purification and sorting of cancer
cells with different sizes. In addition to the application for CTC purification and sorting,
the proposed approach is also useful in other applications in which the high-purity and
label-free purification and sorting of cells with different sizes are required.

2. Materials and Methods
2.1. Design, Fabrication, and Experimental Setup of ODEP-Based Microfluidic System for the
Purification and Sorting of CTCs with Different Sizes

In this work, an ODEP-based microfluidic chip was designed to (1) purify the CTCs
from the magnetic microbeads-bound blood cells and to (2) further sort and isolate the
CTCs with different sizes in a continuous manner. The design of the ODEP microfluidic
chip is schematically shown in Figure la. Briefly, a microchannel (L: 25 mm, W: 1 mm,
H: 50 um) was designed to transport cell suspension samples. In this work, the ODEP-
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based cell manipulation was conducted within the defined cell separation zone of the
microchannel, as indicated in Figure 1a. In the design (Figure 1a), two through-holes
(D: 1 mm) for tubing connection were used for the fresh cell suspension sample input
and the waste sample output, respectively. The layer-by-layer structure of the ODEP
microfluidic chip is illustrated in Figure 1b. Briefly, the microfluidic chip consisted of a top
processed polydimethylsiloxane (PDMS) substrate (Layer A), an indium-tin-oxide (ITO)
glass (Layer B), a processed double-sided adhesive tape (thickness: 50 pm) with a hollow
microchannel (Layer C), and a bottom ITO glass coated with a layer of photoconductive
material (Layer D).

a b
" ®) (9 ———— LayerA
Cell separation zone / Layer B
O v o S
4=::—f —— /  layerC
Microchannel
I f /
Hole for cell suspension Hole for waste sample
sample input output Layer D
(c)
Desktop
Microscope-CCD
Syringe pump

Function generator

II _Q S(333)8
&) 8(8sS ]
< = Y Projector

Figure 1. Schematic illustration of the (a) layout and (b) layer-by-layer structure [Layer A: a processed
PDMS substrate; Layer B: an indium-tin-oxide (ITO) glass; Layer C: a processed double-sided
adhesive tape with a hollow main microchannel; Layer D: a bottom ITO glass coated with a layer of

photoconductive material] of the ODEP microfluidic chip, and (c) the overall experimental setup.

The fabrication and experimental setup have been well described previously [36,38].
Briefly, the PDMS tube connector (Layer A; Figure 1b) was made by the CNC (EGX-
400, Roland Inc., Hamamatsu, Japan) machining for positive polymethylmethacrylate
(PMMA) mold fabrication and the subsequent PDMS (Sylgard® 184, Dow Corning, Mid-
land, MI, USA) replica molding for the tube connector making. For the ITO glass (InnoLux
Corporation, ZMI, Taiwan) with two through-holes (Layer B; Figure 1b), the holes were
fabricated via mechanical drilling. For Layer C (Figure 1b), the hollow structure of the
microchannel was fabricated in the double-sided adhesive tape (L298, Sun-yieh, TYN,
Taiwan) simply via a manual punching process using a custom-made metal mold. For
Layer D (Figure 1b), an ITO glass was deposited with a photoconductive material (i.e., a
20 nm thick n+ hydrogenated amorphous silicon layer (n* a-Si:H) and a 1 pm thick intrin-
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sic hydrogenated amorphous silicon (a-5i:H) layer) via plasma-enhanced chemical vapor
deposition (PECVD).

For the following assembly process, the Layer A was bonded with the Layer B via
O; plasma surface treatment. This was followed by the assembly with the Layer D via
the Layer C (i.e., a double-sided adhesive tape). In terms of operation, a syringe pump
(KDS LEGATO 180, KD Scientific, Holliston, MA, USA) was used to transport the cell
suspension sample in the microchannel. For cell manipulation using ODEP, a function
generator (AFG-2125, Good Will Instrument Co., Ltd., New Taipei City, NTPC, Taiwan) was
used to generate an alternating current (AC) voltage between the two ITO glass substrates
(Figure 1b). In the following step, a computer-controlled projector (EB-X05, Epson, Suwa,
Japan) was used to illuminate dynamic light images onto the Layer D. In this work, the
observation and recording of the cell manipulation process was achieved by using a CCD-
equipped microscope (Zoom 160, OPTEM, Medina, OH, USA). The overall experimental
setup is schematically illustrated in Figure 1c.

2.2. The Working Principle of the ODEP-Based Cell Manipulation Scheme for the Purification and
Sorting of CTCs with Different Sizes

The mechanism of the cell manipulation using ODEP is well discussed elsewhere [36,41]
and has also been briefly described in the introduction section. The ODEP force generated on a
microparticle can be expressed by the Equation (1), also used to describe the DEP force [36,41]:

Fpep = 2nrlegemRefopm]V 1 E 12 (1)

wherer, ¢y, ém, VI E| 2 and Re[fcpm] denote the microparticle’s radius, vacuum permittivity,
relative permittivity of the surrounding solution, gradient of the exerted electrical voltage
squared, and real part of the Clausius-Mossotti factor (fcy), respectively. It can be found
from Equation (1) that the ODEP force generated on a microparticle is proportional to its
radius cubic under the given operation conditions (e.g., the applied electrical voltage or
the property of solution) [36,41]. Therefore, one can use ODEP-based cell manipulation to
sort and separate the cells with different sizes based on their different ODEP manipulation
force [36,41]. Apart from the factors described in Equation (1), the ODEP force generated on
a microparticle is also increased with the intensity increase in the illuminated light, which
was reported to be proportional to its color brightness ratio according to our previous
study [38,39].

Based on the phenomena abovementioned, this study proposed a two-step CTC
isolation and purification protocol for the isolation, purification, and sorting of CTCs with
different sizes from a blood sample. For the first step, a blood sample is treated with
the negative selection-based CTC isolation process utilizing a standard immunomagnetic
microbeads-based cell isolation approach, which is well described elsewhere [36], to remove
the majority of the blood cells in a blood sample. In the second step, the combination of
ODEP cell manipulation and laminar flow phenomenon in the presented ODEP microfluidic
system was used to (1) purify all possible CTCs from the remaining magnetic microbead-
bound blood cells, and to (2) further sort and separate the CTCs with different sizes. In
this study, research mainly focused on the second step. For the development work, two
cancer cell lines (OECM1 and HA22T cancer cells; diameter: 20.9 4+ 2.6 and 26.6 + 3.3 um,
respectively) and a Jurkat cell line (used as model leukocytes [36]) were used as the model
cells representing the CTCs with different sizes and the remaining blood cells in the
processed sample. In the ODEP microfluidic system, briefly, two dynamic light image
arrays were designed in the defined cell separation zone, first to gather all cells to one side
of the microchannel and then to sort and separate the magnetic microbeads-bound cells
and the cancer cells with different sizes, respectively. Furthermore, due to the laminar flow
pattern in a microchannel, the separated cells as abovementioned were then transported in
a partitioned manner for the subsequent cell collections via two static light bar arrays. The
entire operation procedures are illustrated in Figure 2.
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Figure 2. Schematic illustration of the entire ODEP manipulation process for the purification and
sorting of cancer cells with different size: (a) the designed light image arrays including two dynamic
light image arrays and two static light bar arrays (as indicated) in the cell separation zone of the
microchannel (the color brightness is as indicated); (b,c): the dynamic light image array I was used
to dynamically pool all cells, continuously transported to the cell separation zone, to one side of
the microchannel; (c,d): the cells manipulated to the side of the microchannel were then released by
the three light bars near the side of the microchannel in the flow direction; (d,e): the cells flowed
to the dynamic light image array II were then sorted and separated by the ODEP manipulation, by
which the magnetic microbeads-bound Jurkat cells could not be manipulated by ODEP and were thus
released by the light bars near the side of the microchannel in the flow direction; (f,g): the cancer cells
(i.e., the HA22T and OECMI1 cancer cells) were manipulated by ODEP and thus were attracted and
pulled to the another side of the microchannel. During this process, they were sorted and separated
based on their size difference by the designed ODEP mechanism and then were collected by the
downstream static light bar array I and II, respectively.

2.3. The ODEP Operation Conditions for the Purification and Sorting of Cancer Cells with
Different Sizes

In the ODEP microfluidic system, ODEP cell manipulation was utilized to continuously
purify and sort the cancer cells from the background magnetic microbeads-bound Jurkat
cells, as illustrated in Figure 2. In this work, the electric voltage and frequency were set at
10 Vpp and 3 MHz, respectively, which was previously demonstrated to be a cell-friendly
condition for cells [41]. Under the set electric condition, the ODEP manipulation force
(i.e., the net force between the ODEP force and friction force producing on a cell) of the
cells manipulated (i.e., the Jurkat, magnetic microbeads-bound Jurkat, OECM1, and HA22T
cells) was then experimentally evaluated based on the method described previously [36,41].
In a steady state, the ODEP manipulation force acting on a cell is balanced by the viscous
drag of fluid. As a result, the hydrodynamic drag force of a moving cell was used to
evaluate the net ODEP manipulation force of a cell [36,41]. Stokes” law (Equation (2))
describes the hydrodynamic drag force (F) acting on a spherical particle under continuous
flow conditions [36,41]:

F =6mrqu (2)

13



Micromachines 2023, 14, 2170

where 7, 17, and v represent the cell radius, fluid viscosity, and maximum velocity of the
cell, respectively. According to Stokes’ law, thus, the ODEP manipulation force acting
on the cell investigated can be experimentally assessed through measurements of the
maximum velocity of a moving light image that can manipulate the cell [36,41]. Moreover,
as described earlier, the ODEP force generated on a cell is influenced by the intensity
(or color brightness ratio) of illuminated light, according to our previous study [38,39].
The previous evaluation of the ODEP manipulation force of the manipulated magnetic
microbeads-bound Jurkat, OECM1, and HA22T cells was based on the use of the light image
with 100% color brightness. In this study, similar evaluations were also carried out using
the light images with varied percentages (i.e., 60, 70, 80, 90, and 100%) of color brightness.

2.4. Design of the Light Image Arrays in ODEP Microfluidic System for the Purification and
Sorting of Cancer Cells with Two Different Sizes

In this study, the combination of ODEP cell manipulation and laminar flow phe-
nomenon in the ODEP microfluidic system was designed to (1) purify the cancer cells
(i.e., OECM1 and HA22T cells) from the magnetic microbead-bound Jurkat cells, and to
(2) further sort and separate the cancer cells with different sizes. As described in Figure 2,
two dynamic light image arrays (i.e., the dynamic light image array I (light bar number: 14;
color brightness: 100%; size of light bar: 50 pm (W) and 1316 pm (L); 50 um (W) and 1459,
1005, and 580 um (L) for the three bars near the side of the microchannel) and the dynamic
light image array II (light bar number: 14; size of light bar: 50 um (W) and 870 pum (L);
color brightness: 100% and 80% as indicated in Figure 2)) were designed in the defined cell
separation zone of the microchannel to first gather all cells to one side of the microchannel,
and then to sort and separate the magnetic microbeads-bound Jurkat cells and the cancer
cells with different sizes, respectively. Moreover, two static light bar arrays (i.e., the static
light bar array I (light bar number: 3; color brightness: 80%; size of light bar: 75 um (W)
and 210, 295, and 380 um (L) for the three bars, respectively) and the static light bar array
II (light bar number: 3; color brightness: 100%; size of light bar: 75 pm (W) and 567, 650,
and 738 pum (L) for the three bars, respectively)) were designed at the downstream part of
the microchannel for the collection of the sorted and separated cancer cells with different
sizes, respectively. To achieve this goal, the operation conditions of the two dynamic light
image arrays (i.e., the percentage of color brightness and the moving velocity) and the two
static light bar arrays (i.e., the percentage of color brightness) were determined based on
the previous experimental evaluations, as described in the Section 2.3. The determined
operation conditions for the four light image arrays were described and discussed in the
Section 3.3.

2.5. Performance Evaluation of the ODEP Microfluidic System for the Purification and Sorting of
Cancer Cells with Two Different Sizes

After the dynamic and static light image arrays were designed, their function for the
manipulation of the three types of cells as aforementioned was then tested. The function
of the dynamic light image array I to manipulate the microbead-bound Jurkat cells to
one side of the microchannel (Figure 2b,c) was first experimentally evaluated. In this
study, the magnetic microbead-bound Jurkat cell suspension with different concentrations
(2.5~10 x 10* cells 100 uL~!) was loaded in the microfluidic chip. The magnetic microbead-
bound Jurkat cells transported to the area of the dynamic light image array I was then
manipulated using the designed array. The video of the operation process was recorded
for quantifying the cells transported to the dynamic light image array I as well as the
cells released by the three light bars most near the side of the microchannel (Figure 2c).
Based on the data, the removal rate of magnetic microbead-bound Jurkat cells [(the number
of cells released by the three light bars most near the side of the microchannel)/(the
number of cells entered to the area of dynamic light image array I) x 100%] under different
concentrations of cell suspension was then calculated. After understanding the working
capacity of the dynamic light image array I to manipulate the magnetic microbead-bound
Jurkat cells to one side of the microchannel, the function of the dynamic light image array
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I to sort and separate the cancer cells with different sizes was experimentally evaluated.
Briefly, the magnetic microbead-bound Jurkat, HA22T, and OECM1 cells (concentration:
5 x 10%, 5 x 103, and 5 x 103 cells 100 uL~1, respectively) were individually loaded into
the ODEP microfluidic chip. The loaded cells were then treated with the proposed ODEP
manipulation scheme as illustrated in Figure 2. For evaluating the distribution of the
cells after ODEP operation, the number of the loaded cells and the number of the cells
finally collected by the static light bar arrays I and II were quantified with the aid of
video recording.

After the basic function tests as described above, the performance of the proposed
ODEP microfluidic system for the purification and sorting of cancer cells with two different
sizes was then evaluated. As described earlier, the ODEP microfluidic system was mainly
designed to process the blood sample treated with the immunomagnetic beads-based cell
separation for removing 99% of blood cells. Therefore, the main purpose of the ODEP
microfluidic system was to (1) purify the cancer cells from the magnetic microbead-bound
cells, and (2) further sort and separate the cancer cells with different sizes. For evaluating
its working performance, the cell suspension tested, containing the magnetic microbead-
bound Jurkat, HA22T, and OECM1 cells (ratio: 1:1:5) mimicking a blood sample processed
with the immunomagnetic beads-based cell separation process, was prepared and then
loaded into the ODEP microfluidic system. After the ODEP manipulation as described in
Figure 2, the numbers of the three types of cells collected in the two static light bar arrays
were quantified microscopically. For identifying the cell species, HA22T and OECM1
cancer cells were pre-stained with CellTrace™ Calcein Red-Orange (C34851, Invitrogen,
Carlsbad, CA, USA) or expressed with GFP (green fluorescent protein), respectively. After
that, the purity of the two cancer cells collected in the two static light image arrays was
then evaluated.

2.6. Statistical Analysis

In this study, the data were presented as the mean =+ standard deviation (3 separate
experiments). One-way ANOVA was used to evaluate the effect of the experimental factors
tested on the outcomes. Tukey’s honestly significant difference (HSD) post hoc test was
used to compare differences between the two conditions tested when the null hypothesis
of the ANOVA was rejected.

3. Results and Discussion
3.1. Technical Advantages of the ODEP Microfluidic System for the Purification and Sorting of
CTCs with Different Sizes

In terms of application, an ODEP microfluidic system (Figure 1) was developed and
used to process further the cell suspension sample obtained from the blood sample treated
with the immunomagnetic beads-based cell separation process to specifically remove the
majority of blood cells (i.e., the proposed two-step CTC isolation and purification protocol
as described earlier). In this work, the proposed ODEP microfluidic system was to (1) purify
the CTCs from the remaining magnetic microbeads-bound blood cells, and (2) further sort
and separate the CTCs with different sizes (Figure 2). Based on the operations, high-purity,
label-free, and all possible CTCs with different size from a blood sample can be harvested,
which is both biologically and clinically meaningful for the subsequent medical applications
(e.g., prognosis evaluation of cancer [6,7], therapeutic response evaluation of cancer [8-10],
or monitoring of cancer metastasis [11,12]) or fundamental studies (e.g., mechanisms behind
cancer metastasis [15] or anti-cancer drug resistance [17,18]). This technical advantage is
beyond what is possible by using other CTC isolation and purification methods by which
the CTCs harvested are limited to certain CTC subtypes (e.g., EpCAM-positive CTCs [42]),
are labeled with magnetic microbeads [42], or are in a low-purity manner (e.g., biophysical-
and negative immunoselection-based CTC enrichment techniques [22,36]).

Among the techniques (e.g., fluidic control- [31], acoustophoresis- [32], DEP- [33],
or ODEP- [34] based techniques) available for cell manipulation in microfluidic systems,
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DEP-based cell or bacteria manipulation is commonly utilized for various applications [33].
Nevertheless, it generally requires a time-consuming, technically demanding, and costly
microfabrication to create a special metal electrode array. This technical requirement could
therefore restrict its widespread applications. Conversely, the key technical advantage of
using ODEP cell manipulation in a microfluidic system is that it can easily and quickly
generate or modify an electrode array in a virtual manner via the control of the optical
patterns, functioning as a virtual electrode, in an ODEP system. In practice, therefore,
a scientist can use a commercial digital projector to display optical images on an ODEP
system to manipulate cells in a flexible, manageable, and user-friendly manner through a
computer-interfaced control [34]. Overall, this technical feature is particularly suitable for
biologists to use owning to their ease of fabrication and operation.

3.2. The ODEP Operation Conditions for the Manipulation of Cells

In the ODEP microfluidic system, two dynamic light image arrays were designed
in the defined cell separation zone of the microchannel to, first, gather all cells to one
side of the microchannel and, then, to sort and separate the magnetic microbeads-bound
Jurkat cells and the OECM1 and HA22T cancer cells, as illustrated in Figure 2. Moreover,
two static light bar arrays were designed at the downstream part of the microchannel
for the collection of the sorted and separated cancer cells with different size, respectively.
To achieve this goal, the ODEP operation conditions for the manipulation of the cells
(i.e., magnetic microbeads-bound Jurkat, OECM1, and HA22T cells) were first explored. In
this study, the electric voltage and frequency for ODEP-based cell manipulation were set at
10 Vpp and 3 MHz, respectively, which was demonstrated to be cell friendly [41]. In this
study, the sizes of the model cells used were first evaluated microscopically. The results
(Figure 3a) showed that the sizes of Jurkat, OECM1, and HA22T cells were measured
to be 13.8 £ 1.7, 209 + 2.6, and 26.6 £+ 3.3 um in diameter, respectively, which were
evaluated to have significant difference (p < 0.05). After that, the evaluation of their ODEP
manipulation force using the indicator of the maximum velocity of a light image that can
manipulate the cells [36,41] was carried out. The results (Figure 3b) exhibited that the
maximum velocities of a light image that can manipulate the cells (i.e., Jurkat cells and
the OECM1 and HA22T cancer cells) were measured to be 105.7 + 21.2, 138.8 + 16.5, and
184 + 20.3 um s, respectively. Overall, the measured maximum velocities of a light image
that can manipulate the cells increased with the increase in cellular sizes (Figure 3a,b),
which were statistically evaluated to have significant differences (p < 0.05). This finding
is in line with the fact that the ODEP force acting on a cell is proportional to its size, as
described in the Equation (1) [36,41]. As discussed previously, a two-step CTC isolation and
purification protocol was proposed in this study for harvesting high-purity and all possible
CTCs with different sizes. After the first step process as described earlier, the Jurkat cells,
the tested model cells representing the leucocytes in this study, should be labeled with
magnetic beads. In this situation, the size or electric property of the Jurkat cells might
be altered, which could in turn affect their ODEP manipulation force. Nevertheless, the
maximum velocities of a light image that can manipulate the Jurkat cells with or without
magnetic beads binding were evaluated to have no significant difference (118 £ 21.2 and
105.7 £21.2 um s, respectively) (p > 0.05) (Figure 3b). This result could be partially due
to their similar size (i.e., 14.1 = 1 and 13.8 £+ 1.7 um in diameter for the Jurkat cells with or
without magnetic beads binding, respectively) (p > 0.05).
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Figure 3. (a) The size (diameter) of the model cells (i.e, Jurkat cells and the OECM-1 and HA22T
cancer cells) used in this study, and (b) evaluation of the maximum velocities of a light image that
can manipulate these model cells (i.e., the Jurkat, magnetic microbead-bound Jurkat (MB Jukat), and
HA22T, and OECM1 cells). *: significant difference (p < 0.05) and ns: not significant.

Apart from the fundamental investigation of the maximum velocities of the light
images (100% color brightness) that can manipulate the cells, the similar evaluations were
also carried out using the light images with varied percentages (i.e., 60, 70, 80, 90, and
100%) of color brightness. Figure 4a—c exhibited the relationship between the maximum
velocities of light images that can manipulate the magnetic microbeads-bound Jurkat,
OECM1, and HA22T cells, respectively, under varied percentages of color brightness. The
results demonstrated that the ODEP force generated on a cell was influenced by the color
brightness of light images (Figure 4a—c; p < 0.05). The overall trend showed that the ODEP
force generated on a cell increased with the percentage increase in color brightness of light
images, although some data points revealed that the increase was not statistically significant.
As a whole, this finding is line with the result revealed in our previous study [38,39].
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Figure 4. The relationship between the maximum velocities of light images that can manipulate the
(a) magnetic microbeads-bound Jurkat (MB Jukat), (b) OECM1, and (c) HA22T cells under varied
percentages (60, 70, 80, 90, 100%) of color brightness of light bar images. *: significant difference
(p < 0.05) and ns: not significant.
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3.3. Design of the Light Image Arrays in the ODEP Microfluidic System for the Purification and
Sorting of Cancer Cells with Two Different Sizes

After fundamentally understanding the ODEP operation conditions of the manipu-
lated cells under varied percentages of color brightness (Figures 3 and 4), the light image
arrays including two dynamic light image arrays and two static light bar arrays were
designed for the purification and sorting of cancer cells (i.e., OECM1 and HA22T cells) with
different sizes and for the individual collection of the separated cancer cells, respectively, as
illustrated in Figure 2. For the two dynamic light image arrays, the dynamic light image ar-
ray I with multiple light bars (100% color brightness) was designed to dynamically pool the
cells, continuously transported to the cell separation zone, to one side of the microchannel
(Figure 2b,c). After that, the dynamic light image array II, encompassing multiple light bars
with two different (i.e., 100 and 80%) color brightnesses, was designed to first sort and sep-
arate the cancer cells (i.e., OECM1 and HA22T cells) from the magnetic microbeads-bound
Jurkat cells and was followed by sorting and separating the OECM1 and HA22T cancer
cells by their sizes, respectively. To achieve this goal, the moving velocity of the dynamic
light bars of the array I was set at 70 um s~ !, which was much lower than the maximum
velocities (i.e., 118 4 21.2, 138.8 + 16.5, and 184 + 20.3 um s~ 1; Figure 3b) of the light bar
images (100% color brightness) that can manipulate the magnetic microbeads-bound Jurkat
cells and the OECM1 and HA22T cancer cells, respectively. This design ensured that the
three types of cells tested can be effectively manipulated and then gathered to the side of
the microchannel. The cells manipulated to the side of the microchannel were then released
by the three light bars near the side of the microchannel in the flow direction owing to the
gradual reduction in light intensities at the end of three light bar images (please also refer
to Figure 2 for illustration). In this study, the cell suspension sample was delivered in the
microchannel at the set flow rate of 0.4 pL s~ 1.

After being released by the dynamic light image array I, the cells further flowed to
the zone of dynamic light image array II, by which they were sorted and separated. In
this work, the moving velocity of the dynamic light image array IT was set at 130 um s~*,
which was higher than the maximum velocities (i.e., 118 & 21.2 pm sl Figure 3b) of the
light bar images that can manipulate the magnetic microbeads-bound Jurkat cells. Under
this circumstance, the magnetic microbeads-bound Jurkat cells could not be attracted and
manipulated by ODEP and were thus released by the light bars (100% color brightness) near
the side of the microchannel in the flow direction, as schematically illustrated in Figure 2d.
Conversely, the cancer cells (i.e., the OECM-1 and HA22T cancer cells) were manipulated
by ODEP due to the fact that the maximum velocities (i.e., 138.8 £ 16.5, 184 4 20.3 um s71,
respectively; Figure 3) of the light bar images that can manipulate them were higher than the
set moving velocity of the dynamic light image array II (i.e., 130 pm s~ !). In this situation,
the dynamic light bar images (100% color brightness) attracted and pulled the cancer cells
to another side of the microchannel (Figure 2d,e). However, when these manipulated
cancer cells entered the area where the dynamic light bar images had lower (i.e., 80%)
color brightness (Figure 2f), the cancer cells with smaller size (i.e., the OECM1 cancer
cells) were not effectively manipulated. This was mainly due to the maximum velocity
(i-e., 120.9 £ 20.4 um s~ !; Figure 4b) of the dynamic light bar images (80% color brightness)
that can manipulate the OECM1 cancer cells being lower than the set moving velocity of the
dynamic light images (i.e., 130 um s~!). Therefore, the OECM1 cancer cells were released
from the dynamic light image array II and then captured by the static light bar array II
(i.e., the three static light bars with 100% color brightness), as illustrated in Figure 2f,g. For
the cancer cells with larger size (i.e., HA22T cancer cells), conversely, they were manipulated
by the dynamic light bar images with 80% color brightness because the maximum velocity
(i-e., 137.1 £ 17.8 pm s~ !; Figure 4c) of such light bar images that can manipulate the HA22T
cancer cells was higher than the set moving velocity (i.e., 130 um s~ !) of the dynamic light
image array II. As a result, the HA22T cancer cells were manipulated to another side
of the microchannel and finally released from the dynamic light bar images with 80%
color brightness due to the effect of fluidic flow, as illustrated in Figure 2f. The released
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HA22T cancer cells were soon captured and collected by the static light bar array I (i.e., the
three static light bars with 80% color brightness) (Figure 2g). Based on the design as
abovementioned, the presented approach was capable of first purifying the cancer cells
from the magnetic microbeads-bound Jurkat cells, followed by sorting and separating the
cancer cells with different sizes. The photograph of the designed light image arrays in

the ODEP microfluidic system is shown in Figure 5a (a video clip was provided as the
Video S1).
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Figure 5. (a) The photograph of the designed light image arrays in the ODEP microfluidic system
(a video clip was provided as the Video S1), (b) the performance (removal rate %) evaluation of
the dynamic light image array I to manipulate the magnetic microbead-bound Jurkat cells to one
side of the microchannel under different cell concentration conditions, (c) the distribution (%) of the
magnetic microbeads-bound Jurkat (MB Jukat) (the left figure), OECM1 (the middle figure), and
HA22T (the right figure) cells in the static light bar array I and II and in the waste sample after they
were individually treated with the proposed ODEP manipulation scheme, as described in Figure 2.
*: significant difference (p < 0.05) and ns: not significant.

3.4. Performance Evaluation for the Purification and Sorting of Cancer Cells with Two
Different Sizes

After the dynamic and static light image arrays were designed, their function for the
manipulation of the three types of cells was then tested. First, the dynamic light image
array I was designed to pool all the cells (the majority of them were magnetic microbead-
bound Jurkat cells) to one side of the microchannel. Due to the laminar flow pattern in a
microchannel, the cells pooled to one side of the microchannel would flow along the side of
the microchannel, making room in the microchannel for the following cell sorting and sep-
aration operation carried out by the dynamic light image array 1I, as illustrated in Figure 2.
In order to test the abovementioned function and its working capacity, the magnetic
microbead-bound Jurkat cell suspension with different concentrations (2.5~10 x 10* cells
100 uL~1!) was loaded in the microfluidic chip. The magnetic microbead-bound Jurkat cells
transported to the area of dynamic light image array I was then manipulated. The removal
rate of magnetic microbead-bound Jurkat cells under different concentrations of cell sus-
pension was then experimentally evaluated. Within the experimental conditions tested,
the result (Figure 5b) showed that the dynamic light image array I was able to effectively
manipulate the magnetic microbead-bound Jurkat cells to the side of the microchannel
with a high removal rate (88.1~89.8%) under the cell concentration range of 2.5~5 x 10*
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cells 100 uL~!. When the cell concentration was higher than 10° cells 100 L1, however,
the corresponding removal rate might be significantly affected (e.g., the resulting removal
rate: 81.5%) (p < 0.05). Based on the evaluation, therefore, the cell concentration used in
this work was set as 5 x 10* cells 100 uL~!.

After investigating the function and working capacity of the dynamic light image array
I, the performance of the dynamic light image array II to sort and separate the cells was then
experimentally evaluated. In this work, the magnetic microbead-bound Jurkat, HA22T,
and OECM1 cells (concentration: 5 x 10%, 5 x 10%, and 5 x 10° cells 100 uL~!, respectively)
were individually loaded into the ODEP microfluidic chip. The loaded cells were then
treated with the proposed ODEP manipulation scheme (Figure 2). The distribution of
the cells tested was then evaluated. The results (Figure 5c, the left figure) revealed that
almost all the magnetic microbead-bound Jurkat cells were not found in the two static
light bar arrays. Conversely, most of them (99.2%) were collected in the waste sample.
Similar evaluations were performed for the OECM1 and HA22T cancer cells. The results
(Figure 5c, the middle figure) exhibited that 86.4% of OECM1 cancer cells were collected by
the static light bar array II (7.3% of them were collected by the static light bar array I). In
this test, only 6.3% of OECM1 was found in the waste sample. The similar result (Figure 5c,
the right figure) showed that 82% of HA22T cancer cells were collected by the static light
bar array I (18% of them were collected by the static light bar array II). In this evaluation,
none of HA22T cancer cells were found in the waste sample. These individual evaluations,
overall, demonstrated that the proposed ODEP cell manipulation scheme (Figure 2) and the
operation conditions adopted in this study are promising to effectively purify the cancer
cells from the background cells (i.e., the magnetic microbead-bound Jurkat cells in this
study) and to further sort and separate cancer cells with different sizes.

After the function tests, as described above, the performance of the ODEP microfluidic
system for the purification and sorting of cancer cells with two different sizes was then
evaluated. For identifying the model cells tested in the work, the HA22T and OECM1 cancer
cells were pre-stained with CellTrace™ Calcein Red-Orange (red dots) or expressed with
GFP (green dots), respectively. Moreover, a tested cell suspension sample containing the
HA22T, OECML1 cells, and magnetic microbead-bound Jurkat cells (ratio: 1:1:5) mimicking
a blood sample treated with the immunomagnetic beads-based cell separation process
was prepared. After that, the prepared cell suspension sample was loaded into the ODEP
microfluidic system and processed with the ODEP manipulation scheme (Figure 2) (a video
clip was provided as the Video S2). After the operation, the cells collected in the two static
light bar arrays were observed via fluorescent microscopic imaging to evaluate their cell
purity. Figure 6a exhibited the fluorescent microscopic images of the cells collected in the
two static light bar arrays. It can be found that most of the cells in the array I and II are
HA22T and OECM1 cells, respectively. This result was in line with the goal to be achieved
in this study (Figure 2). Moreover, the purities of the cells in the array I (i.e., the HA22T
cancer cells) and II (i.e., the OECM1 cancer cells) were evaluated to be 90.1 + 11.3 and
93.5 £ 10.7%, respectively. Furthermore, the cells in the two static light bar arrays can then
be harvested individually via further ODEP-based cell manipulation. In practical operation,
the static light arrays II can be removed to release the smaller cancer cells (e.g., OECM1
cancer cells in this study) by eliminating the light-illuminated ODEP force blocking. After
the smaller cancer cells flow away and are collected at an exit hole, the removal of static
light array I facilitates the release and collection of larger cancer cells (e.g., HA22T cancer
cells in this study). Using the differences in cell release time would be beneficial for the
subsequent collection of cancer cells with different sizes in a single exit channel. A similar
concept to the abovementioned process has also been demonstrated in our previously
published paper [38]. These purified and sorted cancer cells are found to be valuable for
the subsequent applied or fundamental cancer research works. Overall, this study has
demonstrated that the proposed ODEP microfluidic system was capable of (1) purifying
the cancer cells from the magnetic microbead-bound cells, and (2) further separating and
sorting the cancer cells with different sizes in an effective manner.
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Figure 6. (a) The microscopic fluorescent images of the cells collected in the two static light bar arrays
(HA22T cancer cells: the red dots; OECM1 cancer cells: the green dots), and (b) the evaluated cell
purities of the HA22T and OECM1 cancer cells in the static light bar array I and II, respectively.

4. Conclusions

The analysis of CTCs could pave a promising route to comprehensively understand
the CTC properties that might be relevant to cancer status. For this goal, the harvest of
high-purity and all possible CTCs with different subtypes from the blood samples of cancer
patients is crucially important. In addition, the size of CTCs is reported to be relevant to
the specific origin of the tumor. Therefore, the initial sorting and separation of CTCs based
on their size difference during the CTC isolation and purification process might facilitate
the following CTC analytical work. To realize the goals abovementioned, a two-step CTC
isolation and purification protocol was proposed. For the first step, the immunomagnetic
beads-based cell separation technique was utilized to deplete the majority of blood cells.
After that, an ODEP microfluidic system was developed to (1) purify the label-free CTCs
from the remaining magnetic microbeads-bound blood cells, and to (2) further sort and
separate the CTCs with different sizes. In this study, the ODEP microfluidic system
was designed and fabricated. Moreover, the optimum ODEP operating conditions for
effective purification and sorting of cancer cells with two different sizes were explored
experimentally. Finally, its performance for the purification and sorting of cancer cells
with two different sizes was experimentally assessed. The results demonstrated that the
presented ODEP-based cell manipulation scheme was able to effectively purify and sort the
cancer cells with two different sizes from a tested cell suspension model in a high-purity
(achieved purity for the OECM-1 and HA22T cancer cells: 93.5% and 90.1%, respectively)
manner. Overall, this study presented an ODEP microfluidic system for the purification
and sorting of cancer cells with different sizes. In addition to the application for CTC
purification and sorting, the presented method is also useful in other research areas in
which the high-purity and label-free purification and sorting of cells with different sizes
is required.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/mil14122170/s1, Video S1: The overall view of two dynamic light
image arrays and two static light bar arrays used in this study; Video S2: The close-up view of the
dynamic light image array Il and two static light bar arrays for sorting and separating the cancer cells
with different sizes.
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Abstract: (1) Background: Fetal chromosomal examination is a critical component of modern prenatal
testing. Traditionally, maternal serum biomarkers such as free 3-human chorionic gonadotropin
(Free p-HCG) and pregnancy-associated plasma protein A (PAPPA) have been employed for screen-
ing, achieving a detection rate of approximately 90% for fetuses with Down syndrome, albeit with a
false positive rate of 5%. While amniocentesis remains the gold standard for the prenatal diagnosis of
chromosomal abnormalities, including Down syndrome and Edwards syndrome, its invasive nature
carries a significant risk of complications, such as infection, preterm labor, or miscarriage, occurring at a
rate of 7 per 1000 procedures. Beyond Down syndrome and Edwards syndrome, other chromosomal ab-
normalities, such as trisomy of chromosomes 9, 16, or Barr bodies, pose additional diagnostic challenges.
Non-invasive prenatal testing (NIPT) has emerged as a powerful alternative for fetal genetic screening
by leveraging maternal blood sampling. However, due to the extremely low abundance of fetal cells in
maternal circulation, NIPT based on fetal cells faces substantial technical challenges. (2) Methods: Fetal
nucleated red blood cells (FnRBCs) were first identified in maternal circulation in a landmark study
published in The Lancet in 1959. Due to their fetal origin and presence in maternal peripheral blood,
FnRBCs represent an ideal target for non-invasive prenatal testing (NIPT). In this study, we introduce a
novel self-assembled cell array (SACA) chip system, a microfluidic-based platform designed to efficiently
settle and align cells into a monolayer at the chip’s base within five minutes using lateral flow dynamics
and gravity. This system is integrated with a fully automated, multi-channel fluorescence scanning mod-
ule, enabling the real-time imaging and molecular profiling of fetal cells through fluorescence-tagged
antibodies. By employing a combination of Hoechst+/CD71+/HbF+/CD45— markers, the platform
achieves the precise enrichment and isolation of FnRBCs at the single-cell level from maternal peripheral
blood. (3) Results: The SACA chip system effectively reduces the displacement of non-target cells
by 31.2%, achieving a single-cell capture accuracy of 97.85%. This isolation and enrichment system
for single cells is well suited for subsequent genetic analysis. Furthermore, the platform achieves a
high purity of isolated cells, overcoming the concentration detection limit of short tandem repeat (STR)
analysis, demonstrating its capability for reliable non-invasive prenatal testing. (4) Conclusions: This
study demonstrates that the SACA chip, combined with an automated image positioning system, can
efficiently isolate single fetal nucleated red blood cells (FnRBCs) from 50 million PBMCs in 2 mL of
maternal blood, completing STR analysis within 120 min. With higher purification efficiency compared
to existing NIPT methods, this platform shows great promise for prenatal diagnostics and potential
applications in other clinical fields.

Keywords: FnRBC; single-cell isolation; STR; NIPT
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1. Introduction

The increasing maternal age in many parts of the world has significantly elevated the
demand for prenatal examinations, which have become a cornerstone of maternal-fetal
medicine. Over the past decade, technological advancements have revolutionized prenatal
diagnostics, enabling earlier and more accurate evaluations of fetal health. Among these,
serum-based biomarkers such as pregnancy-associated plasma protein-A (PAPP-A), first
introduced in 1993, have served as predictors of pregnancy complications [1]. When
combined with Free 3-HCG, these markers achieved detection rates for trisomy 21 of
approximately 90%, with false positive rates between 2% and 3%, depending on gestational
age [2]. However, the scope of detectable conditions using these biomarkers remained
narrow, paving the way for the development of non-invasive prenatal testing (NIPT) using
cell-free DNA (cfDNA).

CfDNA-based NIPT involves the massively parallel sequencing of DNA fragments
extracted from maternal plasma, allowing for the detection of fetal chromosomal abnormal-
ities and small (>5 Mb) sub-chromosomal copy number changes. The abundance of cfDNA
in maternal circulation and its relatively straightforward extraction process are notable
advantages, making it one of the most widely used methods in clinical practice. However,
cfDNA also has inherent limitations. Its short half-life (<2 h) and low fetal fraction (5-20%)
can lead to false negative results. Additionally, cfDNA-based NIPT is considered a screen-
ing test, necessitating confirmation through invasive diagnostic methods [3]. While cfDNA
demonstrates high sensitivity and specificity for detecting Down syndrome, it has slightly
reduced sensitivity for Edwards and Patau syndromes. Moreover, the short fragment size
of cfDNA restricts its utility in detecting a broader spectrum of genetic abnormalities [4].

An alternative to cfDNA for NIPT is found in fetal nucleated red blood cells (FnNRBCs),
which were first identified in maternal circulation in 1959 (The Lancet) and successfully
isolated in 1990 (PNAS) [5]. FnRBCs have intact nuclei, offering a more comprehensive
genetic blueprint compared to fragmented cfDNA. Early studies reported detection rates
of 41.4% for fetal gender determination and 74.4% for chromosomal aneuploidy, with false
positive rates ranging from 0.6% to 11.1% [6]. Despite its potential, FnRBC-based NIPT has
faced challenges due to the rarity of these cells in maternal blood and technical difficulties
in isolating them with sufficient purity for reliable analysis.

Cell sorting methods for FnRBCs can be categorized into fluorescence marker-based
techniques [4,5], microbead capture [6-8], and marker-free physical sorting [9,10].
Fluorescence-based methods use immunofluorescent antibodies to label target cells, of-
ten in conjunction with flow cytometry, which enables sorting based on signal detec-
tion. Microbead capture methods employ antibody-coated beads, including magnetic
beads, to selectively isolate FnRBCs. Marker-free physical sorting leverages intrinsic cell
properties such as size, deformability, and density to distinguish and isolate specific cell
populations [11]. Each of these approaches has strengths but also limitations, such as low
throughput, time inefficiency, and high operational costs. Additionally, issues like contami-
nation risks, difficulty in maintaining sterility, and large equipment size pose barriers to
the widespread adoption of these methods in clinical settings.

Efforts to improve the precision, speed, and efficiency of cell sorting platforms have
resulted in new technologies capable of addressing these challenges. Modern platforms
aim to enhance throughput, reduce contamination risks, and streamline operations, while
ensuring high purity and minimal cell loss. For example, advancements in automated
imaging systems integrated with cell sorting mechanisms have significantly improved
the performance of NIPT workflows. These systems not only enhance sorting purity but
also minimize human error and reduce aerosol exposure, improving safety in laboratory
settings. Despite these innovations, the low abundance of FnRBCs in maternal circulation
remains a significant barrier to the broader application of cell-based NIPT.

During pregnancy, maternal erythrocytes may express CD71 (transferrin receptor)
under specific physiological and pathological conditions, which can interfere with FnRBC
isolation. For instance, increased erythropoiesis in pregnancy-related anemia elevates the
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proportion of reticulocytes that exhibit higher levels of CD71. Similarly, inflammatory con-
ditions like preeclampsia disrupt erythropoiesis and lead to CD71 expression in maternal
erythrocytes [12]. Additionally, fetal-maternal hemorrhage introduces fetal erythrocytes
with naturally high CD71 expression into maternal circulation, complicating the differenti-
ation of FnRBCs from maternal cells [13]. To address these challenges, combining specific
markers such as HbF, CD71, and CD CD45— has been proposed to enhance the specificity
of FnRBC isolation [14].

Moreover, selecting appropriate fluorescence-labeled antibodies is critical for improv-
ing the accuracy of FnRBC detection. CD147, for example, has been suggested as a potential
marker for FnRBCs due to its expression in fetal cells [8,15]. However, its expression in
other maternal blood components, including erythrocytes, leukocytes (e.g., lymphocytes
and monocytes), extracellular vesicles, and endothelial cells, can lead to background signal
interference, necessitating the careful optimization of antibody selection [16,17].

This study aims to advance the use of FnRBCs as a reliable target for NIPT by integrat-
ing a novel self-assembled cell array (SACA) chip with an automated imaging and sorting
system. Our approach leverages a combination of HbF+, CD71+, and CD45— markers
to achieve the high-purity isolation of FnRBCs, overcoming the limitations of traditional
sorting methods. By utilizing this advanced microfluidic platform, we propose a robust
and efficient solution for non-invasive prenatal diagnostics, offering the potential for more
comprehensive genetic analysis and improved clinical outcomes.

2. Materials and Methods
2.1. Materials

Lymphoprep™ (PG-1114547-1) was obtained from Blossom Biotechnologies Inc.,
Taipei, Taiwan. e-Polylysine was purchased from the JNC Corporation, Tokyo, Japan.
PE Mouse Anti-Human Fetal Hemoglobin (560041) was supplied by BD Pharmingen
through the UNIMED Corp., Taipei, Taiwan. Human TRA-1-85/CD147 Alexa Fluor®
350-conjugated Antibody (FAB3195U) and APC Anti-Human CD45 Antibody (AF18395)
were acquired from the TAQKEY Corp., Taipei, Taiwan. FITC Anti-CD71 (ARG62923) was
sourced from the Arigo Biolaboratories Corp., Taipei, Taiwan. Hoechst dye was purchased
from ABP Biosciences, LLC., Taipei, Taiwan.

2.2. Blood Sample Pretreatment

The blood samples were processed according to a density gradient centrifugation
protocol. First, a 2 mL blood sample was centrifuged horizontally at 800 x ¢ for 15 min,
at 4 °C to separate the peripheral blood mononuclear cells (PBMC). The mononuclear
cells containing FnRBCs were transferred into a 15 mL centrifuge tube and centrifuged
horizontally at 300x g for 10 min. The supernatant was removed and PBS solution of
100 uL total volume was added. The process flow is shown in Figure S1.

2.3. FnRBC Immunofluorescent Staining

Immunofluorescent staining was performed to identify FnRBCs. After blood sample
pretreatment, the cells were incubated in immunofluorescent staining solution containing
20 pL PE-conjugated antibody HbF (0.2% w/v), 20 uL APC-conjugated antibody CD45
(0.2% w/v), and 20 pL of FITC-conjugated antibody CD71 (0.2% w/v) in the dark at room
temperature for 30 min. The cells were nucleus-stained with Hoechst (0.1 mg/mL in
deionized water) for 10 min and then washed with deionized water.

2.4. e-Polylysine Coating

The SACA chip was treated with O, plasma for 5 min, followed by the addition
of 20 pL of e-polylysine into its wells. The system was left undisturbed for 10 min and
subsequently baked in an oven at 60 °C for 2 h.
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2.5. FnRBC Screening, Isolation, and Release

After staining the cells, all cells were loaded into the SACA chip and incubate at
room temperature for 5 min until the cells settled [18]. The automated cell imaging and
sorting system began to perform three types of fluorescent and visible light scans. The
operator performs FnRBC identification, location, and counting based on the three types
of fluorescent image signals (Hoechst+/CD71+/HbF+/CD45—) after scanning and the
cell types are observed by bright field. The cell isolation device moves to the FnRBCs’
position according to the coordinates selected by the user and is fitted with a high-precision
micron-level syringe pump for the selection and storage of cells in the corresponding
container for subsequent detection and analysis. The complete process flow is shown in
Figure S1.

2.6. Whole Genome Amplification (WGA)

Whole genome amplification (WGA) was performed using the QITAGEN REPLI-G Kit
(Qiagen Inc., Redwood City, CA, USA) following the manufacturer’s protocol with slight
modifications. The sorted target cells were transferred into a PCR tube and centrifuged
to collect the cell pellet. After centrifugation, the supernatant was carefully removed,
leaving approximately 4 pL of liquid in the tube. Subsequently, 3 uL of Buffer D2 was
added to the sample, mixed thoroughly, and incubated on a heating block at 65 °C for
10 min to facilitate cell lysis. After incubation, 3 uL of stop solution was added to the
reaction, and the sample was placed on ice to halt the lysis process. Next, 40 uL of a
master mix, consisting of an amplification buffer and polymerase, was added to the sample
and mixed thoroughly to initiate the WGA reaction. The sample was incubated at 30 °C
for 8 h on a heating block to allow for DNA amplification. Following the amplification
step, the reaction was terminated by incubating the sample at 65 °C for 3 min. After the
WGA process, the amplified DNA was analyzed for quality and concentration. This was
achieved by measuring the DNA concentration and absorbance values (OD260/280) using
an enzyme-linked immunosorbent assay (ELISA) reader. These steps ensured the accuracy
and efficiency of the DNA amplification process for subsequent analyses.

2.7. Short Tandem Repeats (STR)

This experiment was conducted by the Genelabs Life Science Corp., New Taipei
City, Taiwan, using their specialized testing services. The short tandem repeat (STR)
analysis was performed using the Promega GenePrint® 24 System kit, and the raw data was
analyzed with GeneMapper® Software V3.7. DNA samples were extracted and prepared
following standard protocols to ensure sufficient concentration and purity for analysis.
PCR amplification was performed using the Promega GenePrint® 24 System kit specified
reaction mixture and thermal cycling conditions to amplify the 24 STR loci. The amplified
products were then subjected to capillary electrophoresis to separate STR fragments by
size, following the manufacturer’s guidelines. The resulting raw electrophoresis data were
imported into GeneMapper® Software V3.7, where the STR alleles for each locus were
identified and sized. Positive and negative controls were included to ensure accuracy
and reliability. After the verification of the allele calls and consistency across loci, the
STR profiles were compiled and documented for downstream applications, such as fetal-
maternal comparisons or genetic analysis. All procedures were conducted under strict
quality control to maintain the integrity of the results.

3. Results
3.1. Cell Isolation Device

The self-assembled cell array (SACA) chip, previously developed and published by
our team [19], is an innovative microfluidic platform designed for the efficient enrichment
and immunolabeling of rare cells from biological samples. By leveraging gravity and lateral
flow dynamics, the SACA chip enables the rapid formation of a monolayer of cells without
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requiring external fluid control equipment, significantly simplifying the cell detection
process. The resulting single-cell layer is illustrated in Figure S2.

The cell sorting device comprises a high-precision syringe pump (SP101 was purchased
by Yotec Instruments Co., Ltd., Taipei, Taiwan), a three-axis motor (Micromanipulator-
MP285 was purchased by the Sutter Instrument Company, Novato, CA, USA), a cell needle
holder, and a cell needle (Figure 1a). The syringe pump precisely controls the flow rate
and volume during cell picking and releasing, which can be adjusted based on the number
of target cells. For single-cell isolation, the flow rate is typically set at approximately
40 pL/min, while higher rates are required for cell clusters. The three-axis motor, with
a movement accuracy of 1 um, ensures the precise positioning of the target cell. The
cell needle, fabricated from a glass capillary tube, features inner and outer diameters
determined by the length of the truncated needle tip, ranging from a minimum inner
diameter of 7 pm to a maximum of 50 um (Figure 1b).
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Figure 1. Cell isolation device. (a) The view inside the automatic cell image scanning and isolation
system. The red cube represents the cell needle holder and the cell needle. (b) The relationship
between the length of the needle tip and the inner diameter of the drawn glass capillary tube.
(c) Structure of the plastic needle enclosing the glass needle and the microscopic field of view. Scale
bar: 100 um.

To integrate the newly developed automated image recognition software, we have
further enhanced the system. The upgraded design incorporates a plastic needle to prevent
damage to the chip while stabilizing the lateral and vertical positioning of the glass needle.
This modification reduces the needle diameter from 400 um to 20 pm—a 20-fold reduction—
making it ideal for isolating target cells (FnRBCs) with diameters of approximately 12-18 pum,
as shown in Figure 1c.

The system first identifies the target cell’s position and uses a high-precision three-axis
motor to maneuver the cell isolation device to the designated location. The device then
employs precise control of the volume and flow rate to accurately aspirate the cell and
release it into the corresponding storage container. The entire process of cell uptake and
release is illustrated in Figure 2. This sequence of images demonstrates the isolation of
a single FnRBC from a specific well of the SACA chip and its subsequent transfer to an
empty well, ensuring precise and contamination-free manipulation.
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(a) Single Cell Capturing Images (view from microscope)

(b) Single Cell Picking (view from machine)
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(c) Single Cell Releasing Images (view from microscope)
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(d) Single Cell Releasing Images (view from machine)

Figure 2. The process of single-cell isolation. (a,b) The process of single-cell picking. (c,d) The process
of single-cell releasing. (i), (ii), and (iii) represent the processes of cells being aspirated or released,
respectively. In Figures (a,c), the black arrows indicate the positions of cell movement within the
microscopic field of view, while Figures (b,d) depict the top-down view of cell movement within
the device.

In order to improve the accuracy of identifying FnRBCs, we incorporated e-Polylysine
(e-PL) molecules synthesized by the JNC Corporation into our device. The ¢-PL demon-
strates a unique capability of forming NH; functional groups upon binding to polycar-
bonate (PC) surfaces, imparting a positive charge to the surface. Given that cells exhibit a
net negative charge in phosphate-buffered saline (PBS), the positively charged NH, func-
tional groups on the modified PC surface facilitate effective cell adhesion. As illustrated in
Figure S3a, this modification allows for the efficient immobilization of cells on the chip sur-
face, enabling straightforward retrieval by gently tapping the cells with a micropipette. As
shown in Figure S3b, compared to the previously used F127, e-PL coating effectively immo-
bilizes most cells. Additionally, it reduces the number of non-target cells captured, resulting
in a 31.2% decrease in the number of displaced cells during the cell-capturing process.

3.2. Precision of Single-Cell Isolation

To evaluate the sorting capability of the device, we conducted a precision quantifica-
tion test for single-cell sorting. We specified the target cell number (1-8 cells) of the well of
the SACA chip and isolated the cells from the well containing immunofluorescence-stained
cells until we achieved the number of the target cell. After sorting, we performed automatic
image scanning to calculate the actual number of cells in the well. The accuracy is evaluated
through the relative error (Er), which is defined as Er = (Xi — Xt)/Xt x 100%, where Xi is
the actual measured value and Xt is the target value. Figure 3a is the result after we have
isolated the target cells in the new well, and Figure 3b is the statistical result of the number
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of specified target cells we have isolated five times. It can be seen from the graph that
when the number of sorted cells is 14, the accuracy is 100%. When the sorting number
is between 5-8 cells, there is a difference of +2 cells between the actual number and the
target number. According to the results of the experiments and calculations, the average
relative error is about 2.15%, which means that this system has a high cell isolation ability
with a sorting accuracy of 97.85%.
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Figure 3. Precision test of single-cell isolation using the SACA system. (a) Representative images
showing isolated cells from different target number groups (1-8 cells). (b) Statistical analysis of the
number of FnRBCs isolated, repeated five times for each target group. The results demonstrate high
precision, with isolated cell numbers closely matching the target numbers across all groups (1 = 5).
Error bars indicate the standard deviation.

In addition, to evaluate the detection limit of FnRBCs on the automated system, we con-
ducted an experiment to simulate conditions for sorting rare target cells, enabling potential
application for pregnant samples at earlier gestational stages. Specifically, 20 FITC-labeled
white blood cells were mixed into a background of 500 million unlabeled white blood cells
(Figure S4a) and subjected to sorting. As shown in Figure S4b, the system successfully
identified and isolated all 20 fluorescently labeled white blood cells, demonstrating its ca-
pability to detect rare targets even in complex cellular environments. This result establishes
the system’s limit of detection (LOD) at 1 in 108, providing a robust foundation for future
applications in NIPT.

3.3. FnRBCs Isolation

The immunofluorescence-stained cells are loaded into the well of the SACA chip, and
each well can contain around 500,000 cells. The micro-structure and hydrophilic surface
treatment drive the lateral flow field and the gravity field. The cells are flattened into a
dense monolayer within five minutes. The single layer and tight cell arrangement effectively
avoids cell stacking that can cause difficulty in image recognition or the sorting of non-
target cells. After the cells have settled, four types of fluorescent and visible light automated
image scanning are performed. FnRBCs can be identified by the cell types presented by
fluorescent signals (Heochst+/CD71+/HbF+/CD45—) and visible light images.

In addition to recognizing the FnRBCs’ signal from our automated machine, we also
used a fluorescent inverted microscope for further confirmation. The FnRBCs’ signal
from the automated cell imaging scanner (Figure 4a) is the same as the signal from the
fluorescence microscope (Figure 4b), which is Heochst+/CD71+/HbF+/CD45—. Therefore,
the cell an FnRBC. The sorted FnRBCs should be stored in the corresponding container for
subsequent analysis, such as STR and other tests, for the verification of FnRBCs.
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Figure 4. Images of FnRBCs on the SACA chip. (a) Signals (Heochst+/CD71+/HbF+/CD45—)
from the cell imaging scanner before pickup. (b) Released FnRBC signals (Heochst+/CD71+/
HbF+/CD45—) from a fluorescence microscope.

Additionally, we obtained blood samples from non-pregnant women and performed
staining with different combinations of antibodies: (A) CD147+CD71+HbF+CD45—,
(B) Hoechst+CD147+CD71+CD45—, and (C) Hoechst+CD71+HbF+CD45—, as shown in
Figure S5. Statistical analysis revealed that the p-values for group B and group C compared
to group A were 0.021079 and 0.03709, respectively. The results indicate that group B
showed no significant difference compared to group A, suggesting that CD147 is less spe-
cific compared to HbF. Furthermore, the similarity between group B and group A highlights
that the addition of CD147 does not provide significant advantages. Thus, HbF alone is
sufficient for reliable identification. Based on these findings, we selected HbF and CD71 as
the primary antibodies in our final staining protocol.

3.4. The Volume and the Background Noise of Single-Cell Isolation

Cell sorting is a critical step for downstream applications such as short tandem repeat
(STR) analysis, which imposes an upper limit on the volume of the sorted sample. When
a single cell is stored in a container with an excessive liquid volume, it can generate
significant noise during subsequent cell signal amplification, complicating detection and
analysis. Therefore, achieving cell sorting in an extremely small volume is essential to
improve sorting purity and analytical precision.

To address this, we conducted 20 single-cell sorting experiments and measured the
volume of each using a contact angle microdroplet volume measurement technique. The re-
sults showed that the average volume of a single cell sorted by our device is approximately
0.304 pL, as illustrated in Figure 5a. This volume is approximately 1/100 of the upper
detection volume limit for STR analysis, demonstrating its suitability for downstream
applications. Using this average volume as a parameter, we configured the high-precision
syringe pump for optimized single-cell sorting. While only a single cell is sorted, maternal
free DNA in the solution may still be inadvertently transferred into the storage container
during aspiration and release. To quantify the potential impact of background contamina-
tion, we used PBS containing uniformly distributed 0.37 um fluorescent polystyrene (PS)
beads at a defined concentration (100% background noise) and introduced the solution into
the SACA chip wells. Six different sorting volumes (5, 10, 15, 20, 25, and 30 uL) were tested,
and the absorbance values were measured using an ELISA reader (GloMax® Explorer
Multimode Microplate Reader, Promega Corporation, Madison, WI, USA). The calibration
curve was used to calculate the corresponding background noise concentrations, as shown
in Figure 5b.
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Figure 5. The average volume and background noise of single-cell isolation using PBS. (a) The
average isolation volume for single cells is approximately 0.304 uL, demonstrating precise volume
control during isolation (1 = 3). Error bars indicate the standard deviation. (b) Background noise
concentration at varying isolation volumes. Noise levels increase with larger isolation volumes,
ranging from 0.11% at 5 uL to approximately 1.5% at 30 uL, highlighting the importance of minimizing
isolation volume to reduce background interference (1 = 3). Error bars indicate the standard deviation.

The results indicated that the background noise for a 5 uL sorting volume was ap-
proximately 0.11%, with a positive correlation observed between sorting volume and
background noise concentration. At a sorting volume of 20 uL, the background noise con-
centration approached saturation, and at 30 pL, the maximum background noise reached
around 1.41%. However, given the average sorting volume of 0.304 uL in our single-cell
sorting experiments, the background noise concentration is estimated to be less than 0.11%,
specifically around 0.0067%, based on proportional volume percentage calculations.

This remarkably low sorting volume significantly minimizes background contamina-
tion, ensuring high sorting purity. Based on the results of these quantitative experiments,
achieving a lower single-cell sorting volume not only complies with the upper volume
limits required for subsequent analysis but also effectively reduces background noise,
enhancing the reliability and accuracy of downstream applications.

3.5. Maternal Blood Sample for STR Test

To validate the potential application of our approach in NIPT, we designed an STR
experiment to assess the accuracy of FnRBC isolation from maternal blood. Using the SACA
chip and fluorescent antibody staining with Hoechst+CD71+HbF+CD45—, we isolated
FnRBCs and evaluated their suitability for downstream DNA analysis.

Five groups of samples (labeled A to E) were subjected to whole genome amplification
(WGA) following cell capture. The number of FnRBCs captured from each group was eight,
five, three, three, and three, respectively, as shown in Figure S6a. The OD260/0D280 ratios
of the extracted DNA ranged between 1.5 and 1.7, slightly below the ideal range of 1.7 to
1.9, indicating suboptimal purity. This deviation suggests minor protein or contaminant
residues in the samples, likely due to the limited DNA quantity obtained from microvolume
samples. Nevertheless, the observed purity is within an acceptable range for amplified
microcell samples, demonstrating the feasibility of using the SACA chip and our antibody
combination for isolating FnNRBCs suitable for genetic analysis.

As shown in Figure S6b, a positive correlation was observed between the number
of cells and DNA concentration, with fewer cells yielding lower DNA concentrations.
Furthermore, Figure 6a illustrates that our SACA system successfully captured fetal cells
from maternal blood. In these results, ‘fetal’ refers to alleles where one copy originates from
the father and the other from the mother, while ‘maternal’ refers to alleles identical to those
of the mother. Across 24 loci, the fetal cells exhibited a higher number of signals compared
to maternal cells. Figure 6b demonstrates a positive correlation between DNA quality and
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loci number, and Figure 6¢ shows that higher DNA concentrations further enhance the
detection of additional loci.
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Figure 6. The STR results for FnRBCs isolated using the SACA chip and a
Hoechst+CD71+HbF+CD45— antibody combination. (a) Comparison of detected loci num-
bers in fetal and maternal cells across five sample groups (A-E). (b) Correlation between OD260/280
ratios and the number of detected loci. (c) Relationship between DNA concentration and loci number.

These results emphasize the importance of capturing an adequate number of FnRBCs
and maintaining high DNA quality to ensure sufficient DNA yield for downstream analysis.
High-quality DNA contributes to the improved detection of genetic markers, supporting the
reliability and accuracy of NIPT. This study provides a foundation for further optimization
to enhance DNA quality and ensure robust downstream applications in NIPT.

4. Discussion

The precision and reliability of single-cell isolation demonstrated by the SACA chip,
automated imaging, and sorting system are exceptional. With an average sorting accuracy
of 97.85% and a relative error of approximately 2.15%, the system provides a reliable
platform for isolating target cells, including rare populations such as FnRBCs. This high
degree of precision is crucial for ensuring the purity and integrity of isolated cells, which
is paramount for downstream analyses such as STR testing. Compared to conventional
methods that often suffer from lower throughput and increased contamination risk, this
technology represents a significant advancement in the field of single-cell sorting [20,21].

Although significant efforts have been made by various research groups to isolate
circulating fetal cells (CFCs), particularly FnRBCs, and apply the technology in clinical
settings, very few have reported successful results [22,23]. Many existing methods, such
as fluorescence-activated cell sorting (FACS) and magnetic-activated cell sorting (MACS),
involve labor-intensive and time-consuming experimental steps, limiting their practicality
in clinical cytogenetics laboratories. In contrast, the SACA system achieves near automation
in both cell capture and recovery processes, significantly reducing manual intervention
and improving workflow efficiency. Our SACA system integrates a high-precision syringe
pump, a three-axis motor, and an automated imaging scanning function, enabling the
automatic localization and separation of FnRBCs. Its level of automation reduces the need
for manual operations, minimizing errors caused by human intervention and enhancing
the accuracy and efficiency of cell capture and recovery.

The system’s low detection limits and background noise reduction further highlight its
efficacy. The detection limit (LOD) of 1 in 10”8, established by spike-in experiments using
FITC-labeled white blood cells, underscores the platform’s ability to detect and isolate
rare target cells even in highly complex biological samples. Additionally, the low average
sorting volume of 0.304 uL minimizes background noise to less than 0.11%, making it
suitable for sensitive analyses such as STR. These findings demonstrate that the platform
can provide clean, high-quality cell samples, essential for applications like non-invasive
prenatal testing (NIPT) [24].

The successful isolation of FnRBCs from maternal blood using Hoechst+/CD71+/
HbF+/CD45— antibodies and subsequent STR analysis validates the FnRBC isolation
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efficiency and clinical feasibility of the SACA system. The positive correlation between
DNA concentration and loci detection highlights the importance of capturing sufficient
FnRBCs and ensuring high DNA quality for robust genetic analysis. Observed purity
and signal fidelity provide a reliable basis for distinguishing fetal and maternal DNA,
supporting the platform’s utility in prenatal diagnostics.

Moreover, the SACA chip’s surface coating enhancements for specificity significantly
improve its performance. The application of e-polylysine (e-PL) coating increases friction
between the chip surface and target cells, reducing the displacement of non-target cells by
31.2%. This enhanced cell retention improves sorting specificity and minimizes contamina-
tion. Such surface engineering not only strengthens the platform’s performance but also
demonstrates its adaptability for a wide range of biological applications.

Currently, many emerging platforms target trophoblasts for cbNIPD, as these cells are
larger and easier to differentiate from the maternal white blood cell background. However,
while trophoblasts provide some genetic information, their fragmented state often limits the
analysis [15,25]. FnRBCs, on the other hand, represent the true fetal genome and therefore
offer superior fidelity for genetic analysis. Trophoblasts and FnRBCs each have distinct
advantages and limitations when used as targets for NIPT. Trophoblasts are more abundant
in maternal blood and larger in size, making them easier to isolate and process. These
factors contribute to the relatively low cost and established nature of trophoblast-targeting
platforms [26]. However, trophoblasts often undergo DNA fragmentation and may exhibit
placental mosaicism, which can compromise the accuracy of genetic analysis. In contrast,
FnRBCs represent the true fetal genome, providing complete and high-quality DNA for
detailed genetic analysis [11]. They also have minimal risk of contamination, ensuring
reliable results. However, FnRBCs are extremely rare in maternal blood, requiring advanced
isolation technologies like the SACA system to efficiently capture them. While this makes
the process more technically demanding and costly, FnRBCs offer unparalleled accuracy
and reliability for advanced genetic diagnostics. Our SACA system directly addresses this
gap, providing a robust method for isolating FnRBCs with minimal contamination and
high purity. This capability makes the SACA system a more reliable and accurate platform
for cbNIPD compared to conventional cffDNA-based tests, which are prone to confounding
factors such as maternal body mass index (BMI), fetoplacental mosaicism, and vanishing
twin syndrome [27,28].

Finally, the clinical implications and future directions of this technology are promising.
The SACA chip-based platform offers a reliable solution for NIPT by isolating FnRBCs from
maternal blood with high purity and precision. Its ability to achieve accurate STR analysis
makes it an invaluable tool for fetal genetic screening. Beyond NIPT, this technology has
potential applications in other clinical fields, such as isolating circulating tumor cells (CTCs)
for cancer diagnostics and monitoring. Continued refinements, particularly in integrating
the system into sterile environments, will further expand its clinical utility, bridging the
gap between research innovations and practical medical applications [29,30].

5. Conclusions

This study establishes the SACA chip as a highly effective and reliable platform for
isolating FnRBCs from maternal blood. Its advanced design, precision sorting capabilities,
and low detection limits make it a valuable tool for NIPT and other clinical applications. By
providing high-quality, contamination-free samples, this technology lays the groundwork
for accurate and efficient prenatal diagnostics, ensuring confidence in clinical outcomes
and paving the way for future innovations.

6. Patents
R.O.C. patent number: TWI825620B.
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Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/mi15121515/s1, Figure S1. Workflow for blood sample processing and
the SACA system experiment. Figure S2. Principle of the SACA chip. Figure S3. Comparison of the
effects of JNC coating and F127 surface modifications on cell capture and retention. Figure S4. White
blood cell spike-in experiment using the SACA chip and automated system. Figure S5. False-positive
testing using three different antibody combinations in non-pregnant female blood samples. Figure S6.
DNA purity and concentration analysis of FnRBC samples obtained from five cases (A-E).
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Abstract: Recently, microfluidics deformability cytometry has emerged as a powerful tool for high-
throughput mechanical phenotyping of large populations of cells. These methods characterize cells
by their mechanical fingerprints by exerting hydrodynamic forces and monitoring the resulting
deformation. These devices have shown great promise for label-free cytometry, yet there is a critical
need to improve their accuracy and reconcile any discrepancies with other methods, such as atomic
force microscopy. In this study, we employ computational fluid dynamics simulations and uncover
how the elasticity of frequently used carrier fluids, such as methylcellulose dissolved in phosphate-
buffered saline, is significantly influential to the resulting cellular deformation. We conducted
CFD simulations conventionally used within the deformability cytometry field, which neglect fluid
elasticity. Subsequently, we incorporated a more comprehensive model that simulates the viscoelastic
nature of the carrier fluid. A comparison of the predicted stresses between these two approaches
underscores the significance of the emerging elastic stresses in addition to the well-recognized viscous
stresses along the channel. Furthermore, we utilize a two-phase flow model to predict the deformation
of a promyelocyte (i.e., HL-60 cell type) within a hydrodynamic constriction channel. The obtained
results highlight a substantial impact of the elasticity of carrier fluid on cellular deformation and raise
questions about the accuracy of mechanical property estimates derived by neglecting elastic stresses.

Keywords: deformability cytometry; microfluidics; elasticity; carrier fluid

1. Introduction

Single-cell, high-throughput analyses generally involve the labeling of molecular
biomarkers with exogenous fluorophores, many protocols of which require cell preparation,
calibration, and standardization protocols before clinical diagnosis. Accordingly, emerging
technologies are now focusing on how mechanical properties, akin to cellular antigens
and proteins, are reporters of cellular function and disease. Notably, alterations in cellular
mechanical properties have for decades been correlated to cellular function owing to the
characterization of cytoskeletal and nuclear organization [1,2]. In general, mechanical
traits, often dubbed “mechanical biomarkers”, encompass the deformability of cells when
subjected to external loads. Comparable to the intrinsic properties, such as gene and
protein expression, these mechanical biomarkers contribute to the phenotyping of cell
populations. Several studies have established connections between alteration in cellular
mechanical properties and various processes, including cell cycle progression [3], cancer
malignancy [4-6], leukocyte activation [7,8], and stem cell differentiation [9,10]. Hence, by
assessing cell mechanics, the requirement for external markers, such as fluorescent dyes, is
eliminated, making it a compelling and noninvasive biomarker for cell identification.

Conventional methodologies for mechanical phenotyping of cells include optical
stretching [11], atomic force microscopy [12], micropipette aspiration [13], and parallel
plate rheology [14]. Such methods evaluate the response of the cell under the applied forces
and estimate the mechanical properties of the cells, such as stiffness and viscous modulus.
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Despite their reliable results, these approaches suffer from a considerable drawback, which
is low throughput, thus limiting their applicability for characterizing large populations
of cells.

Accordingly, microfluidically driven cellular deformation approaches have become
prominent owing to their high-throughput capabilities. In general, there are two main
types of microfluidic deformation methods. The first method—constriction deformable
cytometry—involves the use of a constriction channel narrower than the cell size [15,16].
Cells pass through the constriction channel, and their mechanical properties are evaluated
based on passage times. The second approach—hydrodynamic forced deformation—employs
either a constriction channel slightly larger than the size of cells [3] or a cross-slot chan-
nel generating a high extensional flow region [17]. Typical throughputs for constriction
deformability, hydrodynamic constriction deformability, and hydrodynamic cross-slot
deformability are 1, 100, and 1000 cells per second, respectively [3,18]. The hydrody-
namic constriction channel, which allows real-time deformability cytometry (RT-DC), is
compatible with active sorting devices [19,20]. Operating at a low Reynolds numbers
(Re < 1), generally, inertia is neglected in RT-DC devices [3]. Furthermore, using a nar-
row channel slightly larger than the cells, very high shear rates and stress intensities can
be achieved while allowing for contactless deformation. Significant effort has been de-
voted to developing a theoretical framework for extracting the mechanical properties of
cells [21-23]. Deformability cytometry using cross-slot geometry typically operates at
higher throughputs, where inertial effects come into play. The emerging inertial forces can
be leveraged for the pre-alignment of particles, ensuring that cells experience identical path
lines and stresses.

These microfluidic devices not only employ different channel geometries, but also
utilize different probing time scales [18]. Generally, shortened measurement times are
associated with rapid force application, which can significantly influence the response
of the cell. Previous studies indicate that the high strain rate in cross-slot deformability
cytometry can fail to detect responses to actin cytoskeleton perturbations [17]. However,
such changes could be detected by using cross-slot geometries at lower flow rates [24,25].

For inducing sufficiently high hydrodynamic forces in the hydrodynamic constriction
channel, high-viscosity fluids are employed [3,18]. However, in the cross-slot channel, me-
chanical phenotyping can be performed using both high- and low-viscosity fluids [24,25].
A commonly used high-viscosity fluid in such devices is methylcellulose dissolved in
phosphate-buffered saline (MC-PBS) [3,18,25]. Due to the biocompatibility of methylcellu-
lose and the capability of increasing the viscosity of carrier fluid, MC-PBS is widely used
in both hydrodynamic constriction channels and cross-slot deformation cytometry. The
calculation of the exerted hydrodynamic stresses in these devices hinges on the flow field
and measured fluid viscosity, considering the fluid as a generalized Newtonian fluid (GNF)
with shear thinning behavior. In fact, it is assumed that the observed deformation of the cell
is mainly due to the applied shear stress from MC-PBS [22,23,26]. Nonetheless, polymer
solutions, such as MC-PBS, usually exhibit viscoelastic behavior, and their elastic properties
may lead to significant changes in fluid flow. A recent rheological investigation of MC-PBS
solutions with different concentrations revealed the elasticity of these solutions [27]. Hence,
it is crucial to investigate the behavior of MC-PBS solutions when flowing in the hydrody-
namic constriction channel, especially in the regions close to the deforming cells where the
fluid flow exhibits complex patterns with mixed kinematics. Therefore, disregarding the
viscoelastic nature of carrier fluid may lead to significant errors in estimating the exerted
stresses on the cells. Since cell stiffness is proportionate to the exerted stresses for a given
deformation during experiments, neglecting a portion of exerted stresses could lead to a
wrong estimation of cell stiffness. It is worth mentioning that the estimated cell stiffness
in hydrodynamic constriction cytometry typically shows a discrepancy when compared
to the measured results by using AFM [18,28]. It should be mentioned that, due to the
distinct probing methods and operating conditions, individual methods for measuring the
cell’s mechanical properties often yield significantly different results. This disparity was
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highlighted in a recent work that compared elastic and viscous moduli obtained through an
array of methods—atomic force microscopy, magnetic twisting, particle tracking microrhe-
ology, parallel-plate rheometry, and optical stretching—for the same cell line maintained
in the standardized condition [29]. The resulting values exhibited a range spanning two
orders of magnitude for an elastic modulus and three orders of magnitude for a viscous
modulus. These disparities are attributed to the differences in the applied stress and strain
rates, probe size, probing lengths scale, and time scale, and whether cells are attached to a
surface or suspended in a fluid [28]. Hence, it is imperative to comprehend the temporal
and spatial distributions of stress/strain applied to the cells in each method.

To investigate the significance of incorporating the complete viscoelastic behavior
of the MC-PBS solution, we conduct computational fluid dynamics (CFD) simulations of
single-phase MC-PBS flow within a microchannel with dimensions similar to those used in
hydrodynamic constriction cytometry. In parallel, simulations are conducted for MC-PBS
flow utilizing a GNF model that accounts for shear thinning behavior, but disregards
the elasticity of fluid. A comparative analysis of the predicted flow fields employing a
viscoelastic model and GNF model is presented. Subsequently, we model the deformation
of a deforming particle representing a promyeloblast (i.e., HL-60 cell) navigating through
the hydrodynamic constriction microchannel. Two MC-PBS fluid models are employed:
one incorporating fluid elasticity and the other excluding it. A comparative evaluation of
the flow fields, generated stress, and predicted shape of the suspended cell in these two
fluid models elucidates the impact of fluid elasticity on the cell’s deformation within the
microchannel.

2. Numerical Method

Numerical simulations were conducted to investigate the behavior of MC-PBS flows
within a narrow microchannel, with dimensions typically employed in hydrodynamics
constriction deformability cytometry. Two CFD models were employed to predict the flow
field of the MC-PBS solution: a simplified GNF model and a viscoelastic fluid model. The
GNF approach employs the Carreau—Yasuda model, which accounts for shear thinning
behavior, but ignores the elasticity of fluid. In contrast, the viscoelastic fluid model incor-
porated the linear form of Phan-Thien—Tanner (PTT) model, which is suitable for polymer
solutions [30]. This model considers both viscous and elastic stresses as well as the shear
thinning effect, providing a more comprehensive representation of fluid behavior [30,31].
The results obtained from these two models will be compared to assess the reliability of
employing the GNF approach.

Governing equations of the flow field are fully resolved to predict the velocity, pressure,
and stress distributions. The governing equations of isothermal incompressible fluid flow
in the laminar regime are as follows:

V=0 )
< +u- Vu) ~Vp+V-T (2)
T_Ts+rp—ys(Vu+Vu>+Tp (3)

A {aatp + V- qu} + f(Trtp)tp = pp (Vu + Vu ) + /\(Tp~Vu + VuT-Tp) 4)
FTre) =14 5 Tr(ry) ©

Equations (1) and (2) are continuity and momentum equations, respectively, where u
represents the velocity, p is pressure, and T indicates the stress tensor. In the viscoelastic
fluid context, the stress tensor 7 is the sum of solvent stress (7s) and polymer stress (1)
(Equation (3)). Polymer stress was modeled using the PTT model (Equations (4) and (5)),

40



Micromachines 2024, 15, 822

where A and p, represent the polymer relaxation time and polymer viscosity, respectively,
and ¢ is a material parameter related to its extensional property. Generally, ¢ may range
from O to 1, and a lower ¢ value in the PTT model corresponds to a higher predicted
uniaxial extensional viscosity. In fact, when ¢ tends to zero, the PTT model reduces to the
well-known Oldroyd-B model. However, contrary to the Oldroyd-B model, the PTT model
predicts the shear-thinning behavior of fluid when ¢ # 0. The shear viscosity function
in the PTT model is obtained by determining the appropriate value of ¢ [32,33]. On the
contrary to the viscoelastic models, in the context of the GNF approach, the stress tensor
includes only the first term on the right-hand side of Equation (3), representing the shear
stress. The total shear viscosity, y, is modeled using the Carreau-Yasuda model that follows
Equation (6).

1(F) = oo+ (10 = poo)- (1 + (A1) - ©)

where j1g and ji are zero shear and infinite shear viscosities, respectively. Furthermore, v,
A, and « are the power law index, relaxation time, and Carreau—Yasuda model constant,
respectively. CFD simulations were conducted for the 0.5% MC-PBS solution. Experi-
mental data regarding measured viscosity were obtained from Biiyiikurganci et al. [27],
where concentric cylinder (CC), cone—plate (CP), plate—plate (PP), and parallel-disk (PP)
measurements were performed to cover very low to high shear rates. The viscosity of the
solvent was assumed to be 1 mPa-S. Table 1 shows the parameters used to describe the
viscosity of the 0.5% MC-PBS solution using the Carreau—Yasuda model [27]. Furthermore,
Figure 1 compares the viscosity of the 0.5% MC-PBS solution as predicted by the PTT model
(¢ = 0.013) and Carreau—Yasuda model with the experimental measurements. As depicted,
the PTT and Carreau-Yasuda models reasonably captured the shear thinning behavior of
the fluid observed in the experimental data [27].

Table 1. Carreau—Yasuda model constants.

Fluid I'l() Moo A (% o4
0.5% MC-PBS 20 mPa.s 1 mPa.s 0.0012 0.65 1.02
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Figure 1. Experimental shear viscosity vs. PTT and Carreau—Yasuda models [27].

Numerical modeling was initially conducted to analyze a single-phase flow of the
0.5% MC-PBS solution within a 3D square channel. The primary aim was to compare
the predicted stresses utilizing the Carreau—Yasuda model and the more comprehensive
viscoelastic model know as PTT. Additionally, CFD simulations were performed to replicate
the deformation of an HL-60 cell suspended in 0.5% MC-PBS solution when passing the
channel. To this end, a viscous droplet model was employed, which takes into account
the apparent cytoplasmic viscosity and membrane tension of cells. We used the level set
method to model the two-phase flow and track the interface of the primary phase (0.5%
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MC-PBS solution) flowing in the microchannel and a suspended droplet representing the
cell. As such, the following equation was solved in conjunction with Equations (1)-(5):

0g
— +tuVa =0 7
5 @)
For the solution, volume fraction («) and local material properties are updated based
on & and smoothed across the interface using a smooth Heaviside function. Furthermore,
surface tension force is added to the right-hand side of the momentum equation and

calculated as follows:
F; = okndg (8)

where o represents the surface tension coefficient, k denotes the interface curvature, n
signifies the normal vector, and Js represents the smoothed Dirac delta function centered at
the interface. To restore its correct distributions near the interface, a re-distancing problem
was solved [34-36].

Transport equations were solved by using the finite volume method (FVM) with the
TransAT 5.7 code [37]. In the CFD model, pressure-velocity coupling was achieved by
using the SIMPLEC algorithm. The spatial derivatives were discretized using a 2nd-order
hybrid linear/parabolic approximation (HLPA) scheme. For the level set model, we used
a 3rd-order WENO scheme for re-distancing [38]. The residual levels for convergence
criteria were set to 1 x 107 for the velocity, level set, and stress components, and 1 x 105
for pressure.

3. Results and Discussions
3.1. Flow Field in the Microchannel Conveying the Single-Phase MC-PBS Solution

Numerical simulations were performed to analyze the flow characteristics of the 0.5%
MC-PBS solution within a microchannel commonly utilized in hydrodynamic constriction
deformability cytometry [18]. CFD simulations were initially employed to study the single-
phase flow of the carrier fluid, utilizing two rheological models: the Carreau-Yasuda
model and PTT model. Figure 2 shows a schematic of the microchannel and the adopted
geometry and dimensions in the CFD model. The width, height, and length of the channel
are 20 pm, 20 um, and 400 um, respectively. The dimensions of the microchannel and flow
rate are identical to those reported experimentally [18]. A uniform grid size of 1 um (total
cell = 160,000) was adopted in the 3D CFD simulations.

(a) (b)

L=300pm

L

' 20um

Figure 2. A schematic of typical microchannel geometry in hydrodynamic constriction deformability
cytometry (a) and the adopted 3D grid in the CFD model (b).

Figure 3 illustrates the shear rate distribution as predicted by the Carreau—Yasuda
model along the width of the channel, corresponding to an average flow velocity of 0.1 m/s
under fully developed flow conditions. As observed, the predicted shear rates vary from
nearly zero at the center of the channel to a maximum value of approximately 52,000 1/s at
the walls.
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Figure 3. Shear rate distribution across the width of the channel as predicted by the Carreau—
Yasuda model.

According to Figure 1, both the Carreau-Yasuda and PTT models can reasonably
predict the shear viscosity of carrier fluid in the predicted shear range.

Figure 4a,b present contours illustrating the axial velocity within the cross-section
of the channel, as predicted by the Carreau-Yasuda and PTT models upon reaching fully
developed flow conditions. Notably, both models yield remarkably similar velocity distri-
butions, showcasing a peak velocity of approximately 0.19 m/s at the channel center. In
general, when dealing with shear-thinning fluids, one would anticipate flattened velocity
profiles in comparison to their Newtonian counterparts.

(a) (b)
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1.9¢-01
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—0.1
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[ 0.05
0.0e+00

Figure 4. Distribution of axial velocity as predicted by (a) the PTT model and (b) Carreau-
Yasuda model.

Figure 5 provides a more discernible representation of the contrast in axial velocity
distribution across the channel width as determined by the PTT and Carreau—Yasuda
models. As depicted in this figure, the PTT model predicts a slightly more flattened velocity
profile at the center of the channel, suggesting slightly elevated shear-thinning behavior.
The discrepancies observed in these velocity profiles could be attributed to the prediction
of slightly different viscosities by the PTT and Carreau—Yasuda models, especially at high
shear rates, as shown in Figure 1.

Figure 6 illustrates the contours of total shear stress as predicted by the Carreau—
Yasuda model at the cross-section of the channel under fully developed flow conditions.
As observed, the shear stress is at its maximum at the walls and gradually decreases to
nearly zero when moving toward the center of the channel, where the velocity gradient
is zero. In contrast to the Carreau-Yasuda model, the PTT model directly accounts for
the contribution of polymers in the stress tensor. That is, the total stress is calculated as a
summation of solvent and polymer stresses. Figure 7a,b display the contours of polymer
shear stress and solvent shear stress as predicted by the PTT model within the channel cross-
section. Figure 8 illustrates the predicted total shear stress obtained by the PTT model and
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Carreau-Yasuda model across the width of the channel. As observed in this figure, there
is good agreement between the predicted total shear stresses by the two models, except
in regions close to the walls where the PTT model predicts slightly lower shear stresses
when compared to the Carreau—Yasuda model. This small difference can be attributed to
the accuracy of fitting the experimental shear viscosities by these two models.

0.20 ——Carreau-Yasuda
—PTT

0.15

0.10

Velocity (m/s)

0.05

0 5 10 15 20
Width (um)

Figure 5. Velocity distribution across the width of the channel.

2.6e+02
|: 200

— 150

Figure 6. Contours of total shear stress at the channel cross-section as predicted by the Carreau—
Yasuda model.

(a) (b)

(Pa) (Pa)
2.0e+02 5.0e+01

[ 150 l:“’

— 100 -

—20
10

I:so
7.1e+00

0.0e+00

Figure 7. Contours of shear stress at the channel cross-section as predicted by the PTT model:
(a) polymer shear stress and (b) solvent shear stress.
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Figure 8. Distribution of total shear stress (Ty,) across the width of the channel as predicted by the
PTT and Carreau-Yasuda models.

Figure 9 shows the contour of normal stress (Tyy) at the channel cross-section as
predicted by the PTT model. This figure clearly shows significantly high elastic stress in
the proximity of the channel walls, gradually diminishing to nearly zero at the channel
center. Figure 10 presents the distribution of normal stress (Tyxy) across the channel width.
A comparison of the predicted normal stress (Txy) in Figure 10 with the total shear stress
in Figure 8 unequivocally reveals that the normal stress magnitude within the channel
is an order of magnitude higher than that of the total shear stress, as predicted by the
PTT and Carreau—Yasuda models. Previous studies underscore a substantial influence of
such normal stresses on flow fields containing suspended particles. In fact, the observed
stress gradients possess the potential to significantly influence the trajectory of suspended
particles or induce deformations in the shape of pliable particles navigating through such
flow fields [39-43].

(Pa)

2.9e+03
I:
— 2000

— 1500
— 1000
500

4.4e+00

Figure 9. Distribution of normal stress (Txx) at the channel cross-section as predicted by the
PTT model.

While the Carreau—Yasuda model can reasonably predict the velocity profile and
total shear stresses in steady shear flows, it completely neglects the generation of normal
stresses. Furthermore, its inability of directly accounting for the contribution of polymer
chains in the stress tensor can be problematic in unsteady flows and flows with mixed
kinematics [44,45]. Figure 11 shows the distribution of average shear stress at the wall of
the channel as we move from the inlet toward the outlet. As seen in Figure 11, the predicted
shear stresses by using the Carreau-Yasuda and PTT models in the developing region are
different. According to this figure, for a single-phase flow of the 0.5% MC-PBS solution in a
square channel, the flow reaches a fully developed condition within a short length in the
entrance region. Hence, overall, using the Carreau—Yasuda model results in a reasonable
estimation of the shear stress distribution in the channel.
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Figure 10. Distribution of normal stress (Tyx) across the width of the channel as predicted by the
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Figure 11. Distribution of average shear stress at the wall along the channel as predicted by the PTT
and Carreau—Yasuda models.

3.2. Numerical Modeling of Cell Deformation in a Hydrodynamic Constriction Channel

The preceding numerical results pertaining to the single-phase flow of the 0.5% MC-
PBS solution in the microchannel underscore the prevalence of normal stress over shear
stress. In this section, we employ the level set model to investigate the impact of carrier
fluid’s elasticity on the exerted stress and deformation of suspended particles. In fact, due to
the large size of the cells compared to the size of the channel, the flow field is substantially
altered as the cells move within the channel. Hence, we model the deformation of a
suspended viscous particle, representing an HL-60 cell, navigating through a hydrodynamic
constriction microchannel using two MC-PBS fluid models—one incorporating elasticity
and the other lacking it.

A method employed for modeling cell deformation is the viscous droplet model,
where the cell is conceptualized as a viscous fluid-filled bag with constant surface tension.
This model takes into account apparent membrane tension and cytoplasmic viscosity. While
not appropriate for all cell types, it has demonstrated reasonable accuracy in describing the
deformation of HL-60 cells [13,46,47]. It is crucial to emphasize that the main objective of
this study is to explore the significance of the emerging elastic stress surrounding cells in
motion within the channel and to investigate whether this elastic stress plays a crucial role
in cell deformation compared to viscous stress. Consequently, irrespective of the accuracy
of the viscous droplet model in replicating the exact behavior of HL-60 cells, any discernible
differences in deformation predicted by two CFD models—one including the elastic effect
and the other excluding it—would underscore the pivotal role of fluid elasticity in cell
deformation.

We model the deformation of an HL-60 cell under an operating condition reported
experimentally [18]. In order to reduce the computational cost, an axisymmetric CFD model
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is employed, which is compatible with the observed cell shape in the experiments. Hence,
the predicted CFD results show the deformation of a single cell flowing in a tube with an
identical hydraulic diameter (20 um) rather than a 3D square channel. The accuracy of the
CFD model in predicting the velocity profile of viscoelastic fluid within a circular tube was
first validated by comparing the predicted results using the PTT model with an analytical
solution [32]. Figure 12 shows the predicted velocity profile for a viscoelastic fluid, where
the solvent viscosity ratio (§), Deborah number (De), and extensibility parameter (&) are
0.1, 6.3, and 0.25, respectively. As observed in Figure 12, there is good agreement between
the predicted numerical results and the analytical solution.

20
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1.8 = Numerical
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Figure 12. A comparison of the predicted velocity profiles using analytical and numerical models.
De=6.3, =0.1,and ¢ = 0.25.

Subsequently, CFD simulations were conducted for a two-phase flow of a suspended
viscous droplet in the 0.5% MC-PBS solution and for a mean flow velocity of 0.1 m/s.
Previous studies revealed that the apparent viscosity of HL-60 cells depends on the im-
posed shear rate. Using the empirical model proposed by Tsai et al. and considering an
average shear rate of 20,000 1/s in the channel, the apparent viscosity was estimated to
be 1.08 Pa-s [48]. Furthermore, the cortical membrane tension and density of HL-60 are
155 pN/pm and 1080 Kg/m?, respectively [47,49]. The droplet representing an HL-60 cell
was assumed to be initially spherical with a diameter of 14 um at the inlet. Simulations
were conducted using quad grids with a size of 0.5 um (20 x 800 cells). The transient
simulation was continued until the droplet traveled 300 um downstream from the inlet.
This distance mirrors the cell’s journey to the measurement point within the lengths of
the hydrodynamic constriction channel [18]. Furthermore, adaptive time stepping was
employed to ensure that the Courant number remained below 0.25 in the solution.

Figure 13a,b show the shape of droplets 300 mm downstream from the inlet as pre-
dicted by the PTT and Carreau-Yasuda models, respectively. A discernible contrast in
droplet deformation is evident, with the PTT model indicating greater deformation due to
the consideration of fluid elasticity. Figure 14 compares the cell shape predicted by CFD
simulations using the PTT and Carreau—Yasuda models with experimental data on cell
shape. Aside from demonstrating a discernible difference in the predicted deformation
between the two CFD models, the obtained results exhibit an excellent agreement between
the predicted shape using the viscoelastic fluid model and the experimental observation
under the specific experimental condition used in this study. However, employing more
sophisticated cell models would result in more reliable predictions for different cells and
across various time scales [26,50].
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Figure 14. A comparison of cell deformations as measured in the experiment and predicted by the
PTT and Carreau—Yasuda models [18].

Figure 15 shows the distribution of shear stress around the suspended droplets
300 pm downstream of the inlet as predicted by the PTT (Figure 15a) and Carreau—Yasuda
(Figure 15b) models. According to these figures, the maximum shear stress near the droplet
in the Carreau—Yasuda model is higher than that predicted by the PTT model. Moreover,
the overall predicted distribution of shear stress is significantly different between the two.
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Figure 15. Distribution of shear stress as predicted by the (a) PTT and (b) Carreau—Yasuda models.

Figure 16a,b show the distribution of axial and radial normal stresses around the
suspended droplets. A comparison of these figures with Figure 15a,b indicates that the
intensity of the radial component of elastic stress, T, is less than that of shear stress, while
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the axial component of normal stress, Tyx, reaches significantly high values around the
droplet. According to the present results, the intensity of axial normal stress is significantly
higher than that of shear stress around the droplet, which in turn results in exerting a
compressive force and further stretching the deformable particle.
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Figure 16. Distribution of normal stress components as predicted by the PTT model: (a) Txx and
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Figure 17a,b show the distribution of the axial velocity around the suspended droplets
as predicted by the PTT and Carreau—Yasuda models, respectively. As observed in these
figures, the PTT model predicts a high-velocity region at the front of the droplet, while
the velocity distribution predicted by the Carreau—Yasuda model shows a velocity profile
similar to that of fully developed flow. Figure 18a,b show the distribution of radial velocity
around the suspended droplets as predicted by the PTT (Figure 18a) and Carreau—Yasuda
(Figure 18b) models. According to these figures, the radial velocity at the rear and front
parts of droplet are toward the wall and center of the channel, respectively. Such velocity
distributions suggest the formation of a contraction flow regime in the front region of the
droplet. Apart from their inability to predict elastic stress and time dependency, GNF
models, such as Carreau—Yasuda, also predict a constant Trouton ratio, that is the ratio of
extensional viscosity to shear viscosity, which remains constant at the Newtonian value of 3.
Thus, their application for flow fields with mixed kinematics is more limited [44]. Figures
16a and 17a clearly show an extensional region predicted by the PTT model in the front
region of the droplet, while the Carreau—Yasuda model fails to predict such an extensional
flow. Moreover, the memory effect inherent in viscoelastic fluids necessitates a careful
consideration of the minimum distance between two passing cells or the frequency of events.
This ensures that the flow field at a specific point has adequate time to attain the equilibrium
condition encountered by the proceeding cell. Without this attention to temporal and spatial
dynamics, the observed deformation of distinct cells may not yield reliable results when
estimating their mechanical properties or conducting comparative analysis.
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Figure 17. Distribution of axial velocity as predicted by the (a) PTT and (b) Carreau—Yasuda models.
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Figure 18. Distribution of radial velocity as predicted by the (a) PTT and (b) Carreau-Yasuda models.

4. Conclusions

The application of microfluidic systems for deformability cytometry has gained mo-
mentum, with numerous laboratories aiming to translate these technologies into com-
mercially viable cytometers. Despite the common use of viscoelastic carrier fluids, the
characterization of cells within these devices often relies on simplified computational
frameworks that only account for viscous stresses while neglecting fluid elasticity.

The present study investigates the impact of the elasticity of the commonly used
carrier fluid, the MC-PBS solution, on cell deformation in hydrodynamic constriction
deformability cytometry. Three-dimensional computational analysis was conducted using
two fluid models: a conventional GNF model that considers shear-thinning behavior but
disregards fluid elasticity, and a comprehensive viscoelastic model, PTT, which incorporates
both shear-thinning and elastic properties. The numerical results for the single-phase flow
of a 0.5% MC-PBS solution indicate that both models yield nearly identical distributions
of shear stress and velocity fields for fully developed steady shear flow. However, the
incorporation of the viscoelastic model reveals significant normal stress generation along
the channel, contradicting the assumption of zero normal stress in commonly used GNF
fluid models. Importantly, CFD results highlight that the predicted intensity of normal
stress surpasses that of shear stress.

The level set model was employed to predict the transient flow of suspended vis-
cous particles representing HL-60 cells in a 0.5% MC-PBS solution. Initially neglecting
fluid elasticity and subsequently considering the viscoelastic nature of the carrier fluid
enabled a comprehensive comparison of predicted flow fields, stress distributions, and
resulting deformations.

The obtained CFD results unveil substantial alterations in the flow field around
moving particles within the channel. Accounting for the viscoelastic behavior of the carrier
fluid led to slightly different predictions of shear stress distribution around the particles.
However, the primary disparity lies in the prediction of significant normal stresses around
the deforming particles, indicating a notable compressive force.

Comparing the predicted particle shapes using two CFD models—one incorporating
elastic effects and the other excluding them—underscored the pivotal role of fluid elasticity
in particle deformation. The predicted velocity fields around the moving particles also
revealed a combination of shear and extensional flows in the polymer solution, necessitating
the use of a CFD model that considers the viscoelastic behavior of the fluid.

These findings raise pertinent questions regarding the accuracy of mechanical property
estimates derived from neglecting elastic stresses. The observed disparities underscore the
importance of considering fluid elasticity in deformability cytometry analysis, particularly
for chips with hydrodynamic constriction channels.
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Abstract

The deformability of red blood cells (RBCs) is critical for microvascular circulation and is
impaired in hematological disorders such as thalassemia, a prevalent public health concern
in Guangdong, China. While microfluidics enable high-precision deformability assess-
ment, current studies lack standardization in deformation metrics and rarely investigate
post-deformation recovery dynamics. This study introduces an automated microfluidic
platform for systematically evaluating RBC deformability in healthy and thalassemic indi-
viduals. A biomimetic chip featuring 4 pm, 8 um, and 16 um wide channels (7 um in height)
was designed to simulate capillary dimensions, with COMSOL CFD numerical modeling
validating shear stress profiles. RBC suspensions (107 cells/mL in DPBS) were hydrody-
namically focused through constrictions while high-speed imaging (15,000 fps) captured
deformation-recovery dynamics. Custom-built algorithms with deep-learning networks
automated cell tracking, contour analysis, and multi-parametric quantification. Validation
confirmed significantly reduced deformability in Paraformaldehyde (PFA)-treated RBCs
compared to normal controls. Narrower channels and higher flow velocities amplified
shear-induced deformations, with more deformable cells exhibiting faster post-constriction
shape recovery. Crucially, the platform distinguished thalassemia patient-derived RBCs
from healthy samples, revealing significantly lower deformability in diseased cells, particu-
larly in 4 pm channels. These results establish a standardized, high-throughput framework
for RBC mechanical characterization, uncovering previously unreported recovery dynamics
and clinically relevant differences in deformability in thalassemia. The method’s diagnostic
sensitivity highlights its translational potential for screening hematological disorders.

Keywords: red blood cells; deformability assessment; shape recovery; microfluidic
platform; thalassemia

1. Introduction

Normal human red blood cells (RBCs) have a distinctive biconcave disc shape, measur-
ing approximately 8 um in diameter and about 2 pum in thickness. During microcirculation,
they can undergo passive deformation while maintaining mechanical stability [1]. The de-
formability of RBCs depends on the structural properties of the cytoskeletal components [2],
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the vertical interactions between the cytoskeleton and the integral transmembrane com-
plexes [3], as well as intracellular viscosity, RBC hydration state, and surface area—volume
interactions [4]. Healthy RBCs readily respond to shear stress in the microcirculation, allow-
ing them to deform effectively and pass through capillaries. Changes in the deformability
of RBCs directly influence cell movement, morphological maintenance, and intercellular
interactions [5], thereby affecting functions such as cell migration [6], mechanosensing [7],
and signal transduction [8]. These alterations significantly influence the progression and
severity of cardiovascular diseases, metabolic disorders, and neurological conditions [9,10].
The restoration of RBC morphology following deformation is essential for maintaining
normal physiological function [11]. Mechanistically, this restorative process is governed by
two intrinsic biophysical parameters: (i) the surface area-to-volume ratio (SA/V), which
dictates the geometric constraints for reversible shape transitions [12], and (ii) the vis-
coelastic properties of the erythrocyte membrane, whose dynamic behavior is modulated
by membrane-associated proteins [13]. Understanding both the deformability and shape
recovery of RBCs is essential for elucidating their biophysical effects.

To measure the deformability of RBCs, several experimental methodologies have
been proposed, which can be broadly categorized into direct and indirect methods. Direct
methods include micropipette aspiration, optical tweezer, twisting micromagnetic beads,
atomic force microscopy, parallel plate rheometry, and controlled cavitation rheology. Mi-
cropipette aspiration technology [14,15] employs a pressure difference to aspirate cells into
a micropipette in a quasi-static way, allowing for the assessment of cellular deformabil-
ity and viscoelasticity. Optical tweezer technology [16,17] and twisting micromagnetic
beads [18] utilize laser beams and a magnetic field, respectively, to capture microbeads at-
tached to the cell surface, generating a controlled force to assess cell mechanics [19]. Atomic
force microscopy (AFM) [20,21] measures the mechanical properties of cells by obtaining
force-distance curves at the cell surface, enabling high-precision elasticity measurements
of individual living cells under physiological conditions. Parallel plate rheometry [22]
quantifies the deformation of single cells under external stress. These methods assess
the time-resolved response to force and extract parameters related to cellular deformabil-
ity. However, these techniques are technically demanding and time-consuming, limiting
measurement efficiency and making high-throughput measurements difficult.

In contrast, microfluidic-based methods [23] represent a highly attractive alternative
due to their potential for single-cell precision and high-throughput deformability analy-
sis [24-26]. The controlled cavitation rheology method stretches a collection of RBCs using
impulsive flow generated by a single laser-induced cavitation bubble in a microchannel [27].
It can stretch many cells simultaneously and allows one to obtain large initial cell defor-
mations and yield strength [28-30]. However, this direct method generates heterogeneous
forces and cell deformations and requires integration of optics with microfluidics. In recent
years, indirect methods for measuring the deformability of cells based on microfluidic tech-
nology have demonstrated ease of operation, low cost, and high throughput. They can be
categorized into three types: constriction-based deformability cytometry (cDC), extensional
flow deformability cytometry (xDC), and shear flow deformability cytometry (sDC) [31].
With the conventional cDC method, cells deform when passing through a narrow constric-
tion channel with dimensions smaller than their diameter [32,33], where cell deformability
is influenced by factors such as surface friction, stiffness, viscoelasticity, and adhesion
properties. The Suspended Microchannel Resonator (SMR) quantifies cellular stiffness by
measuring the time required for a cell to pass through a constriction channel comparable
in size to the cell itself [34]. However, the measurement results provide a composite indi-
cator of cellular deformability and do not characterize the deformation process of the cell
within the channel or its recovery after exiting the constriction. The xXDC methods quantify
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cellular stiffness by measuring the deformation ratio of the long axis to the short axis of
cells in an extensional flow field, assuming an elliptical cell shape [35,36]. Multiparametric
deformability cytometry (m-DC) [37] was developed based on this, integrating parameters
such as cell size, deformability, deformation kinetics, and morphology. However, due
to the anisotropic nature of RBCs [11], this method is not suitable for measuring their
deformability.

The sDC method is a non-contact flow cytometry method that applies hydrodynamic
flow shear to cells in a microchannel with dimensions slightly larger than the cell diameter
at a constant flow velocity, inducing mechanical cell deformation under a strong shear stress
gradient [38—40]. Recent studies have utilized high-speed charge-coupled device (CCD)
cameras to capture real-time images of cells at various stages of deformation [41]. Addi-
tionally, some studies have integrated microscopic cell imaging with numerical simulations
to further investigate the factors contributing to red blood cell deformation [42]. Moreover,
due to their operational simplicity, these methods hold potential for applications in bio-
logical laboratories and clinical settings [43,44]. In recent years, the rapid advancement of
microfluidic technology has provided an excellent platform for studying the biophysical
properties of RBCs under both physiological and pathological conditions.

The deformability of RBCs is influenced by many pathological conditions, such as
malaria [45], diabetes [46,47], sickle cell disease [48], thalassemia [49], hereditary spherocy-
tosis [50], and hereditary xerocytosis [51]. The deformability of RBCs can be affected by
metabolic processes that control ATP levels and redox state [52]. The inability to maintain
deformability leads to a shortened RBC lifespan, and if not compensated for by the produc-
tion of new RBCs, can result in hemolytic anemia [53]. Therefore, reliably estimating the
deformability of RBCs and understanding the factors that control this process are crucial
for assessing the severity of a patient’s condition and selecting the best treatment strate-
gies. For example, thalassemia, a globally significant hereditary blood disorder, is closely
associated with the biophysical properties of red blood cells. Caused by autosomal gene
defects, the disease results in an imbalance in the synthesis ratio of - and -globin chains
in hemoglobin [54,55]. The unpaired globin chains precipitate and adhere to the red blood
cell membrane skeleton, reducing the membrane’s viscoelasticity and thereby impairing
the deformability of red blood cells. This ultimately leads to hemolytic anemia [49].

In this study, we developed a high-throughput method for assessing RBC deformabil-
ity based on microfluidic technology. The RBC suspension was introduced into a microflu-
idic channel with a microinjection pump. A high-speed camera was employed to record
the complete motion of RBCs as they traversed a narrow channel at tens of thousands
of frames per second (fps). A custom-developed program was utilized to analyze the
deformation of RBCs throughout their motion, incorporating a deep learning algorithm
to accurately extract RBC contours. Four parameters were established to characterize
deformability. Additionally, we observed the morphological recovery of RBCs after exiting
the narrow channel and compared several different RBC models, including healthy RBCs,
RBCs fixed with paraformaldehyde (PFA), and those from patients with thalassemia. The
results suggest that this method holds promise as a potential tool for disease diagnosis
using label-free biophysical markers of RBCs.

2. Materials and Methods
2.1. Cell Sample Preparation

Whole blood samples (1-2 mL) were collected from the veins of healthy donors during
medical checkups or from patients with thalassemia at the Seventh Affiliated Hospital of
Sun Yat-Sen University. Heparin was used as an anticoagulant. Both healthy donors and
patients with thalassemia were aged between 2 and 8 years old and resided in Guangdong
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province. The Seventh Affiliated Hospital of Sun Yat-Sen University’s Ethics Committee
approved the collection of patient samples, and the study complied with institutional
norms, the Declaration of Helsinki, and guardians’ informed consent. The collected blood
samples were stored and transported at 4 °C to the Shenzhen Bay laboratory within 2 h of
collection.

The fresh whole blood samples were washed 3 times and resuspended in 1X DPBS
(Ca®*+, Mg?*+) after centrifugation at 1000 rpm for 3 min to achieve a final RBC concentra-
tion of approximately 107 cells/mL (the concentration of red blood cells in whole blood is
approximately 4.7-6.1 x 10° cells/mL [56]).

For PFA treatment, the above samples were resuspended in 0.5% PFA in 1X DPBS
(Ca%*+, Mg?*+) and incubated at room temperature for 30 min, after which the supernatants
were discarded after centrifugation and the pellets resuspended in 1X DPBS (Ca®*+, Mg?*+)
to achieve a final cell concentration of ~107 cells/mL.

2.2. Microfluidic Device Preparation

The capillary vessel-mimicking microchannel was designed using AutoCAD 2021
software. We used standard soft lithography techniques to fabricate the patterned SU-8-
based master mold, from which the polydimethylsiloxane (PDMS, Sylgard 184 Silicone
Elastomer Kit (Dow Corning (Dowsil), Midland, MI, USA), 10:1 mix ratio, cured at 60 °C
for 4 h) microchannel was cast. The microchannel was then bonded to a glass slide
(50 x 75 mm?) immediately after 50 s of treatment in a plasma cleaner (Zepto one, Diener,
Ebhausen, Germany).

2.3. Experimental Operation for Cell Deformation and Recovery

The microfluidic chip was placed on an inverted microscope (BDS500, CNoptec,
Chonggqing, China). A syringe pump (R462, KDS, Issy-les-Moulineaux, France) was used
to introduce the cell suspensions into the microfluidic chip at a flow rate of 0.01 pL/min,
and the RBCs were focused on the channel center by a sheath flow of 1 x PBS driven by
another syringe pump (R462, RWD, Shenzen, China) at 0.02 uL/min. RBCs experienced
elevated shear stress and became deformed upon entering the narrow channel, but started
to recover their shape after exiting the channel. A high-speed camera (Nova 512, Photron,
Tokyo, Japan) was used to capture the deformation and shape recovery of RBCs through
a 63x oil immersion objective at a frame rate of 10,000 fps and exposure time of 10 ps to
minimize motion blur. A custom-built script was employed for automatic cell tracking and
contour analysis, from which the velocity and deformation of RBCs were extracted. The
number of pixels per RBC is critical for tracking cells and analyzing cell contours. In our
study, each red blood cell occupied approximately 510 pixels in total, which we found to be
sufficient to ensure accuracy of cellular contour detection.

2.4. Numerical Simulation

Numerical simulation of the flow field in the microchannel was performed with a
finite-element solver (COMSOL Multiphysics 6.0 trial, CFD module, COMSOL, Burlington,
MA, USA). The geometry of the microchannel was imported into COMSOL from AutoCAD.
Non-slip boundary conditions were employed, and the initial velocity at the inlets was
calculated from experimental conditions. Though the flow demonstrated a Poiseuille
profile, we were more interested in the velocity along the channel centerline in the flow
direction (x) as we used sheath flow and focused RBCs to the channel center. Based on both
experimental recordings and numerical simulations, the steep velocity gradients along the
flow direction (x) and the channel centerline at the entrance and exit of the narrow channel
expose RBCs to markedly higher shear stress, resulting in notable extensional deformation.
The shear stress o herein refers to that related to this velocity gradient.
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2.5. Image Processing and Data Analysis
2.5.1. Cell Tracking

Custom-built MATLAB 2024b and Python 3.0 scripts were used to analyze each image
frame of recorded cell motion and deformation. Image preprocessing was performed to
improve the image contrast and enhance the edge areas by image filtering and adjusting
the grayscale histogram. Subsequently, the current image was processed by subtracting a
pre-saved background image. Then, grayscale thresholding and binarization operations
were employed to extract the cellular regions in the images, from which the approximate
location and area occupied by the cell in the current frame can be determined. The motion
state of the cellular region in the current image was predicted using the Kalman filter
algorithm. The Hungarian algorithm was utilized to match the cellular regions across
different image frames [57,58]. This approach facilitated the acquisition of the complete
motion trajectories of individual cells within the microfluidic channel.

2.5.2. Cell Contour Analysis Based on Deep Learning Methodologies

The extracted cellular regions were cropped from the original images. Then, the
Canny algorithm combined with image erosion and dilation was applied to extract the
cell contours [59], from which cell deformability was calculated. After exiting the narrow
channels, due to imaging conditions, artefacts from a discernible white rim of the cells
rendered the accurate extraction of cell contours using the Canny algorithm, which was
based on image gradient operations. To solve this problem, a deep learning approach was
employed with the open-source YOLOVS convolutional neural network for the semantic
segmentation of cell images [60,61], see Figure 1.

Deep learning network

Input
Video

Kalman
Filter

Figure 1. A schematic diagram of the core workflow for image processing of microfluidic experimental
videos. It consists of two main steps: image segmentation and multi-object tracking. The YOLOvV8
deep learning network model is employed to achieve accurate segmentation of the contour of red
blood cells, and the Kalman filter algorithm is utilized to track the trajectories of multiple red blood
cells in the video images. The red curve delineates the contour of the RBC, while the yellow square
indicates the index of the RBC identified.

A dataset for red blood cell segmentation was constructed, comprising 60 images each
for the narrow channels of three different widths that cells pass through. In this training set,
half of the cells were normal healthy controls, and the other half were red blood cells from
patients with thalassemia. LabelMe was used for data annotation. The pre-trained YOLOvVS8
deep learning network model was subsequently applied to the annotated dataset to perform
model training. This was followed by testing and validation using 20 new cell images.
Then, the trained network model was called in a MATLAB program to perform inference,
yielding precise cell contours for subsequent analysis of cell deformation and recovery. The
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integration of traditional image processing techniques with contemporary deep learning
methodologies enhanced the accuracy and reliability of cell contour extraction, providing a
robust foundation for analyzing cell deformation and recovery features.

2.5.3. Cell Deformation Analysis

RBCs have a disc shape that can be distorted under deformation. Both our studies
and those of others found that RBCs travelling through a microfluidic constriction channel
typically adopt a limited set of morphologies [62]. We restricted our analysis to cells
exhibiting the parachute shape, which was the most common in our study.

We detected the cell contour accurately, obtained the projected cell area A and perime-
ter P, and used four definitions of cell deformation. The centroid of an individual red blood
cell was extracted from the obtained cell contours, from which the moving speed of the
cell can be calculated between image frames. We assume an ellipse fit to the cell contour
for aspect ratio and Taylor deformation, using the major and minor axes a and b. For the
non-circularity index and changes in the major axis, we did not fit the cell contour to an
ellipse. Based on these obtained parameters, four distinct definitions of cell deformation
were generated:

Aspect ratio:

a/b

Taylor deformation:
Ta = (a — b)/(a + b)

Non-circularity:
D=1-2(7A)/P

Changes in the long axis of the cells:
a/ag
where aj is the initial long axis of the cell before entering the narrow stretching channel.

2.5.4. Cell Shape Recovery Analysis

Aspect ratios a/b were extracted from cell contours after the cells exited the narrow
channel. The dataset of /b vs. time for each cell was first smoothed and then fitted with an
exponential function f = C; + Cp x exp(—t/1) with MATLAB using its built-in Non-Linear-
Least-Squares and the robust method of fitting Bisquare and Trust-Region. Only data with
goodness of fit (R-squared) above 0.95 were retained for subsequent statistical analysis of
cell shape recovery.

The shear elastic moduli and viscous moduli for individual RBCs were estimated
using methods described by Hocumuth et al. [63,64] and recently demonstrated in a similar
experimental protocol to this study by Mancuso et al. [65]. We first use the classic Kelvin—

Voigt model:

_Ef o 2 oA
T=5(¥-a?)+ 55 0

where T is the uniaxial tension force, A = a/ag is the stretch ratio, E is the elastic shear
modulus, and 7 is the viscous modulus. The tension per unit length from purely uniaxial
flow (valid along the centerline of our channels) is thus approximated as follows:

Lo Lo

oA _ 3Apd @
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where o = 3]/1% is the shear stress from a uniaxial extensional flow along the centerline

of the channel, u is the suspending fluid viscosity, A = 136 um? is the average area of the
RBC membrane, and Ly = 8 um is the average resting length of a human RBC membrane.
Settings (1) and (2) are equal to each other, and solving for ?T/t\ yields a first-order nonlinear
ordinary differential equation for A,
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2.6. Statistical Analysis

If only two groups were compared, a two-tailed Student’s f-test was used for the
statistical analysis of the deformability parameters. If more than two groups were compared,
a one-way ANOVA test was performed first to determine whether one or more treatment
groups were significantly different, followed by a post-hoc Tukey HSD multiple comparison
test to identify which of the treatment pairs were significantly different from each other.

3. Results
3.1. Microfluidic Device Design, Experimental Setup, and Deformability Characterization

A microfluidic chip was designed to mimic small capillary vessels, where RBCs were
stretched in a 200 pm long narrow part of the channel with widths of 4, 8, or 16 pm. Cell
motion and deformation were imaged by a high-speed camera on an inverted microscope
(Figure 2A). Each microfluidic unit had two inlets and one outlet. RBCs were focused by
the sheath flow of 1x DPBS to the channel center before entering the narrow stretching
region to ensure the reproducibility of the experiment (Figure 2A inset and Figure 2B).
Numerical simulation of the flow field in the microchannel revealed the focusing effect
of the sheath flow (dashed black box in Figure 2C) and the elevating velocity in the
narrow stretching channel (red box in Figure 2C). The flow velocity in the narrow channel
accelerated to around 0.07 m/s in the channel center, while the channel walls acted as a
non-slip boundary, and the flow velocity before the entry and after the exit of the narrow
channel varied between 0.01 and 0.02 m/s. These velocity gradients generated shear stress
on cells entering and exiting the narrow channel, leading to cell deformation and shape
recovery at relevant moments.

As shown in Figure 3A, an RBC was stretched when entering the narrow channel at
1.7 ms, it remained stretched from 3.0-5.0 ms until it exited the narrow channel at 6.3 ms
and gradually recovered its shape (11.4 ms). Custom-built MATLAB and Python scripts
were used for cell tracking (Figure 3B left). Traditional image processing techniques were
integrated with contemporary deep learning methodologies to enhance the accuracy and
reliability of cell contour extraction (Figure 3B right). Based on the obtained cell trajectories
and cell contours, cell velocities and different definitions of cell deformation, including
aspect ratio (a/b), Taylor deformation Ta, non-circularity, and change in the major axis of the
cells (a/ap), were calculated. Figure 3C shows that both the cell velocity and deformation
increased when the cell entered the narrow stretching channel, remained at a high level,
and declined when the cell exited the narrow channel. It is interesting to note that the
deformation reached its peak value at the entrance of the narrow channel (e.g., ~1.7 ms),
which can be explained by the velocity gradient along the cell flow direction, e.g., larger
flow velocity on the right side of the cell compared to the left side. Similarly, when the cell
exited the narrow channel and encountered the velocity gradient, its elongated shape was
compressed in the flow direction due to the larger flow velocity on the left side of the cell.
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Figure 2. Microfluidic deformability cytometry of RBCs and flow field characterization. (A) Schematic
diagram of the experimental setup, cell deformation, and flow field in the microfluidic chip. (B) Pho-
tograph (top left) and schematic of the microfluidic chip with sheath flow structure, where w is the
narrow channel width (4, 8, 16 um). The turning S shape following the exit of the narrow channel
accommodated the size of the imaging field of the high-speed camera, allowing for the tracking of
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shape recovery. (C) Numerical simulation of the flow field in the microchannel.

A

Figure 3. Illustration of cell motion, deformation, image processing, and data analysis with an
example RBC from a normal healthy control. (A) Image sequence showing the deformation of the
RBC passing through the narrow channel. (B) Cell trajectory and contour detection, with a and
b depicting the major and minor axes, respectively. (C) Temporal evolution of cell velocity and
deformability in different definitions measured from the same recording as in panel A. The dashed
box denotes the time window when the cell was flowing inside the narrow channel. The width of the

narrow channel is 16 um.
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To validate the operation and measurements of the microfluidic devices, we per-
formed a control experiment comparing the deformability of non-treated healthy RBCs vs.
PFA-treated RBCs (Figure 4). Differential deformability was observed between the two
groups based on microfluidic measurements. The PFA-treated cells have a significantly
lower deformability among the four different definitions, consistent with the fixation and
stiffening effects of PFA. These results suggest that our measurements and analysis of the

cell deformability are valid.
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Figure 4. Validation of measurements by comparing the cell deformability of normal healthy RBCs
and paraformaldehyde (PFA)-treated RBCs using density scatter plots and box plots. (A) Aspect ratio
a/b. (B) Taylor deformation Ta. (C) Non-circularity. (D) Relative change in the major axis a/ag. The
dashed lines indicate median deformability. A hotter color indicates a higher data density. * p < 0.05,
##% p < 0.0001. The narrow channel width is 8 um, with an average cell velocity of 100 mm/s. n = 165
for normal RBCs and 144 for PFA-treated RBCs.

3.2. Influence of Narrow Channel Width and Flow Velocities on Cell Deformation

Under physiological conditions, RBCs need to squeeze through small capillary vessels
of various sizes for circulation, where they may experience different flow velocities, shear
stress, and deformation; therefore, it is necessary to investigate the influence of narrow
channel width and flow velocities on the deformation of RBCs. As shown in Figure 5A,
cell deformability increased significantly when the narrow channel width decreased across
all four definitions of cell deformability, while the average flow rate was kept constant
at 0.03 uL/min. Similarly, significantly higher cell deformability was observed when the
average flow velocity increased while the narrow channel widths were kept constant at
8 um (Figure 5B). These results are consistent with numerical modeling, which reveals
that the flow shear stress increases as a result of elevated velocity gradient in a smaller
channel width or larger average flow velocity (Figure 5C-E). For example, the instant shear
stress from the uniaxial extensional flow along the centerline of the channel is defined as
o= 3;1% [66] and the average flow shear stress along the flow direction at the entrance of
the narrow channel and along the center line can be calculated as 040 = 3 %' where y is
the dynamic viscosity of the medium (998 kg-m~2) and % is the average velocity gradient
along the flow direction (along the centre axis). The average flow shear stress is estimated
tobe 12.0, 27.9, and 60.3 dynes/ cm?. The max flow shear stress omax = 31t (du/dX)max along
the center streamline is calculated from the maximum value of the first-order derivative
of the position dependent velocity curves in Figure 5D, and estimated to be 25.8, 51.6,
and 138.9 dynes/ cm? for narrow channel widths of 16, 8, and 4 um at a constant flowrate
of 0.03 uL/min (Figure 5F). The average flow shear stress is estimated to 2.61, 8.1, 12.9,
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and 17.7 dynes/ cm?, and the max flow shear stress is estimated to be 10.2, 17.1, 27.0, and
36.9 dynes/ cm? for average flow velocities of 15, 25, 40, and 55 mm/s at a narrow channel
width of 8 um, respectively (Figure 5G). Therefore, we choose 8 pm narrow channel width
and 55 mm/s average flow velocity for all subsequent measurements of cell deformability,
as these conditions are within the physiological range (15 to 55 mm/s) [67], from which
larger cell deformation can be obtained.
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Figure 5. The influence of narrow channel width and flow rate on cell deformation. (A) Cell
deformability from 4 definitions measured from narrow channel widths of 4, 8, 16 um under a flow
rate of 0.03 uL./min, and their statistical analysis. n = 182, 194, 265 for narrow channel widths of
4, 8, 16 pm, respectively. (B) Cell deformability from 4 definitions measured with maximum flow
velocities (Vn) of 55, 40, 25, 15 mm/s with a narrow channel width of 8 pum. The corresponding n
values are 64, 98, 125, and 58, respectively. (C) Representative results of numerical modeling of the
flow field across the arrow channel with a channel width of 8 pm and V;, of 40 mm/s. (D-G) Flow
velocity or shear stress distribution along the white dashed line (x) in panel C at narrow channel
widths of 4, 8, and 16 um with the flow rate fixed at 0.03 uL/min or maximum flow velocities (Vy)
of 55, 40, 25, and 15 mm/s with the narrow channel width fixed at 8 um. ** p < 0.01, *** p < 0.001,
**** p < 0.0001, one-way ANOVA test followed by a post-hoc Tukey HSD multiple comparison test.

63



Micromachines 2025, 16, 957

3.3. Label-Free Mechanical Phenotyping of RBCs from Patients with Thalassemia and Healthy
Controls

Next, we employed the microfluidic approach to screen the deformability of RBCs in
healthy controls and pathological conditions of thalassemia. Figure 6A shows the transit of
an exemplary RBC from a patient with thalassemia through the narrow channel with the
8 um width. The cell was stretched to an elongated shape when entering the narrow channel
at 1.3 ms, it remained stretched from 1.3-4.6 ms until it exited the narrow channel at 5.3 ms
and gradually recovered its shape (5.3-8.5 ms). Statistical analysis shows significantly
lower cell deformability in the thalassemia group compared to the healthy control group,
as observed using a narrow channel with widths of 4, 8, and 16 um (Figure 6B-D). It is
interesting to note that there is a more pronounced difference in aspect ratio between the
two groups with smaller channel widths and larger shear stresses, indicating that the aspect
ratio a/b may serve as a label-free biomarker to distinguish the deformability between RBCs
from healthy donors and patients with thalassemia.
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Figure 6. Deformability screening of RBCs in healthy and pathological conditions of thalassemia.
(A) Transit and deformation of an example RBC from the patient with thalassemia in the microfluidic
channel. An enlarged picture of the cell is shown on the right. Comparison of the deformability
of RBCs between healthy donors and patients with thalassemia measured from narrow channels
with widths of (B) 4 um, (C) 8 um, and (D) 16 um. Deformability is defined by Ta, aspect ratio a/b,
and non-circularity. The flow rate is 0.03 pL/min. ** p < 0.01, *** p < 0.001, **** p < 0.0001, one-way
ANOVA test followed by a post-hoc Tukey HSD multiple comparison test.

3.4. Shape Recovery of RBCs from Patients with Thalassemia and Healthy Controls

We further investigated the dynamics of cell shape recovery when RBCs exited the
narrow stretching region (Figure 7A), comparing representative individual RBCs from
healthy control (non-treated and PFA-treated) and thalassemia groups. RBCs in all three
cases gradually recovered their shape as they moved from the channel exit (0267 s).
Compared to RBCs from healthy controls and non-treated samples, PFA-treated RBCs
exhibited rapid recovery from 0 to 267 us, while little change in shape was observed
thereafter. In contrast, it took longer for non-treated RBCs from healthy controls to recover
their shapes (0-2935 s). Interestingly, RBCs in the pathological thalassemia condition
seemed to recover their shape even more slowly. The aspect ratio a/b can be described using
the following equation:

Y(t) = C1+ C2-e(/D)
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where C1 and C2 are constants, T denotes the characteristic relaxation time for cells to
recover their shape, and f represents the time elapsed after the cells exit the narrow channel.
The deformation data for each cell in each group are fitted using this equation (Figure 7B
left) and a double logarithmic plot of (y(t) — C1) vs. time reveals that the shape recovery
follows an exponential decay (In (y(f) — C1) = In(C2) — t/71) (Figure 7B right), consistent
with previous studies [64,68]. Statistical results demonstrate that RBCs treated with PFA
exhibit the fastest recovery rate, while RBCs in the thalassemia group recover significantly
slower than those from healthy controls.
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Figure 7. Analysis of shape recovery (strain decay) of RBCs from healthy control, PFA-treated
healthy RBCs, and RBCs from patients with thalassemia. (A) Shape recovery of individual RBCs from
different groups exiting the narrow stretching channel. The direction of flow is from bottom to top.
The channel width is 8 um, with V;, of 60 mm/s. (B) (Left) Representative strain y (=a/b) for RBCs
from healthy controls (blue), PFA-treated healthy RBCs (red), and RBCs from thalassemia patients
(green) as a function of time. (Right) Double logarithmic plot of (y — C1) as a function of time for the
cells shown on the left. The solid lines represent the fits of the strain data to the exponential function
v =C1 + C2 x exp(—t/7), where T represents the characteristic relaxation time. 7 for the cells are
0.15s, 0.11 s, and 0.18 s for healthy RBCs, PFA-treated healthy RBCs, and RBCs from thalassemia
patients, respectively. (C) Box plots of the characteristic relaxation time 7 for the exponential decay
fitting for each cell. The lines inside the boxes represent the median value of the data, while the edges
of the boxes are the 25th and 75th percentiles. The goodness of the fit (average R2 value) is above 0.95
for all groups. n = 24, 47, and 48 for healthy controls (CTL), PFA-treated healthy RBCs, and RBCs
from thalassemia patients. * p < 0.05, **** p < 0.0001, one-way ANOVA test followed by a post-hoc
Tukey HSD multiple comparison test.
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4. Discussion

To investigate differences in deformability between RBCs from thalassemia patients
and healthy donors, we established a microfluidic flow cytometry based on shear flow
deformation and high-speed optical imaging. To characterize the dynamic behavior of
multiple RBCs in microfluidic flow cytometry, we developed a custom image processing
program that enabled precise tracking of individual moving RBCs and accurate extraction
of cell contours. From the extracted RBC contours, we quantified cellular deformability
with multiple definitions by calculating key morphological parameters. This approach
successfully differentiated between RBCs from thalassemia patients and healthy donors. We
further investigated recovery dynamics following the exit from constricted microchannels.
Statistical analysis revealed significant differences in the recovery rates between healthy
and thalassemic RBC models.

The microfluidic system developed in this study enables precise control over RBCs’
deformability and comprehensively records RBC motion before, during, and after transit
through constricted microchannels. By implementing the sheath flow configuration, RBCs
were hydrodynamically focused along the channel centerline, allowing cells to experience
consistent flow shear with similar initial velocities when entering the stretching channel.
To validate the reliability of our system, PFA-treated RBCs were compared with healthy
RBCs, thereby establishing the platform’s sensitivity in detecting biomechanical alterations.
Furthermore, through precise modulation of flow velocity, RBC deformation was achieved
across varying channel widths, revealing the influence of the flow shear on cell deformation.
Our microchannels (4-60 um in width) closely mimic physiological vascular scales [69],
providing biomimetic relevance to in vivo microcirculation. In our study, the Reynolds
number Re < 0.72, indicating a laminar flow regime without turbulent disturbances [70],
enhancing the stability and controllability of cellular deformation processes. The system
design improved experimental reproducibility, establishing a robust tool for investigating
RBC rheological properties.

In this study, we have substantially improved image analysis by integrating a Kalman
filter and Hungarian algorithm. It allowed continuous tracking of multiple individual
RBC trajectories throughout microfluidic recordings, compared to only one cell tracking
in previous studies [36], which eased the requirement for sample concentration. This
framework was combined with a YOLOvS deep learning network to achieve high-precision
RBC contour extraction [71]. A curated RBC image dataset was constructed to train
the model, yielding both exceptional contour detection accuracy (>95% mean average
precision) and computational efficiency. Conventional edge detection algorithms [59]
suffer significant limitations under suboptimal imaging conditions, particularly when RBC
boundaries exhibit low contrast against the background. The deep learning approach
effectively circumvents this constraint by learning discriminative morphological features.
Collectively, this integrated tool provides a robust analytical framework for quantitative
investigations of RBC dynamics.

Furthermore, we defined a suite of parameters to quantify RBC deformability, includ-
ing the aspect ratio (a/b), Taylor deformation (Tz), non-circularity, and relative elongation
change (a/a9). These metrics collectively capture multidimensional aspects of cell morpho-
logical changes, enabling a comprehensive assessment of cellular deformability. While
a/b and Ta directly reflect cellular elongation, the non-circularity characterizes contour
irregularity. This multiparameter approach not only encompasses a broader spectrum of
morphological features during deformation but also enhances assessment accuracy through
integrated analysis.

Our results demonstrated significantly impaired deformability in thalassemic RBCs
compared to healthy controls under the same experimental conditions. This deformation
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deficiency likely stems from structural and functional abnormalities in the RBC mem-
brane [72]. Reduced deformability compromises microcirculatory perfusion efficiency,
potentially exacerbating tissue hypoxia and triggering pathophysiological sequelae such as
endothelial damage and inflammatory cascades [73,74].

To investigate recovery kinetics post deformation, we analyzed three RBC cohorts
using our microfluidic platform: (1) healthy controls, (2) paraformaldehyde (PFA)-fixed
RBCs (modeling rigidity), and (3) thalassemic RBCs. PFA-fixed RBCs exhibited the fastest
post-constriction recovery, attributable to membrane stiffening and stabilized cytoskeletal
architecture [75]. Conversely, thalassemic RBCs showed significantly slower recovery
than healthy cells, consistent with disease-induced membrane defects and cytoskeletal
dysfunction [76]. The elastic shear modulus and viscous modulus of RBCs could be
estimated using Equations (1)—(3) described above. The elastic shear modulus E for the
representative RBC from the control group is calculated to be more than three times bigger
than that of the thalassemia groups (with their shape characteristic relaxation time 7 at
around the mean value of their respective groups). This finding is consistent with previous
studies, which report that the average elastic shear modulus was higher for softer cells [63].
The viscous modulus 7 for the same representative RBC from the control group is found
to be more than five times larger than that of the thalassemia groups, further confirming
the disease-induced defects in cell structure and dysfunction in viscoelastic properties.
These findings in our study elucidate distinct biomechanical signatures in strain recovery,
providing mechanistic insights into cellular impairments associated with hematological
disorders.

To approximate physiological conditions, the dimensions of the microfluidic constric-
tion channel (7 um in depth and 4, 8, 16 um in width), the resulting RBC velocities (on the
order of 10100 mm/s) and shear stress for extensional deformation (1-10?> dynes/cm?)
fall within the ranges reported for human blood vessels and flow speed of human erythro-
cytes [77,78]. However, several limitations exist. First, the microchannel in our study is
rectangular in shape, unlike the cylindrical shape found in vivo. Therefore, RBCs were
exposed to a more heterogeneous shear stress in the experiment compared to homoge-
neous shear stress in the radial direction in vivo. Nevertheless, we were more interested in
the velocity gradient in the flow direction along the channel centerline and the resulting
shear stress. Second, we used a highly diluted and RBC-only suspension in DPBS buffer
prepared from whole blood. Thus, the extracellular environment differs markedly from
native blood plasma, e.g., the fluid viscosity /density, chemical environment, and cell-cell
communications could differ significantly [79]. Third, our experiment was performed
at room temperature, which is lower than the in vivo temperature, and may affect the
viscoelastic properties of RBCs and their deformability [80]. Fourth, our studies have a
limited sample size (<150 cells), and considerable variability is observed in the measured
parameters across the cell population. Due to the large field of view and high frame
rate required to capture complete cell trajectories and deformations, tens of thousands of
high-resolution images were generated within seconds. This resulted in a limitation on
the number of cells that could be recorded per unit time, owing to the constrained storage
capacity of our high-speed imaging system. The variability in the measured parameters
could arise from the inherent heterogeneity within the RBC population [81]. Nevertheless,
by employing sheath flow to focus cells toward the channel center and precisely detecting
their contours, we reliably measured and distinguished statistically significant differences
in cell deformability across groups.

Overall, the microfluidic system and data analysis pipeline presented serve as a robust
platform for assessing the rheological properties of RBCs in health and disease, demonstrat-
ing good potential for in vitro screening of thalassemia and other hematological diseases.
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Abstract

Circulating tumor cells (CTCs) are crucial biomarkers for lung cancer metastasis and re-
currence, garnering significant clinical attention. Despite this, efficient and cost-effective
detection methods remain scarce. Consequently, there is an urgent demand for the devel-
opment of highly sensitive CTC detection technologies to enhance lung cancer diagnosis
and treatment. This study utilized microspheres and A549 cells to model CTCs, assessing
the impact of acoustic field forces on cell viability and proliferation and confirming capture
efficiency. Subsequently, CTCs from the peripheral blood of patients with lung cancer
were captured and identified using fluorescence in situ hybridization, and the results
were compared to the immunomagnetic bead method to evaluate the differences between
the techniques. Finally, epidermal growth factor receptor (EGFR) mutation analysis was
conducted on CTC-positive samples. The findings showed that acoustic microfluidic tech-
nology effectively captures microspheres, A549 cells, and CTCs without compromising
cell viability or proliferation. Moreover, EGFR mutation analysis successfully identified
mutation types in four samples, establishing a basis for personalized targeted therapy.
In conclusion, acoustic microfluidic technology preserves cell viability while efficiently
capturing CTCs. When integrated with EGFR mutation analysis, it provides robust support
for the precise diagnosis and treatment of lung cancer as well as personalized drug therapy.

Keywords: non-small-cell lung cancer; circulating tumor cells; microfluidics; acoustic;
amplification refractory mutation system

1. Introduction

Lung cancer is the foremost cause of cancer-related mortality globally, presenting a
significant threat to human health [1]. The majority of patients receive a diagnosis at an
advanced stage, resulting in a five-year survival rate of merely 5% [2]. Early detection and
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timely intervention in tumor cases substantially enhance patient survival rates. Conse-
quently, early diagnosis and treatment are crucial for improving prognosis and extending
patient lifespan.

Histopathological examination remains the “gold standard” for lung cancer diagnosis,
permitting direct microscopic analysis of pathological tissues to determine tumor type and
stage accurately, thus guiding clinical decisions [3,4]. Despite its accuracy, this invasive
procedure carries risks such as pain, bleeding, and infection. Challenges are amplified in
advanced lung cancer, where tumor puncture is particularly risky and obtaining adequate
samples is difficult. Conversely, liquid biopsy offers a non-invasive alternative, minimizing
patient harm and enabling repeated sampling for real-time tumor monitoring. It effectively
captures the spatial heterogeneity and evolution of tumors, addressing the limitations of
tissue biopsy, which only reveals localized characteristics [5].

Circulating tumor cells (CTCs), a key marker for liquid biopsies, have recently demon-
strated significant promise in diagnosing and prognosticating lung cancer [6]. CTCs are
tumor cells that detach from primary or metastatic sites and enter the bloodstream, poten-
tially spreading to tissues or organs, such as lymph nodes, the liver, kidneys, the brain, and
bones [7-10]. CTCs contain abundant biological information and can provide various types
of molecular dynamic information, including DNA, RNA, and proteins, offering a unique
perspective for in-depth analysis of the biological characteristics of tumor cells [11]. Lever-
aging this advantage, CTC analysis facilitates real-time monitoring of tumor progression
and precise evaluation of treatment efficacy, thereby laying a critical foundation for person-
alized and timely treatment modifications. Though CTC detection provides benefits, such
as minimal invasiveness, high specificity, and the ability to reflect tumor heterogeneity [12],
clinical application remains challenging due to the extremely low concentration of CTCs
(1-10 cells/mL) in blood and their inherent heterogeneity [13].

The isolation and capture of CTCs depend on their distinct physical attributes, such as
size, deformability, dielectric properties, and hydrodynamics, as well as their biological
markers, including epithelial cell adhesion molecules [14]. Recently, integrating various
physical field technologies—acoustic, optical, electrical, and magnetic—into microfluidic
systems has significantly enhanced the purity and efficiency of CTC sorting [15]. Acous-
tic fields enable contactless cell manipulation through precise acoustic radiation forces,
thereby preserving cell viability [16]. Optical fields utilize optical tweezers to capture and
precisely arrange individual cells [17]. Electrical fields utilize dielectrophoretic forces for
high-throughput sorting based on cellular electrical properties, facilitating downstream
molecular analysis while maintaining cell integrity [18]. Magnetic fields use functional-
ized magnetic beads to specifically identify and separate target CTCs [19]. Among these
technologies, acoustic field technology is distinguished by its unique advantages. It non-
invasively manipulates cells using a non-contact acoustic radiation force, preserving their
intrinsic state and viability. This method offers convenient operation, high efficiency, and
controllability. While bioaffinity methods are also widely employed, their limitations,
such as the omission of epithelial-mesenchymal transition-type CTCs, are increasingly
recognized. To address this, research is trending towards multimodal sorting strategies,
like combining acoustic fields with microfluidic chips. By applying an acoustic field force
within these chips, cell capture is enhanced [20], providing a more precise sample basis for
lung cancer gene research.

Research indicates that lung cancer occurrence and progression are closely linked to
multiple gene mutations [21]. Among these, mutations in the epidermal growth factor
receptor (EGFR) gene are a key driver of non-small-cell lung cancer (NSCLC) pathogenesis
and progression [22]. The amplification refractory mutation system polymerase chain
reaction (ARMS-PCR) employs a unique primer design, offering high sensitivity and
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specificity in detecting gene mutations. This method has become a leading technology in
personalized tumor molecular diagnostics [23]. Utilizing ARMS-PCR for detecting EGFR
mutations in patients with lung cancer enables rapid and precise identification of specific
EGFR mutation types [24,25].

This study integrates acoustic microfluidic technology with ARMS-PCR to develop
a comprehensive platform for lung cancer diagnosis and treatment, advancing precision
medicine. Utilizing acoustic field forces, the platform effectively captures microspheres,
A549 cells, and CTCs within a microfluidic chip, ensuring cell viability and preserving
biological characteristics. By incorporating ARMS-PCR, it detects EGFR gene mutations in
captured CTCs, providing crucial molecular data for personalized treatment. This platform
not only supports lung cancer diagnosis, treatment guidance, and efficacy assessment but
also opens new avenues for clinical research and practice.

2. Materials and Methods
2.1. Specifications of Microfluidic Chips

The microfluidic chip used in this experiment has external dimensions ranging from
12 x 11 mm to 30 x 20 mm, with a thickness of 0.5 to 1 mm. The inlets and outlets have a
diameter of 1 mm and feature through-holes. The flow channel measures 10 x 1 mm in a
serpentine configuration, with a depth of 0.2 mm. Micropores have a diameter of 0.1 mm,
spaced 0.2 mm apart center to center, and a depth of 80 pm. The glass coverslip has external
dimensions of 50 x 40 mm and a thickness of 0.15 mm.

2.2. Construction of Microfluidic Instruments

The microfluidic chip features circular micropores and is constructed from transparent
polydimethylsiloxane (PDMS) material. A piezoelectric ceramic sheet, functioning as a
sensor, converts electrical energy into mechanical vibrations and is the component most
intimately linked to the microfluidic chip within the sorting system. The disc-shaped
piezoelectric ceramic transducer used in this study has a diameter of 20 £+ 0.5 mm and
a total thickness of 0.42 £ 0.03 mm, composed of FT-27T-4.0A1 hard piezoelectric mate-
rial. Following the bonding of the PDMS chip to a glass coverslip, a piezoelectric ceramic
plate is attached to the underside, and thin tubes are inserted at both ends to link the
sample injection device. The chip is then positioned on a microscope, with wires connect-
ing it to the amplifier, signal generator, and piezoelectric ceramic plate. The frequency
and voltage are adjusted, and observations are made using a microscope (OLYMPUS-
IX53/Japan/Tokyo/Olympus Corporation).

2.3. Experiment on Simulating Cells with Polystyrene Microspheres

To prepare mixed solutions of 8, 15, and 25 pm microspheres with phosphate-buffered
saline (PBS), combine 970 uL of PBS with 30 pL of the microsphere solution, ensuring
thorough mixing. If adhesion occurs, incorporate 10-30 puL of Tween 80 and mix again.
Once the device is connected, rinse the chip with 75% ethanol and use PBS to remove air
bubbles. Load the sample, then observe microsphere capture under a microscope. Adjust
the voltage, flow rate, and frequency as needed, and document the data.

2.4. Study on the Capture Efficiency of A549 Cells by Acoustic Microfluidic Technology

Cultured A549 cells were prepared into suspensions with concentrations of 1 x 10°,
1 x 10°,1 x 10*, and 1 x 103 cells/mL and then loaded onto the machine. Cell capture was
observed microscopically, and the capture efficiency was determined by recording the ratio
of captured cells to those passing through the chip per unit time.
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2.5. Labeling A549 Cells and Investigating Their Capture Utilizing an Acoustic Microfluidic Chip

Ab549 cells were stained and labeled with the Cell Plasma Membrane Staining Kit with
Dil (Red Fluorescence) (Dil) following the manufacturer’s instructions. The experiment
consisted of three groups: a. PBS buffer + A549 cell group (10:1 ratio); b. PBS buffer +
supernatant blood + A549 cell group, where whole blood from healthy individuals was
allowed to stand at room temperature for 10 min and then centrifuged at 12,000 rpm for
5 min, collected supernatant blood, and the above A549 cells suspension, supernatant
blood, and PBS buffer were mixed in a 1:1:8 ratio; c. PBS buffer + whole blood + A549 cell
group, where the A549 cells suspension, whole blood, and PBS buffer were mixed in a ratio
of 1:1:8. After being passed through the microfluidic chip, cell capture was observed across
all groups. Captured cells from group C underwent Calcein Acetoxymethyl Ester (Calcein
AM) viability staining, followed by centrifugation at 100x g for 5 min at room temperature,
and were washed twice with PBS. The Calcein AM assay working solution was added,
and cells were incubated at 37 °C in the dark for 30 min. Staining was observed using a
fluorescence microscope (OLYMPUS-IX53/Japan).

2.6. Capture of CTCs from the Peripheral Blood of Patients with Lung Cancer
2.6.1. Inclusion and Exclusion Criteria for Patients with Lung Cancer

Inclusion criteria: a. diagnosed with NSCLC via clinical or pathological assessment;
b. aged 20 to 80 years, any gender; c. predominantly at an advanced stage (Stage II1/1V)
with tumor metastasis. Exclusion criteria: a. presence of severe hematological disorders;
b. diagnosis of multiple malignant tumors; c. presence of severe immune dysfunction.
Informed consent from all participants were obtained in the study. The study was con-
ducted in accordance with the Declaration of Helsinki, and the protocol was approved
by the General Hospital of Ningxia Medical University Medical Research Ethics Review
Committee (KYLL-2022-0782) on 27 October 2022.

2.6.2. Collection of Peripheral Blood from Patients with Lung Cancer for CTC Capture by
Acoustic Microfluidic Technique

Five milliliters of peripheral blood were collected from patients with lung cancer. After
lysing erythrocytes with RBC lysate, ultrasound was employed for acoustic microfluidic
capture. The captured cells were stained, dried overnight as instructed, and then subjected
to immunostaining and fluorescence in situ hybridization (iFISH). Finally, fluorescence
microscopy (Nikon/Japan/Tokyo) was used to photograph the slides to determine whether
the captured cells were CTCs.

2.6.3. Peripheral Blood Was Collected from the Same Patient, and CTCs Were Detected
Using Microfluidics Combined with Immunomagnetic Bead Technology, and Comparison
of the Differences Between the Two Methods

Execute the protocol by sequentially performing cell separation, incubation, mag-
netic bead separation, and staining on a 5 mL sample of peripheral blood from the same
patient. After staining, examine the final slide under a microscope (AXIO Imager Z2,
Zeiss/Germany /Oberkochen) to determine if the cells isolated using microfluidics with im-
munomagnetic beads are CTCs. Compare these findings with CTCs captured via acoustic
microfluidic technology.

2.7. Detection of EGFR Genetic Mutations in Patients with Lung Cancer Using the
ARMS-PCR Method

Collect 10 mL of peripheral blood from patients whose CTCs have been identified
through the above operations. Obtain 10 mL of peripheral blood from patients with
identified CTCs. Centrifuge the sample at 2000 x g for 10 min, and collect the supernatant,
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which constitutes the serum. Follow the provided protocol to extract DNA and determine
its concentration. Set up the ARMS-PCR reaction system according to the guidelines,
conduct on-machine detection, and analyze the results.

2.8. Data Analysis

Data analysis was performed using SPSS 26, with results expressed as mean =+ stan-
dard deviation. Each test was conducted in triplicate, and statistical significance was set at
p < 0.05. Graphical analysis was executed using GraphPad Prism 9.5.0. Fluorescence stain-
ing quantification was performed using Image] 8, and image composition was completed
with Adobe [llustrator 2022.

3. Results
3.1. Model of Acoustic Microfluidic Chip and Mechanism of Capture

Acoustic microfluidic technology integrates acoustic waves with microfluidics, utiliz-
ing acoustic radiation and Stokes drag forces from acoustic streaming to manipulate the
movement of particles and cells for efficient and rapid cell separation and capture [26-28].
Studies indicate that these forces are closely linked to cell diameter; larger cells experience
a stronger capture force under identical acoustic conditions than smaller cells [26]. By mod-
ifying parameters like voltage and frequency, the micropores in the acoustic microfluidic
chip can selectively capture target cells, which is central to its capture mechanism.

The acoustic microfluidic device is depicted in Figure 1a, with its chip model and
actual chip illustrated in Figure 1b and 1c, respectively. Upon activating the device, the
device is adjusted to a specific voltage and frequency. The application of an acoustic field
force amplifies the sine wave from the signal generator, causing the piezoelectric transducer
to vibrate. This vibration is transmitted to the microporous array structure within the PDMS
chip. Viscous dissipation generates a pressure differential around the micropores, creating
acoustic flow inside and outside the pores. Figure 2a presents the schematic of cell capture.
A micro-syringe pump injects the detection sample into the chip. Larger cells experience
an acoustic flow capture force exceeding the thrust of the flow field, resulting in their
capture, while smaller cells continue with the flow field. This entire process is observable
in real time through an inverted microscope. By placing the chip on the microscope stage,
captured cells in the micropores are visible in real time by adjusting the lens and focus
knob.

{"Sampling device |

(a)

(b) (©)

Figure 1. Diagram of materials for building acoustic microfluidic technology. (a) Diagram of the
acoustic microfluidic device; (b) microfluidic chip model diagram; (c) microfluidic capture chip
actual picture.
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Figure 2. Schematic diagram of acoustic microfluidic technology for capture, and a schematic
illustration of microsphere capture. (a) Overview of the capture principle of the acoustic microfluidic
chip; (b) microscope image of an 8 um microsphere captured by the chip; (c) microscope image of a
15 pm microsphere captured by the chip; (d) microscope image of a 25 um microsphere captured by
the chip; (e) graph of the capture efficiency of A549 cells under different concentration gradients.

Upon application of an acoustic field, the liquid advances under the influence of the
acoustic force. Captured cells jump within the micropores, while uncaptured cells are
carried away by the flow. The captured cells remain stable in the micropores during the
acoustic field’s action, enabling real-time observation or subsequent procedures. Once
the acoustic field is deactivated, these cells resume flowing, allowing for cell sorting. By
modifying parameter settings, cells of varying diameters and those in different solute
conditions (such as PBS or whole blood) can be effectively captured.

3.2. Experiment on Simulating Cells with Polystyrene Microspheres by Using Acoustic
Microfluidic Technology

In the acoustic microfluidic device, 8 um polystyrene microspheres were trapped in the
microchannels and exhibited a jumping motion at 2.5V, 2 uL/min, and 3.5 kHz (Figure 2b).
Adjusting the parameters to 3 V, 3 uL/min, and a frequency of 3.9-4.1 kHz resulted in the
capture and similar jumping behavior of both 15 um and 25 pm microspheres (Figure 2c,d).

3.3. Study on the Cell Capture Efficiency of Lung Cancer A549 Cells by Acoustic
Microfluidic Technology

Under conditions of 3 V, 3 uL/min, and 4.0 kHz, experiments with varying concentra-
tions of A549 cells demonstrated that capture efficiency increased significantly with higher
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concentrations, stabilizing above 70% at elevated levels (Figure 2e). This suggests that
increasing the initial cell count is essential for optimizing CTC capture efficiency.

3.4. Investigation of the Capture of Pre-Labeled A549 Cells Using Acoustic
Microfluidic Technology

Dil-labeled A549 cells were successfully captured in PBS at an applied voltage of 3V,
a flow rate of 0.6 pL./min, and a frequency of 3.2 kHz. Microscopic observation revealed
the captured cells exhibiting beating behavior under bright-field illumination (Figure 3a)
and fluorescent labeling (Figure 3b), as shown in a video in Supplementary Materials S1.
Reducing the flow rate to 0.5 pL/min enabled the capture of Dil-labeled A549 cells in
the supernatant of healthy human peripheral blood samples after centrifugation, with the
captured cells visible under both bright-field and fluorescence microscopy and in a video
(Figure 4a,b, Supplementary Materials S2). These results demonstrate the efficient capture
of labeled A549 cells by the acoustic field, both in PBS and in the supernatant of human
blood samples.

ot
Release

(a)

Release Ultrasound: Off Ultrasound: On

(b)

Figure 3. Acoustic microfluidic capture of pre-labeled A549 cells. (a) A549 cells in PBS captured by
the acoustic microfluidic chip under bright-field microscopy; (b) A549 cells in PBS captured by the

Capture Ultrasound: On Capture

acoustic microfluidic chip under fluorescence microscopy.

Capture Ultrasound: On| | Release  Ultrasound: Off| | Capture Ultrasound: On

Release Ultrasound: Off

(b)

Capture Ultrasound: On Capture Ultrasound: On

Figure 4. Acoustic microfluidic capture of pre-labeled A549 cells. (a) Bright-field image showing
Ab549 cells captured by the acoustic microfluidic chip after mixing with the peripheral centrifuged
supernatant blood of a healthy individual; (b) fluorescence image showing A549 cells captured by
the acoustic microfluidic chip after mixing with the peripheral centrifuged supernatant blood of a
healthy individual.
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To assess the device’s capture performance in complex environments, Dil-labeled
A549 cells were introduced into whole blood samples. Successful cell capture was achieved
at3V, 0.3 uL/min, and 3.2 kHz, as shown in the bright-field imaging (Figure 5a). However,
due to the complexity of whole blood, cell types were indistinguishable in bright field
alone. Fluorescence imaging confirmed the red cells as target A549 cells (Figure 5b), with a
video provided in Supplementary Materials S3. Calcein-AM staining further differentiated
cell types: live A549 cells were positive in both bright field and double fluorescence
(red + green), dead A549 cells showed red fluorescence but not green, live leukocytes were
positive in green fluorescence only, and dead leukocytes were visible only in bright field
(Figure 5¢). Table 1 demonstrates how Dil-labeled cells can be distinguished from other
blood cells under a microscope based on the staining results after Calcein-AM staining.
This experiment demonstrates that acoustic microfluidic technology can capture cells in
complex blood samples and differentiate cell viability through staining.

e
) S
4 EN . et g -

(9w}
Capture Ultrasound: On| | Release Ultrasound: Off| |Capture Ultrasound: On

P P
\,
(a)

i

Release Ultrasound: Off | | Capture Ultrasound: On

(b)

Capture Ultrasound: On

Dil dyeing

Bright field Calcein AM Merged

(c)

Figure 5. Acoustic microfluidic capture of pre-labeled A549 cells. (a) Bright-field view of A549 cell
capture on an acoustic microfluidic chip following admixture with healthy human peripheral blood;
(b) fluorescence view of A549 cell capture on an acoustic microfluidic chip under the same conditions;
(c) cell viability staining of A549 cells after being captured in healthy human peripheral blood.

Table 1. The staining differences between Dil-labeled cells and other blood cells after Calcein-

AM staining.
Living A549 Cells Dead A549 Cells Living White Blood Dead White Blood
Cells Cells
Bright-field field of view yes yes yes yes
Red fluorescence field of view yes yes no no
Green fluorescence field of view yes no yes no

3.5. Utilizing Acoustic Microfluidics Technology to Isolate CTCs from Patients with Lung Cancer

Suitable cases were selected based on the specified inclusion and exclusion criteria,
and the clinical data for these cases were systematically gathered and organized, as detailed
in Table 2.
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Table 2. Clinical data collected on patients with lung cancer.

Sample Histological . . .
Number Years Sex Type Metastasis Tumor Staging Personal History
Number 1 72 Female Squa.mous Bone cT4AN2M1 IV No history of smoking
Carcinoma
Number 2 74 Male Adenocarcinoma Head cT1ecN2M1b Previous h.1story of
IVA smoking
Number 3 62 Male Adenocarcinoma None cT1cNOMO IA3 Previous h.1story of
smoking
Number 4 59 Male Squgmous None cI3N3MOIllc  No history of smoking
Carcinoma
Number 5 74 Male Squa.mous Lymphatic cT4N3M1 IV No history of smoking
Carcinoma Node
Number 6 64 Male Squamous None cT4N3M1 IV Previous history of
Carcinoma smoking

Peripheral blood samples from patients with lung cancer were captured using an
acoustic microfluidic device. Subsequent liquid cell staining and iFISH analyses were
performed. The acoustic microfluidic chip successfully captured peripheral blood cells from
six samples under the conditions of 3 V, 3 uL/min, and 4.0 kHz, as shown in Figure 6a. The
captured cells were clearly visible under a microscope. Due to the similar cell sizes of CTCs
and white blood cells [29], both cell types may be captured within a similar acoustic field
frequency range, rendering morphological observation alone insufficient for distinguishing
CTCs from white blood cells. To reliably identify the captured cells, the iFISH detection
method was employed for verification. The iFISH analysis revealed the presence of one,
six, and three CTCs in samples 1, 2, and 3, respectively (Figure 6b,c; Figure 7), four CTCs in
sample 4 (Figure 8a), and one CTC each in samples 5 and 6 (Figure 8b).

CTC identification relies on the expression profiles of three markers: the platelet
endothelial cell adhesion molecule (CD31), the leukocyte common antigen (CD45), and
4’ 6-diamidino-2-phenylindole (DAPI) [30-33], alongside Chromosome 8 Centromere Probe
(CEPS8) labeling. CEPS is used to label the chromosomal positions of the detected cells.
CD31 distinguishes CTCs from circulating tumor vascular endothelial cells, enhancing
specificity by excluding endothelial cell contamination, where endothelial cells express
CD31. CD45 differentiates leukocytes from CTCs, ensuring the captured cells are not
hematopoietic, as leukocytes are CD45-positive. Both CTCs and leukocytes exhibit positive
DAPI staining because they have nuclei. Notably, in certain cases (Figure 6b), leukocytes
may also express CD31. Figure 6b illustrates the CTCs detected in sample 1, with the CEP8
probe indicating chromosomal positions from iFISH. The marked cells are CTCs, while
those above are leukocytes.

Immunofluorescent labeling analysis revealed that all cells in sample 2 were CTCs,
characterized by double negativity for CD31 and CD45 and positivity for DAPI expression
(Figure 6c). In sample 3, the labeled cells in field of view 1 were CTCs, while the unlabeled
cells were CD45-positive leukocytes; the cells in fields of view 2 and 3 were all CTCs
(Figure 7). Sample 4 contained CTCs in fields of view 1 and 2, as well as in the cells
indicated by the dotted lines in fields of view 3 and 4, while the cell identified by the
arrow in field of view 3 was a leukocyte. The cells within the box in field of view 5 were
endothelial cells (Figure 8a). The cells in sample 5 were CTCs; the cells labeled in sample 6
were also identified as CTCs (Figure 8b).
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Figure 6. CTCs were captured using acoustic microfluidic technology from the peripheral blood
of patients with lung cancer. (a) Cell capture of some samples (samples 1, 2, 4, 5) in the acoustic
microfluidic device; (b) CTCs in sample 1 identified via iFISH fluorescent staining (red circle);
(c) CTCs in sample 2 identified via iFISH fluorescent staining, the cells in fields of view 1-6 were

all CTCs.
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Figure 7. CTCs were captured using acoustic microfluidic technology from the peripheral blood of
patients with lung cancer, with fluorescent staining of CTCs identified by iFISH in sample 3, the red
circle cells in field of view 1 were CTCs, the cells in fields of view 2 and 3 were all CTCs.
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Figure 8. CTCs were captured using acoustic microfluidic technology from the peripheral blood
of patients with lung cancer. (a) Fluorescent staining of CTCs, leukocytes, and endothelial cells
identified by iFISH in sample 4, the cells in fields of view 1 and 2, the red circle cells in fields of view
3 and 4 were CTCs, the cell identified by the red arrow in field of view 3 was a leukocyte. The cells
within the red box in field of view 5 were endothelial cells; (b) CTCs identified by iFISH fluorescent
staining in samples 5 and 6, the cells in sample 5 were CTCs, the cells labeled with red circle in sample
6 were CTCs.

3.6. CTCs in the Peripheral Blood of Patients with Lung Cancer Were Detected Using a
Microfluidic Technique Combined with Immunomagnetic Bead Separation and Compared to
Acoustic Microfluidic Technology

CTCs were identified in all six samples using the microfluidics-immunomagnetic
bead separation approach, which employs cytokeratin (CK), CD45, and DAPI as key
markers. CK is a specific marker for CTCs, and its positive expression indicates the
presence of CTCs [34]. CTCs were defined as CK-positive, CD45-negative, and DAPI-
positive cells. The cells observed in samples 2 and 3 in Figure 9a were all identified as
CTCs. Figure 9b shows the cell expression patterns in different fields of view of samples 5
and 6, where the cells marked with squares were identified as CTCs, and the unmarked
cells were white blood cells. The numbers of CTCs detected in the six samples using the
microfluidics-immunomagnetic bead separation and the acoustic microfluidic technologies
were statistically analyzed, as presented in Table 3.
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Figure 9. CTC fluorograms obtained using a microfluidic device with immunomagnetic bead
separation. (a) Fluorescent staining-based CTC maps for samples 2 and 3, the cells with red box
were CTCs. (b) Fluorescent staining-based CTC maps for samples 5 and 6, the cells with red box
were CTCs.

Table 3. Statistics on CTC detections.

Number of CTCs Captured NumPer of .CTCS Captl.n'ed
. g .1 by Microfluidics Combined
by Acoustic Microfluidics . .
. 1 s with the Inmunomagnetic
Combined with iFISH . .
Bead Separation Technique
Number 1 1 52
Number 2 6 17
Number 3 3 13
Number 4 4 8
Number 5 1 9
Number 6 1 1

3.7. Detection of Genetic Mutations in Patients with Lung Cancer Using the ARMS-PCR Method

ARMS-PCR identified EGFR mutations in four out of six patients with lung cancer,
as detailed in Table 4. The detected mutations comprised an exon 19 deletion (19-del), a
leucine-to-arginine substitution at position 858 (L858R) in exon 21, a serine-to-isoleucine
substitution at position 768 (5768l) in exon 20, and a threonine-to-methionine substitution
at position 790 (T790M) in exon 20.
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Table 4. Detection of EGFR gene mutations.

Sample Number Type of EGFR Gene Mutation
Number 1 19-del, L858R mutation
Number 2 S7681 mutation
Number 3 None
Number 4 T790M mutation
Number 5 None
Number 6 L858R mutation

4. Discussion

Lung cancer, a highly malignant tumor, imposes a profound burden on many fami-
lies [35]. Conventional diagnostic and therapeutic approaches are costly and frequently
ineffective. Recently, CTC detection technology has emerged as a promising avenue for
early lung cancer screening and diagnosis. Nevertheless, existing CTC detection methods
remain expensive and time-consuming.

This study employs acoustic microfluidic technology, integrating acoustic waves
with microfluidics, to efficiently and rapidly separate and capture target cells. Initially,
polystyrene microspheres were used due to their uniform size, ease of modification, chem-
ical stability, low cost, and high capture efficiency [36]. The diameter of CTCs typically
ranges from 15 pm to 25 pum [37], aligning with the microspheres used. Thus, initial cap-
ture experiments simulated cells with these microspheres. Subsequently, acoustic field
parameters were optimized for capturing A549 cells. Short-term viability and long-term
proliferation experiments confirmed that the acoustic field maintains cell viability and bio-
logical integrity during capture, a finding supported by multiple studies [38,39]. Detailed
experimental data and results are provided in Supplementary Materials S4.

Fluorescently labeled A549 cells were utilized in subsequent experiments to demon-
strate the capacity of acoustic microfluidic technology to reliably and efficiently capture
cells across diverse solute environments, including PBS and whole blood. Dil was used for
fluorescent labeling to specifically trace A549 cells, enabling clear identification in complex
optical backgrounds, such as whole blood, and reducing interference from impurities or
other cells, thus enhancing detection specificity and reliability. Additionally, to assess the
impact of acoustic forces on cell viability, captured cells in peripheral blood were stained
with Calcein AM/Propidium Iodide, allowing observation of the viability of Dil-labeled
Ab549 cells post-capture. The capture selectivity of acoustic microfluidic technology for
specific cell lines primarily arises from the interplay between the inherent physical prop-
erties of the cells (e.g., size, density, compressibility) and the external field parameters
(frequency, voltage, flow rate) [40]. Due to their relatively large diameter (approximately
15-20 um) and high acoustic impedance coefficient, A549 cells are readily captured by
the acoustic radiation force under specific acoustic field conditions. In contrast, blood
cells (such as red blood cells and lymphocytes) have smaller sizes or markedly different
mechanical properties, rendering them less affected by the acoustic field under the same
conditions, with slower velocities and, consequently, lower capture efficiency or even an
inability to be captured [41,42]. This aligns with existing studies on acoustic microfluidic
sorting, demonstrating that optimizing acoustic field conditions, such as frequency and
voltage, can achieve efficient and selective cell capture [26].

Differences in CTC detection arise between microfluidics-immunomagnetic bead
separation and acoustic microfluidic technologies, with the former identifying more CTCs.
This discrepancy may be due to the acoustic microfluidic technology being in the research
phase, lacking optimized acoustic field parameters, and exhibiting uneven acoustic force
distribution in the capture area. Furthermore, these technologies vary in cell capture,
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staining, and identification criteria. Acoustic microfluidics employs CD31 and CD45
markers, whereas microfluidics-immunomagnetic bead separation uses CK and CD45.
This approach may miss CTCs that have undergone epithelial-to-mesenchymal transition
and do not express CK, reducing specificity and possibly detecting non-CTCs.

An acoustic microfluidic chip has enabled the capture of CTCs from the peripheral
blood of patients with lung cancer. Unlike the CTC capture technique employing mi-
crofluidics combined with the immunomagnetic bead separation method, the acoustic
microfluidic approach offers distinct advantages, including the elimination of antibody
labeling [43], simplified and cost-effective operation, and the preservation of cell viability.
Nonetheless, the microfluidics with immunomagnetic bead separation technique has shown
high sensitivity and specificity in detecting various tumor cells and has been successfully
applied in clinical CTC studies.

While the acoustic microfluidic technology employed in this study effectively captures
CTCs, it detects fewer CTCs than microfluidics combined with the immunomagnetic
bead separation method. Enhancing CTC detection sensitivity in the future may involve
optimizing chip capture parameters, such as acoustic wave frequency, sound pressure
intensity, and microfluidic channel design. Overall, the acoustic microfluidic technology
efficiently completed CTC capture within approximately 2 h. When coupled with iFISH,
the detection process can be completed within 48 h at a cost of only around CNY 1000,
offering significant economic advantages over existing technologies (CNY 3000-4000) and
demonstrating strong potential for clinical application.

In the first step of this study, CTCs from patients with lung cancer were captured using
acoustic microfluidic technology. Patients with identified CTCs underwent EGFR gene
mutation analysis. Personalized clinical treatment strategies were then developed based
on the specific mutations detected. The ARMS-PCR technology, approved by the China
National Medical Products Administration, is employed for gene mutation detection due
to its simplicity, rapidity, and reliability. It is effective in identifying gene mutations at early
tumor stages [44]. Details on the mutation sites and structural characteristics of EGFR gene
mutations are provided in Figure S3 of Supplementary Materials S4. This study involved
the extraction of cell-free DNA (cfDNA) from the peripheral blood plasma of patients with
lung cancer for mutation analysis. CfDNA consists of non-cell-bound DNA fragments
present in the bloodstream, primarily originating from DNA released during cell apoptosis
or necrosis [45]. In patients with cancer, cfDNA includes circulating tumor DNA from
tumor cells, which harbors tumor-specific genetic variations, such as insertion/deletion
mutations, point mutations, and copy number variations [46]. The detection of EGFR gene
mutations typically relies on liquid biopsy technology. This approach involves several key
steps. First, the patient’s peripheral blood sample is collected, which contains a variety of
normal blood cells as well as, potentially, CTCs that have originated from the tumor and
entered the bloodstream. Upon apoptosis or rupture of these CTCs, they release cfDNA
into the blood. The blood sample is then centrifuged to isolate the serum, from which
the DNA is extracted. Finally, a PCR-based technique, such as ARMS-PCR, is employed
to detect the presence of EGFR gene mutations within the cfDNA. This information can
then be utilized for tumor diagnosis, selection of targeted therapies, and monitoring of
treatment effectiveness.

The 19-del and L858R point mutations are the predominant EGFR gene alterations in
patients with NSCLC [47]. From a clinical perspective, patients with NSCLC harboring
these two mutations have demonstrated favorable therapeutic responses to epidermal
growth factor receptor tyrosine kinase inhibitors (EGFR-TKIs) [48,49], establishing them as
an important first-line targeted treatment indication.
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Notably, the T790M acquired resistance mutation was identified in the assay [50-52].
This mutation commonly emerges after 6-13 months of EGFR-TKI treatment and is a pri-
mary mechanism of resistance to EGFR-TKI therapy [53-55]. In response, third-generation
EGEFR-TKIs, such as osimertinib, have been developed that can effectively overcome T790M-
mediated resistance [52,56]. Additionally, a relatively rare S768] mutation was detected [57],
with an incidence of approximately 0.5-1% in patients with NSCLC. Due to the limited
number of cases, the clinical characteristics, prognostic significance, and therapeutic re-
sponse to EGFR-TKISs of this mutation type remain to be fully elucidated, necessitating
further expansion of the sample size for in-depth investigation.

In this study, samples 1, 2, 4, and 6 were positive for EGFR gene mutations; however,
due to financial or clinical constraints, these patients did not undergo routine genetic
testing. Patient 2 received radiotherapy, while patients 1, 4, and 6 were treated with an
immunotherapy-based chemotherapy regimen consisting of tislelizumab, albumin-bound
paclitaxel, and carboplatin. Although this regimen is standard for advanced NSCLC,
patients identified with EGFR mutations are often prioritized for EGFR-TKI therapies,
such as osimertinib or gefitinib, which offer superior efficacy and survival benefits. This
highlights the critical role of genetic testing in precision lung cancer treatment. Promoting
genetic testing in clinical practice is essential to enhance treatment precision and improve
patient survival outcomes. To enhance the accuracy of lung cancer diagnosis and treatment
while maximizing clinical benefits, we advocate for the adoption of acoustic microfluidic
technology in CTC detection. This technology is vital for evaluating metastasis and re-
currence risks. Patients testing positive for CTCs should subsequently undergo EGFR
mutation analysis via cell-free DNA. In metastatic lung cancer cases, the ARMS method
yields superior accuracy for gene mutation detection. This sequential testing approach can
significantly lower patient costs, improve test precision, boost diagnostic efficiency, and
optimize medical resource allocation. Additionally, it provides comprehensive molecular
data, offering robust diagnostic evidence to aid clinicians in formulating the most effective
treatment strategies.

The detection of EGFR gene mutations using cfDNA still faces certain limitations. A
major challenge is that cfDNA samples may contain DNA from various sources in the
circulating blood, and the presence of this non-tumor-derived DNA can interfere with the
accuracy of mutation detection. While current EGFR mutation detection kits demonstrate
high sensitivity, directly isolating circulating tumor DNA from the peripheral blood of
patients with lung cancer could further improve the detection accuracy and specificity.
Future research should focus on optimizing the application of acoustic microfluidic tech-
nology for the capture of CTCs, emphasizing enhanced capture efficiency and cell purity.
This approach would yield more reliable ctDNA for gene mutation analysis and provide
high-quality samples for subsequent studies. Detecting EGFR gene mutations has become a
crucial molecular diagnostic tool in NSCLC. Identifying specific mutations—such as 19-del,
L858R, and T790M—enables clinicians to select targeted therapies more effectively. This
precision medicine approach enhances treatment efficacy while reducing unnecessary drug
exposure and potential side effects, thus advancing personalized lung cancer treatment.

In this study, we developed a comprehensive technology transformation pathway,
progressing from basic parameter optimization (microspheres to cell lines) to clinical
application (CTC detection to drug guidance), confirming the feasibility of combining
acoustic microfluidic technology with EGFR detection. This stepwise detection strategy
not only validated the effectiveness of acoustic microfluidics in capturing CTCs but also
integrated CTC detection with EGFR gene mutation analysis. This method enables dynamic
monitoring of patient conditions, facilitating precise lung cancer diagnosis and treatment,
thereby holding significant clinical value for improving patient prognosis.
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The integration of acoustic microfluidic technology, because of its non-destructive,
efficient, and cost-effective CTC capture, with ARMS-PCR for precise genetic testing,
facilitates comprehensive precision diagnosis and treatment of lung cancer—from initial
diagnosis through treatment monitoring and personalized solution optimization. Despite
current limitations, such as small sample sizes, advancements and the integration of
additional technologies are anticipated to enhance early screening and dynamic monitoring
levels of lung cancer, ushering in a new era of precision in its diagnosis and treatment.

5. Conclusions

The acoustic field force in acoustic microfluidics, as a non-contact force, excels in
preserving cell integrity and viability in vitro. This technology enables efficient capture
of microspheres and lung cancer A549 cells, as well as CTCs from the peripheral blood
of patients with advanced lung cancer. This capability not only provides a more robust
foundation for clinical disease evaluation but also offers crucial technical support for the
diagnosis and treatment of lung cancer. When integrated with ARMS-PCR technology, the
platform precisely detects EGFR gene mutations, guides targeted therapies, and advances
precision medicine applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/mil6101136/s1, Supplementary Materials S1: The capture video
of dil-labeled A549 in bright field and fluorescent field (in PBS); Supplementary Materials S2: The
capture video of dil-labeled A549 in bright field and fluorescent field (in the supernatant of healthy
human peripheral blood samples after centrifugation); Supplementary Materials S3: The capture
video of dil-labeled A549 in bright field and fluorescent field (in whole blood samples); Supplemen-
tary Materials S4: The research of short-term viability and long-term proliferation experiments and
the analyze of EGFR mutation sites.
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Abbreviations

The following abbreviations are used in this manuscript:

CTCs Circulating Tumor Cells
EGFR Epidermal Growth Factor Receptor
NSCLC Non-Small-Cell Lung Cancer

ARMS-PCR  Amplification Refractory Mutation System Polymerase Chain Reaction
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PDMS Polydimethylsiloxane

PBS Phosphate-buffered Saline

Dil Cell Plasma Membrane Staining Kit with Dil (Red Fluorescence)
Calcein AM  Calcein Acetoxymethyl Ester

iFISH Immunostaining and Fluorescence in Situ Hybridization
CD31 Cluster of Differentiation 31

CD45 Cluster of Differentiation 45

DAPI 4/ 6-diamidino-2-phenylindole

CEPS8 Chromosome 8 Centromere Probe

CK Cytokeratin

19-del Exon 19 Deletion Mutation

L858R Leucine 858 Arginine Point Mutation

S7681 Serine 768 Isoleucine Mutation

T790M Threonine 790 Methionine Mutation

cfDNA Circulating Free DNA

EGFR-TKI Epidermal Growth Factor Receptor Tyrosine Kinase Inhibitor
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Abstract: The technology of digital polymerase chain reaction (dPCR) is rapidly evolv-
ing, yet current devices often suffer from bulkiness and cumbersome sample-loading
procedures. Moreover, challenges such as droplet merging and partition size limitations
impede efficiency. In this study, we present a super-hydrophilic microarray chip specifically
designed for dPCR, featuring streamlined loading methods compatible with micro-electro-
mechanical systems (MEMS) technology. Utilizing hydrodynamic principles, our platform
enables the formation of a uniform array of 120-pL independent reaction units within a
closed channel. The setup allows for rapid reactions facilitated by an efficient thermal cycler
and real-time imaging. We achieved absolute quantitative detection of hepatitis B virus
(HBV) plasmids at varying concentrations, alongside multiple targets, including cancer
mutation gene fragments and reference genes. This work highlights the chip’s versatility
and potential applications in point-of-care testing (POCT) for cancer diagnostics.

Keywords: dPCR; microarray; hydrophilic; POCT

1. Introduction

Digital polymerase chain reaction (dPCR) is a method for the absolute quantification
of a nucleotide sequence [1], playing a crucial role in biomedical researches and advancing
molecular diagnostics. First introduced by K.W. Kinzler and B. Vogelstein in 1999 [2],
dPCR did not gain widespread development until the advent of the first commercial instru-
ments [3]. While dPCR is based on the same biochemical principles as quantitative real-time
polymerase chain reaction (qQPCR), it differs in its quantification approach. In dPCR, sam-
ples, reagents, and probes are partitioned into numerous isolated reaction units, such as
microwells or droplets. Ideally, each unit contains either 0 or 1 target template, allowing
for absolute quantification based on the accumulated signal during PCR amplification,
regardless of the amplification efficiency and background. Compared to qPCR, the binary
nature of dPCR minimizes the influence of reaction inhibitors and impurities, leading to
more reliable quantitative assessments [4], particularly for detecting biomarkers in diseases
such as cancer and infectious diseases. Moreover, it is an endpoint detection method
that typically does not require real-time data. The partitioning in dPCR heavily relies on

Micromachines 2025, 16, 407 https://doi.org/10.3390/mil6040407
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microfluidic technology, which includes designs for droplet generation and lithography-
based methods utilizing micro-electro-mechanical systems (MEMS) to create microfluidic
chips with various compartments [5]. Recent advancements in microfluidics have enabled
dPCR to be performed in nanoliter or picoliter reaction units, achieving high-throughput
analysis with minimal reagent consumption and a broader dynamic range of Poisson dis-
tributions [1,4,6]. Currently, dPCR technology is widely applied in single cell analysis [6,7],
cancer diagnostics [8-10], bacteria or virus detection [11-14] as well as quantitation and
preamplification of next-generation sequencing libraries [1,15,16].

Existing dPCR platforms can be categorized into two primary types: chamber-based
dPCR system (cdPCR) and droplet-based dPCR (ddPCR) system, based on their partition-
ing methods [1]. cdPCR utilizes physical structures as partitions, while ddPCR employs
a continuous oil phase to separate water, forming droplets through mechanisms like T
junctions, flow-focusing or coflowing structures [6]. For instance, the Stilla Naica System
for Crystal Digital PCR generates monodisperse droplets through the injection nozzles with
pressurization [17]. Other notable ddPCR systems include Bio-Rad’s QX100/200 [18,19]
and DPBio’s Nebula Auto Digital PCR System [20]. Although these platforms can produce
tens of thousands of droplets for high-throughput analysis, droplet merging is a common is-
sue, and ddPCR systems require constant flow and surfactants for droplet stabilization [21].
In addition, the droplet generator is separated from the reaction or detection device, adding
complexity in operation.

In contrast, cdPCR systems avoid these challenges due to their physical walls, which
provide mechanical and thermal stability as well as chemical resistance [6]. Meanwhile,
MEMS techniques facilitate the efficient fabrication of nano/micro chambers with high
replication accuracy. A typical example is Thermo Fisher’s Quantstudio 3D [22,23], which
features an “open-array plate” with 20,000 etched through-holes with hydrophilic coating
for capillary loading of 0.8 nL samples, followed by sealing with immiscible oil to prevent
evaporation and cross-contamination. However, this kind of cdPCR systems based on
open-array [21,24] suffer from sample evaporation during loading, affecting result accuracy
and limiting partition unit size. Heyries, K. et al [25] presented a PDMS-based digital
PCR device that employs surface tension-based sample partitioning and dehydration
control to achieve high-fidelity amplification of single DNA molecules in 1,000,000 picoliter-
volume reactors. Fluidigm’s BioMark system [26] features microfluidic channels and
chambers equipped with flexible valves that direct the sample into 770 partitions of 0.85-nL
volume. Precise distribution is achieved with high throughput and low consumption,
but the numerous pipelines and nanoflex valves increase the complexity of the design.
Additionally, many systems often rely on chemical modifications, such as coatings with
Sigmacote [4], fluoropolymers [21], or silanes [27], to achieve desired wettability, which
may not withstand high temperatures, pressures, and voltages, thereby limiting their
compatibility with MEMS processes. Therefore, there is an urgent need to develop a cdPCR
platform that addresses these limitations with minimal complexity.

In this study, we present a super-hydrophilic microarray chip for dPCR analysis that
overcome the above limitations. We reduced the volume of reaction units for cdPCR to
120 pL, which was found to be uniform and the size can be controlled. The loading and
distribution of the reaction units can be achieved at atmospheric pressure solely through
hydrodynamics based on the chip surface’s wettability, eliminating the need for scrap-
ing, injection or pressurization. The super-hydrophilic surface was created by a silica
layer formed inside the microwells, instead of chemical grafting, allowing it to withstand
high temperatures, pressures and voltages, thus maintaining performance during subse-
quent anodic bonding with processed glass. Our protocol is fully compatible with MEMS
technology, enhancing its potential for high-integration systems. A platform was estab-
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lished for dPCR reaction and detection, enabling precise quantification down to as few as
10° copies/pL of plasmid DNA containing hepatitis B virus (HBV). We further investigated
the detection of B-Raf proto-oncogene serine/threonine kinase (BARF) mutation gene
fragments, epidermal growth factor receptor (EGFR) mutation gene fragments, and human
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) endogenous reference genes. A per-
formance comparison with the commercial Naica 6-color digital PCR system demonstrated
comparable stability and accuracy in detection while reducing time and operational com-
plexity. By eliminating the need for bulky pumping systems, our proposed dPCR platform
offers a user-friendly, durable and cost-effective solution for nucleic acid quantification.

2. Materials and Methods
2.1. Fabrication of the dPCR Chip

dPCR chips were designed and fabricated using low-pressure chemical vapor de-
position (LPCVD) and deep reactive ion etching (DRIE) technologies. The chip contains
two channels, each of which has 11,500 independent uniform microwells formed on a
silicon substrate. Each microwell measures 50 ym on each side. Detailed information on
the fabrication process of the super-hydrophilic microarray chip is illustrated in Figure 1A.

Nitridation Ll Photolithography Nitride DRIE
—_ MG Ay B0 P o
Glass
Tk Bonding et Nitride strip — Oxidation

C

Silicon dioxide

Silicon

0 Kal
Glass

Loading channehl Reaction chambers

Figure 1. (A) Fabrication protocol of the super-hydrophilic microarray chip. (B) SEM image of the
cross-section of the chip. (C) Contact angles of the silicon dioxide and silicon surface. (D) SEM image
of the microarray surface and the corresponding EDX mapping result of O element.

Initially, a layer of silicon nitride was deposited on the silicon wafer, followed by DRIE
to create the picoliter wells. The DRIE process facilitates the formation of microwells with a
highly controlled vertical profile and uniform size. Subsequently, a layer of silicon dioxide
was formed on the surfaces (walls and bottoms) of the microwells that were not covered by
silicon nitride, employing a wet oxidation method. The silicon nitride was then removed
using 85 wt % phosphoric acid at 160 °C. Finally, the silicon substrate was anodic bonded
to a borosilicate glass layer that was processed to include wide loading channels and
injection holes, resulting in a super-hydrophilic microwell array within a closed channel.
Figure 1B presents a scanning electron microscope (SEM) image of the chip’s cross-section.
The microwells have a depth and width of approximately 50 pm. Energy-dispersive X-ray
spectroscopy (EDX) analysis (Figure 1D) confirms the presence of an oxide layer on the
inner surfaces of the microwells. The lower image shows the mapping of the O element,
where the blue dots indicate the position of O element detected. Additionally, Figure 1C
illustrates the contact angle of the silicon dioxide surface, which is significantly smaller than
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that of the bare silicon surface, providing a super-hydrophilic surface inside the microwells.
The aqueous PCR reaction solution can more easily distribute within the microwells and
be separated by the oil phase due to differences in surface tension, ultimately forming
independent static reaction units. Figure 2A displays the layout of a chip with two layers
and Figure 2B shows the overlook of a fabricated chip.

Glass
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|
v

Clamp fixtul

Heater----r--i2
Cooling fan[-- - -

2

1
Silicon

100 mm

Figure 2. (A) Design of the dPCR chip. (B) Image of the dPCR chip. (C) Set up of the dPCR reaction
and detection system.

2.2. Set Up of the dPCR Reaction and Detection System

The reaction solution was loaded onto the microarray, followed by the introduction of
mineral oil at a flow rate of 10 pL/s to partition the reaction solution in the microwells and
form independent reaction units. The inlets and outlets of the chip were then sealed with a
PCR sealing film (Guangzhou Jet Bio-Filtration Co., Ltd., Guangzhou, China). Figure 2C
reveals the reaction and real-time detection platform of the dPCR chip. The chip was placed
on a microheater equipped with a cooling fan connected to a programmed temperature
control PCB. The microheater integrated with the thermal sensor was constructed with the
method presented in our previous works [24,28]. A clamp fixture was positioned atop the
microheater to tightly seal the inlets and outlets of the chip, preventing liquid evaporation
during thermal cycling. An optical inspection system, comprising a 470 nm LED light
source and a monochrome camera (a2A1920-160umPRO, Basler, Ahrensburg, Germany),
was set up for real-time observation of the reactions. Currently, the chip is for single-use
only to avoid cross-contamination.

2.3. On-Chip Loading and Distribution

The aqueous solution for dPCR reactions was loaded to fill the entire chip under at-
mospheric pressure. The subsequent distribution of the aqueous solution into independent
reaction units by oil is achieved through hydrodynamics, relying on the differences of
surface tensions between the two phases on the hydrophilic and super-hydrophilic surfaces.
The contact angles and surface tensions of water and mineral oil (Sigma-Aldrich, Inc., St.
Louis, MO, USA) were measured on the surfaces of bare silicon, silicon dioxide, and glass,
following standard cleaning procedures using a Theta Flow (Biolin Scientific AB, Gothen-
burg, Sweden). The interfacial tension between water and mineral oil was also quantified.
The surface free energies of these three surfaces were calculated using contact angle data
obtained with water and diiodomethane via the OWRK/Fowkes model. Using Equation
(1), the interfacial energies between the liquids and solids were calculated to define the
contact angles (0y) of the two-phase fluid on the wetted walls (Table 1), as shown in Fig-
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ure 3A. Here, 7,1 and 15, refer to the interfacial energies between the two fluids and the
solid, respectively, while o represents the interfacial tension between the fluids.

COS(Gw) _ Vsl ;752, (1)

Table 1. Parameters of the surface porperties.

Parameters Values
Silicon Silicon Dioxide Glass

ol (mN/m) 36.3636
05 2 (mN/m) 50.66 73.77 60.94
Yevater—solid > (MN/m) 24.620 31.361 14.119
Yoil—solid ° (MmN /m) 29.056 52.818 39.375
64 (rad) 1.4485 0.9396 0.8030

1 o: The interfacial tension coefficient between water and mineral oil. 2 o5: The surface free energy of the solid.
3 4: The interfacial energies between fluid and solid. * 8: The contact angles of the two-phase fluid on the
wetted walls.

A B
08
0.7
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Depth Ratios: 1:1 1:2 4:5

Fluid 1

Figure 3. Numerical Simulation: (A) Schematic diagram of 6, of the two-phase fluid on the wetted
wall. (B) Volume fraction of water in different designs.

The parameters were incorporated into numerical simulations using COMSOL Multi-
physics 5.6 to model the distribution of the aqueous phase as the oil phase was introduced.
The simulation included modules for laminar flow and phase field. A time-dependent
study was conducted, beginning with the loading of mineral oil at specific flow rates,
with the initial state defined as completely filled with water. The surface tension coefficient
of two fluids and wetted walls were defined based on the calculated results in Table 1.
To optimize chip design, models with varying shapes (square, circular, hexagonal) and
depth ratios of the microwells to the wide channel were tested to compare loading and
distribution effects. Oil phase loading rates were varied equally to the loading of the entire
microarray chip between 5 uL/s and 15 pL/s.

To assess the filling uniformity of the aqueous solution in the microwells, FAM solution
was loaded and distributed on the chip. Fluorescence images of the microarray were
captured, and cross-sectional images of the microarray chip with the fluorescent solution
partitioned in the microwells were obtained using a confocal microscope (LSM980, Carl
Zeiss AG, Jena, Germany).

2.4. On-Chip dPCR Analysis
2.4.1. dPCR of HBV

HBV plasmid served as the target DNA to validate the quantitative detection capabili-
ties of the designed dPCR chip. Each 10 pL PCR solution comprised 5 uL of 2x TagMan gene
expression master mix (Thermo Fisher Scientific, Waltham, MA, USA), 1 uM probe, 0.25 uM
each of forward and reverse primers (GenScript Biotech Corporation, Nanjing, China),
2 pL of template solution, and nuclease-free water. HBV plasmids were prepared with X ;
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of 1x1071,5x107%,25x107%,1x107%5x10%1x107%5x107% and 2.5 x 10~ *.
Amplification involved denaturation at 95 °C for 30 s, followed by 45 cycles of 95 °C for
10 s and 60 °C for 30 s. After amplification, the number of positive wells was calculated
using algorithms. The sample with X;; = 1 x 1072 was also tested on the Naica 6-color
digital PCR system (Stilla Technologies, Paris, France) for comparison.

2.4.2. dPCR of Multiple Targets

Plasmids containing BRAF V600E and EGFR T790M mutations, along with GAPDH
extracted from human sources, were detected in multiple assays using the fluorescence
channels of FAM, TAMRA, and Cy5, respectively. The primers and probes (Sangon Biotech
Co., Ltd., Shanghai, China) for the target DNAs were prepared (Table S1). Each 10 uL
PCR reaction unit consisted of 1 uL of 10x Taq HS Buffer (Mg?*), 0.2 uL. of dANTP mix
(10 mM each), 0.2 pL of Taq HS DNA polymerase (5 U/uL, Vazyme Biotech Co., Ltd.,
Nanjing, China), 0.4 pM of forward and reverse primers, and 0.2 uM of probes for each
target, along with a specific amount of templates and nuclease-free water. The reaction was
initiated at 95 °C for 30 s, followed by 45 thermocycles at 95 °C for 15 s and 60 °C for 45 s.
Fluorescence images of the dPCR results were captured using a Nikon Eclipse Ni system
for each fluorescence channel.

In the multiple dPCR experiment, the 4.4 pL template solution included 1.6 pL of
BRAF plasmid, 0.8 uL of EGFR plasmid, and 2 pL of human genes. Samples containing
only a single template (ST) and no template control (NTC) were also tested in parallel to
establish positive thresholds and investigate nonspecific amplification. The same samples
were tested on the Naica 6-color digital PCR system for reference.

3. Results
3.1. On-Chip Loading and Distribution

The volume fraction of water after distribution in different designs was determined
through numerical simulations of the two-phase flow (Figure 3B). Table 2 presents the
calculated filling rates of water based on the collected data. Among the geometrical designs
tested, square microwells demonstrated superior performance compared to circular and
hexagonal shapes, leading to their selection for subsequent experiments. Among the square
designs, that with a 4:5 depth ratio (80-pm microwells and 100-um wide channels) had most
water remained in the microwells after distribution. As indicated in Figure 3B, the two-
phase interface is in a concave state equilibrium. Since 6,, is the same, theoretically, when
the flow rate and wide channel depth are the same, the concave distance of the two-phase
interface is also the same. Therefore, regardless of the depth of the microwell, the volume
of water replaced by oil within the microwell is the same. Because the volume of a deep
well is larger, the filling rate obtained in a deeper microwell increases. Considering the
desired volume of reaction unit, we adopted the 1:2 depth ratio design, with microwells
having a depth of 50 pm and a width of 50 pm. Additionally, we observed that decreasing
the loading velocity of the mineral oil during distribution (equally to loading the entire
microarray chip at 15 pL/s, 10 nL/s and 5 pL/s) resulted in more water being retained in
the microwells.

Table 2. Filling rate of water in different designs.

Desiens Shapes Depth Ratios Velocities
8 Square  Circular Hexagonal  1:1 1:2 4:5 High Middle Low
Filling 96.7338 96.7120 96.0452 92.82 96.7338 98.6455 96.7338 96.7674 97.4326

rates (%)
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To assess partition conditions and uniformity, we employed FAM as a fluorescent
dye. The filling condition of the aqueous fluorescent solution in the microwells (Figure 4A)
closely matched the simulation results. Based on both simulation and experimental findings,
the partition volume was defined as 120 pL. If the reaction solution is evenly partitioned,
the volume should remain consistent across all microwells. Figure 4B illustrates the solution
distribution in the microarray chip following loading. Meanwhile, Figure 4C presents
a histogram depicting the fluorescence intensity of each microwell. Some microwells
showed higher or lower intensity, which is expected given the variation in light intensity
between the center and edges of the optical field, particularly in large views. The average
fluorescence intensity across all microwells was approximately 138, with a relative standard
deviation of 3.37%. This indicates an acceptable uniformity of fluorescence intensity
among the microwells, affirming that the partition volume in each microwell can be
considered consistent.
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Figure 4. Loading and dirstribution of FAM solution: (A) Cross section of the microarray chip
with the FAM solution patitioned in the microwells. (B) Fluorescence image of the FAM solution
distributed on the microarray. (C) Histogram of the fluorescence intensity of each microwell.

3.2. On-Chip Thermal Performance

Precise temperature control and uniform thermal distribution are crucial for cdPCR.
Since the temperature can be rapidly reached and maintained in the small reaction unit,
the robust on-chip thermal performance avoids the reduction in detection performance
caused by prolonged high or low temperatures due to slow temperature ramping. The on-
chip heating and temperature sensing was achieved by thin-film resistors, a sputtering
patterned layer of platinum on silicon substrate. The platinum sensor effectively reflected
temperature changes, enabling control over the heating process. Temperature data were
recorded during thermal cycling. As illustrated in the temperature profile in Figure 5A,
the set temperatures were rapidly reached and maintained throughout the cycling process.
The average heating rate exceeded 17.5 °C/s, while cooling rates were approximately
5.8 to 7 °C/s, comparable to other cdPCR designs and higher than many commercial
rapid PCR devices [29]. The entire program for running the HBV dPCR was completed in
36 min, which was only 30% of the reaction time required by the Naica system. In addition,
to validate temperature accuracy, an external temperature sensor was used to measure the
surface temperature of the heater during a gradient heating from 55 °C to 95 °C. Deviations
compared with the set temperature during the plateau phase were observed to be 0.1 °C at
both 55 °C and 75 °C, and 0.2 °C at 95 °C. Additionally, the heater exhibited homogeneous
thermal distribution, with only a 0.1 °C difference at 55 °C and 75 °C, 0.2 °C difference at
95 °C when tested across four different positions on the microheater (Figure 5B). Since the
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Temperature/°C

microheater is reusable and integrated with a clamp fixture, the operator only needs to
replace the chip during use, making it user-friendly and a suitable choice for POCT.
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Figure 5. (A) PCR temperature profile of 45 cycles on the platform (left). Scatter diagram showing
temperature pattern of two cycles (right). (B) Temperature uniformity of the microheater during
gradient heating cycles.

3.3. On-Chip dPCR Analysis
3.3.1. dPCR of HBV

To validate the stability of the static reaction units on the array throughout the PCR
thermal cycle, fluorescence images of the microarray were captured at the end of each cycle
(Figure S1). No movement or evaporation of the reaction units was observed. Some wells
at the edge of the channel were excluded from calculations due to reflections from the glass
wall, as well as those not filled with the reaction solution because of fabrication defects or
unstable flow at the inlets. A total of up to 10,100 wells were analyzed and classified as
positive or negative.

Fluorescence images of the dPCR results for detecting different concentrations of HBV
plasmid are shown in Figure 6A-H. As the dilution factor (Xj;;) of the sample decreased,
fewer positive wells were observed. The numbers of positive and negative microwells were
calculated using algorithms in MATLAB (https://ww2.mathworks.cn/products/matlab.
html, accessed on 4 March 2025). Ultimately, the copy number of target DNA in each
sample (Cs) was deduced using Poisson’s distribution, based on the equation below [1]:

M

~In(1= fo) = 3 = CVj, 2)

where fj was the fraction of positive units over the number of partitions, M was the copy
number of target DNA, N was the total number of partitions, C was the copy number
concentration in the reaction, and V), was the partition volume. In the experiment, V, was
120 pL, allowing for the calculation of C. The relationship is given by Cs = 5C based on the
reaction components. The linear correlation between Cs and Xy;; is depicted in Figure 61,
where R? > 0.99. The detection limit was 6 copies/uL, with a 95% statistical confidence
intervals, [2.1022, 10.4154].

The measured C; for the sample X,; = 1 x 1072 was 3708 copies/ L, closely aligning
with the result of 3806 copies/pL obtained from the Naica 6-color digital PCR system, thus
validating the system’s reliability. Furthermore, the results exhibited a dynamic linear
range of detection from 10* to 10" copies/pL.
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Figure 6. (A-H) Flourescence images of the results of the dPCR to detect different concentrations
of HBV plasmids: the HBV plasmid dilution factors were (A) 1 x 10~1; (B) 5 x 1072; (C) 2.5 x 1072;
(D)1 x 1072 (E) 5 x 1073; (F) 1 x 1073; (G) 5 x 10~%; (H) no template control. (I) Linear correlation
between the measured DNA concentration and the Xj;;. Error bars are SD. for n = 3.

3.3.2. dPCR of Multiple Targets

Fluorescence images of the multiple dPCR results are presented in Figure 7, where the
number of positive units can be identified. The copy number concentrations of the original
samples were calculated using the previously described method, as shown in Table 3.
The measured concentrations of the analytes on the microarray chip were closely aligned
with those obtained from the Naica dPCR system. Minor differences may be attributed to
sampling variance and variations in reaction components. Nonspecific amplification was
not observed in the FAM and TAMRA channels, but small copy numbers were detected in
the Cy5 channel even among its negative controls. This is acceptable, as the experimental
environment was inevitably contaminated with human samples containing GAPDH en-
dogenous reference genes. Overall, the microarray dPCR chip demonstrated reliability for
multiple dPCR analyses.

A

Figure 7. Fluorescence images of the multiple dPCR results: (A) BRAF (FAM). (B) EGFR (TAMRA).
(C) GAPDH (Cy5).

Table 3. Measured concentration (copies/pL) of the samples in three channels.

Sample Names FAM TAMRA Cy5
Multiple templates 13,031 14,104 2273
BRAF ST 12,494 0 6
EGFR ST 0 14,495 15
GAPDH ST 0 0 2280
NTC 0 0 17
Multiple templates on Naica system 13,616 15,083 2003

4. Discussion

This study addresses the existing gaps in open-array cdPCR designs by presenting a
closed-channel cdPCR microarray. Many current closed-channel cdPCR devices are based
on polydimethylsiloxane (PDMS) [25]. PDMS PCR chips suffer from over 50% solution
evaporation rates during thermal cycles because of its air permeability [30], leading to
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many works dedicated to address this issue, but certain evaporation rates still exist [31-33].
Our chip eliminated this problem by using glass as the cover slide, which is waterproof
and provides high optical transmission, and high hydrophilicity. Moreover, the mechanical
strength of glass wall and strong anodic bonding strength between glass and silicon provide
robust physical support to stabilize the reaction units formed during the chip transfer and
thermal cycling, which avoids cross-contamination among the reaction units.

Compared to existing chemical modification methods that improve hydrophilicity,
our dPCR chip employed a method without chemical grafting, resulting in a stable super-
hydrophilic layer that can sustain the subsequent anodic bonding process, and other
processes where high temperature and voltage is applied. Therefore, the prepared super-
hydrophilic array was fully compatible with MEMS technology, supporting the chip’s
potential for highly integrated applications.

This design simplifies sample loading and distribution, eliminating the need for
manual scraping, robotic injection, or programmatic pressure sampling, thus streamlining
system construction compared to its similar designs [4,24]. Since the inner surface of
the entire chamber is hydrophilic, the aqueous solution for dPCR reactions can fill the
entire chip including all microwells at atmospheric pressure via continuous pipetting.
The subsequent distribution into independent reaction units by oil is achieved through
hydrodynamics, relying on the chip’s hydrophilicity and super-hydrophilicity, without the
usage of bulk-pump.

Both simulation and experimental results confirm that the aqueous solution parti-
tions uniformly within the microwells, exhibiting stable performance. The volume of the
reaction units was approximately 65% less than most current cdPCR devices, normally
0.34-33 nL [1,4,34], which not only improves the detection sensitivity and accuracy, but also
requires less reagents and samples. The rapid and uniform thermal cycles demonstrated
reliable and efficient heating and cooling characteristics of the platform, which supports
time-efficient reaction with the reaction time far less than commercial dPCR devices. Addi-
tionally, this platform enables real-time monitoring during the reaction, providing flexibility
for various research applications.

The dPCR analyses of HBV across different dilution factors validated the method’s
reliability, demonstrated by the strong linear correlation between measured concentrations
and dilution factors. The detection range (from 10* to 10° copies/pL) compares favorably
to existing works, while requiring fewer partitions. The detection limit and sensitivity for
quantifying DNA can be further enhanced by increasing the number of wells or reducing
the chamber volume. Thus, the method presented here can adapt to various research and
clinical needs with minor modifications.

Furthermore, BRAF and EGFR mutations are critical for optimizing targeted thera-
pies in cancer patients [35,36]. Mutations in BRAF V600E and EGFR T790M significantly
influence tumor progression and resistance to treatment, particularly in non-small cell lung
cancer and colorectal cancer. Identifying these mutations can guide personalized treatment
strategies and improve patient outcomes. By allowing for concurrent detection of these mu-
tations alongside GAPDH reference genes, our platform highlights its clinical relevance and
potential to improve personalized treatment strategies. The results obtained demonstrated
no significant differences when compared to current commercial dPCR devices, affirming
the compatibility of the super-hydrophilic microarray dPCR platform with diverse reaction
systems and sample types, including plasmid and linear DNAs. Furthermore, this system
can be easily upgraded to support 5/6-color detection with appropriate filters and analysis
algorithms, further exemplifying its versatility for diverse needs.

In conclusion, our approach emphasizes the interdisciplinary nature of modern di-
agnostics by bridging microfluidic technology and molecular detection. The innovation
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of this work spans from manufacturing to the miniaturization of reaction units, and the
simplification of operations. By facilitating accurate biomarker quantification and sup-
porting multiplex detection capabilities, this system stands to enhance POCT applications,
contributing to timely and effective disease monitoring and management.

5. Conclusions

In this study, we developed a dPCR platform utilizing a super-hydrophilic microarray
chip equipped with a real-time monitoring system. Each channel can generate 10,100 inde-
pendent reaction units, each with a volume of 120 pL and the reactions of two samples was
allowed on a single chip. The sample loading and distribution require no specialized equip-
ment and can be completed in just one minute. By using mineral oil to cover the reaction
samples, we enabled the reactions to be conducted at atmospheric pressure, employing a
clamp fixture to seal the inlets and outlets of the channels. This setup effectively prevented
evaporation and cross-contamination among the reaction units. Meanwhile, the platform’s
reliable and efficient thermal characteristics significantly shortened the reaction time. We
validated the dPCR system using gradient concentrations of HBV plasmid, Xj;; ranging
from 1 x 107! to 2.5 x 10~* as DNA templates. The statistical results demonstrated that
our dPCR system can achieve absolute quantitative detection of target DNA. Further-
more, this system is capable of detecting both single and multiple targets simultaneously,
showing excellent performance in the combined detection of EGFR, BRAF, and GAPDH.
This highlights the compatibility of our system with diverse reaction environments and
template types, including circular and linear DNAs. Overall, this dPCR device, featuring
MEMS-compatible fabrication and straightforward operation, has significant potential as a
powerful POCT solution in pathogen detection and infectious disease monitoring.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/mil6040407 /s1, Figure S1: Fluorescence images obtained during the
thermal cycling testing with HBV plasmid X,;; = 5 x 10~3; Figure S2: Results of fluorescence images
in each channel of the multiple dPCR testing with ST and NTC; Table S1: Sequences of primers and
probes used in this study to test the dPCR chips; Table S2: Sequences of DNA synthesized in plasmids
used in this study to test the dPCR chips.
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Abbreviations

The following abbreviations are used in this manuscript:

dPCR Digital polymerase chain reaction

qPCR Quantitative real-time polymerase chain reaction
MEMS Micro-electro-mechanical systems

cdPCR Chamber-based digital polymerase chain reaction
ddPCR Droplet-based digital polymerase chain reaction
HBV Hepatitis B virus

BRAF B-Raf proto-oncogene, serine/threonine kinase
EGFR Epidermal growth factor receptor

GAPDH Glyceraldehyde-3-phosphate dehydrogenase
FAM 5-Carboxyfluorescein

TAMARA  5-Carboxytetramethylrhodamine

Cy5 Invitrogen Cyanineb

LPCVD Low pressure chemical vapor deposition

DRIE Deep reactive ion etching

SEM Scanning electron microscope

EDX Energy-dispersive X-ray spectroscopy

ST Single template

NTC No template control

PDMS Polydimethylsiloxane

POCT Point-of-care testing
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Abstract: Extracellular vesicles (EVs) serve as vital messengers, facilitating communication between
cells, and exhibit tremendous potential in the diagnosis and treatment of diseases. However, con-
ventional EV isolation methods are labor-intensive, and they harvest EVs with low purity and
compromised recovery. In addition, the drawbacks, such as the limited sensitivity and specificity of
traditional EV analysis methods, hinder the application of EVs in clinical use. Therefore, it is urgent to
develop effective and standardized methods for isolating and detecting EVs. Microfluidics technology
is a powerful and rapidly developing technology that has been introduced as a potential solution for
the above bottlenecks. It holds the advantages of high integration, short analysis time, and low con-
sumption of samples and reagents. In this review, we summarize the traditional techniques alongside
microfluidic-based methodologies for the isolation and detection of EVs. We emphasize the distinct
advantages of microfluidic technology in enhancing the capture efficiency and precise targeting of
extracellular vesicles (EVs). We also explore its analytical role in targeted detection. Furthermore,
this review highlights the transformative impact of microfluidic technology on EV analysis, with the
potential to achieve automated and high-throughput EV detection in clinical samples.

Keywords: extracellular vesicles; microfluidics; EV isolation; EV detection

1. Introduction

Extracellular vesicles (EVs) are membranous particles enclosed by lipid bilayers with
diameters ranging from 50 nm to 1 um, derived from almost all cells [1]. By inheriting
abundant signaling molecules from donor cells, such as nucleic acids and proteins, EVs play
a role in intercellular communication and are associated with disease progression [2—4]. EVs
can be classified into several subgroups based on size and generation mechanism, including
microvesicles, microparticles, and exosomes [3,5]. Among these subgroups, exosomes
are microvesicles ranging in size from 50 to 150 nm, with an average of ~100 nm [3].
Multivesicular bodies (MVBs) contain multiple intraluminal vesicles (ILVs), which fuse
with the plasma membrane to release ILVs as exosomes [6]. Therefore, exosomes contain
proteins of the cell surface and soluble proteins linked to the extracellular environment [7,8].
Efficient isolation and reliable analysis of EVs are important prerequisites for the clinical
application of EVs. Conventional techniques for isolating EVs, such as ultracentrifugation,
ultrafiltration, particle size exclusion chromatography, and polymer precipitation, are time-
consuming and inefficient [9]. Microfluidic technology achieves efficient EV isolation and
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detection with only a very small amount (102 to 10~!2 microliters) of liquid specimens
and reagents and has the advantages of integration and high throughput [10].

The high throughput capability of microfluidics-based capturing and detection tech-
nologies offers a significant advantage in the field of EV analysis. Through precise ma-
nipulation of fluids at the microscale level, these technologies enable rapid and efficient
isolation and detection of EVs from complex biological samples. This not only expedites the
process of EV analysis but also allows for the examination of a large number of samples in
a relatively short period, facilitating high-throughput screening and analysis [11]. Further-
more, microfluidic-based EV capture and detection technologies support standardization
of experimental protocols and assay conditions, promoting consistency and reproducibility
across studies. Through precise control of fluidic parameters, such as flow rate, shear stress,
and incubation time, microfluidic platforms enable reproducible isolation and characteriza-
tion of EVs with minimal batch-to-batch variability. Furthermore, the integration of quality
control features, such as on-chip calibration and reference standards, facilitates accurate
quantification and comparison of EVs between different experiments and laboratories [12].
Therefore, the standardization of microfluidics-based platforms ensures reproducibility
and reliability, making them valuable tools for EV research and clinical applications.

In this review, we will explore the latest developments in microfluidic-based EV
isolation and analysis, as well as discuss the challenges and future directions of this rapidly
evolving field.

2. Microfluidic-Based EV Isolation Strategies
2.1. Label-Free Microfluidic Isolation

Label-free isolation strategies depend on the physical characteristics of EVs, such as
their size, density, and deformability, to separate them from other components present
in bodily fluids. Conventional label-free methods, such as ultrafiltration (UF), ultracen-
trifugation (UC), and size-exclusion chromatography (SEC), usually require large sample
volumes. UC differentiates EVs and other components based on size and density and has
been recognized as one of the most commonly used EV isolation methods [13,14]. However,
the long UC period might result in the coprecipitation of protein aggregates. In addition,
the quality of EVs cannot be guaranteed due to repeated centrifugation processes and
excessive centrifugal force [15]. UF adopts membrane filters with suitable pore sizes to
purify EVs from other particles [11]. Regrettably, the accumulation of debris on the filter
membranes will decrease the efficiency of EV isolation and shorten the lifespan of the
membranes [16]. SEC isolates particles of different sizes based on their different flow rates
in a column filled with porous beads. As a mild EV isolation method, SEC can obtain EVs
with relatively complete structure and function [17,18]. However, the tedious procedure,
low throughput, and recovery of SEC limit its wide application.

Holding the properties of easy integration, high-throughput, and low sample con-
sumption, microfluidics technology provides a variety of strategies for efficient label-free
EV isolation [19-21]. For example, Liang et al. proposed a double-filtration microfluidic
device to isolate EVs with a size range of 30-200 nm [22]. Li et al. integrated filtration
and microfluidics technology to design cascaded microfluidic circuits for preprogrammed,
clog-free, and gentle isolation of EVs directly from blood within 30 min (Figure 1a) [23].
The problems of filter fouling and particle aggregation were solved by the pulsatile flows
generated by the porous membrane, which lift particles away from the membrane. Re-
searchers engineered an automated centrifugal microfluidic disc featuring membranes
with specific functionalities (Exo-CMDS) for exosome isolation (Figure 1b) [24]. As a one-
step method, Exo-CMDS enriched exosomes with an optimal exosomal concentration of
5.1 x 10° particles/mL from a small amount of blood samples (<300 pL) in 8 min. The
above methods required tedious fabrication of microfluidic chips, which increased the
uncertainty of trials. Viscoelastic microfluidic systems manipulate viscoelastic fluids based
on their viscous and elastic characteristics under deformation without the complex design
of microfluidic chips and have been used for micro-/nano-sized particles. Asghari et al.
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developed sheathless oscillatory viscoelastic microfluidics for focusing and separating
EVs [25]. Liu et al. proposed a viscoelastic-based microfluidic system for direct label-
free isolation of exosomes (Figure 1c) [26]. A simple microfluidic device with two inlets,
three outlets, and a straight microchannel was designed for the viscoelastic separation
of exosomes. The presence of oxyethylene (PEO) causes elastic lift forces, which drive
EVs toward the microchannel centerline according to their sizes. Under the size cutoff of
200 nm, exosomes were separated from large EVs. In addition, Yang et al. demonstrated a
self-adaptive virtual microchannel for nanoparticle enrichment and separation in a contin-
uous manner (Figure 1d) [27]. A gigahertz bulk acoustic resonator, in combination with
microfluidics, triggers and stabilizes acoustic waves and streams. This process forms a
virtual channel whose diameter can self-adjust, ranging from dozens to a few micrometers.
Using a customized arc-shaped resonator, exosomes from patient plasma were purified.
The system is stable and has high automation potential because of the self-adaptive and
contactless continuous speration mode.
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Figure 1. Label-free microfluidic-based EV isolation methods: (a) Cascaded microfluidic circuits
for EV isolation. Reproduced from Ref. [23]. (b) Centrifugal microfluidic disc for EV enrichment.
Reproduced from Ref. [24]. (c) Visual representation of the separation mechanism of viscoelastic
microfluidics. I: inlet for sample fluids, II: inlet for sheath fluids. Reproduced from Ref. [26].
(d) Mechanism of the stereo acoustic stream (SteAS) platform. Reproduced from Ref. [27].
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Deterministic lateral displacement (DLD)-patterned pillars separate particles based on
the DLD critical diameter (D) and have been used to isolate circulating tumor cells (CTCs),
stem cells, bacteria, and EVs [28]. Zeming et al. captured EVs with 1 pm polymer beads,
which increased the size of the polymer beads. As a result, the DLD lateral displacement
of beads can be translated to the amount of EVs [29]. To separate nanoscale exosomes,
Wunsch et al. designed nanoscale DLD arrays with gap sizes from 25 to 235 nm to isolate
human-urine-derived exosomes with a single-particle resolution [30]. Smith et al. designed
1024 nanoscale DLD (nanoDLD) arrays in a microfluidic chip to isolate EVs from serum
and urine samples with a yield of ~50% [31]. Moreover, RNA sequencing was produced
after separating EVs from prostate cancer (PCa) patient samples, which has the potential
to indicate the aggression of PCa. However, the conventional DLD methods need input
pressure to drive EVs or beads through pillars in the microfluidic chip, which limits the
application of DLD technology in EV isolation. To avoid input pressure, Hattori et al.
proposed an electroosmotic flow-driven DLD strategy that used electroosmotic flow to
drive fluids for EV separation in a continuous manner [32]. The property of being easy-to-
operate makes it a promising solution for clinical diagnostic applications.

Although label-free microfluidic isolation has the advantages of high throughput,
rapidity, and cheapness, the low purity and inability to isolate EV subtypes limit its
downstream applications.

2.2. Affinity-Based EV Isolation

Affinity-based isolation methods exploit the interaction between affinity ligands (an-
tibodies, peptides, or aptamers) and receptors on EV membranes to isolate EVs specifi-
cally [33,34]. These ligands are typically modified on the surface of materials or interfaces,
such as CIM® CDI disks [35], magnetic beads [36], carbon cloth [37], graphene [38], or
Ti2CTx MXene membranes [39]. The strength and duration of the interaction between
affinity ligands and receptors on surfaces determine the capture efficiency of EVs. However,
the compromised interaction between EVs and traditional interfaces limits their capture
efficiency. The micro-/nanoscale channels in microfluidic chips can enhance the contact
frequency between recognition ligands on the chips and molecules on EV membranes,
thus increasing EV capture efficiency. For example, the herringbone microfluidic chip,
comprising patterned microgrooves, enhances fluid mixing efficiency by manipulating flow
states and forming helical motions [40]. Therefore, collision between biological targets and
affinity-trapping substrates is improved, resulting in improved EV capture efficiency [41].

However, the near-surface hydrodynamic resistance decreases mass transfer in the
microchannel [42]. To overcome this near-surface hydrodynamic resistance, Li et al. devel-
oped a 3D porous sponge microfluidic chip made by salt crystallization, which provided a
high surface-to-volume ratio [8]. Moreover, researchers also developed a fluid nanoporous
microinterface (FluidporeFace) in a herringbone microfluidic chip for the efficient capture
of tumor-derived EVs (Figure 2a) [41]. Supported lipid bilayers (SLBs) were encapsulated
on the nanoporous herringbone microstructures, which not only improved the mass trans-
fer but also enabled multivalent recognition of aptamers, thus achieving a multi-scale
enhanced affinity reaction. As a result, the affinity increased by ~83-fold compared with
the nonfluid interface. In addition, they designed a microfluidic chip to create a dynamic
multivalent magnetic interface, enhancing the kinetics and thermodynamics of biomolecu-
lar recognition for the efficient isolation of EVs derived from tumors (T-EVs) [43]. Utilizing
magnetic and flow fields, this engineered interface achieved a harmonious balance of affin-
ity, selectivity, reversibility, and extendibility. As a result, they achieved a high-throughput
recovery of T-EVs, facilitating comprehensive protein profiling. However, when utiliz-
ing a single ligand for EV capture and another ligand for EV detection, it is challenging
to eliminate the interference of free proteins and obtain the requisite subtypes of EVs,
thereby rendering it inadequate for clinical applications. To eliminate interference from
free proteins, Zhang et al. designed a microfluidic differentiation method that accurately
captured PD-L1* EVs [44]. PD-L1* EVs were labeled with biotin using DNA computation,
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(a)

incorporating dual inputs of lipid probes and PD-L1 aptamers. Subsequently, these labeled
EVs were captured with streptavidin-modified microfluidic chips selectively.
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Figure 2. Affinity-based microfluidic EV isolation methods: (a) The schematic diagram of the
FluidporeFace chip. Reproduced from Ref. [41]. (b) A magnetic deflection-based NanoEPIC system
to achieve phenotypic profiling and nanoscale sorting of sEVs. Reproduced from Ref. [45]. (c) DNA
computation-mediated microfluidic tandem separation for PD-L1" EV subpopulations. Reproduced
from Ref. [46].

Different subtypes of EVs represent distinct sources and diverse biological functions.
Therefore, the analysis of EV subtypes is crucial for studying the biological mechanisms of
EVs. On the contrary, all antibody-based enrichment systems are limited to highly specific
isolation protocols, which result in partial EV loss due to differences in the expression of EV
membrane surface proteins. Chen et al. proposed a novel herringbone microfluidics device
that not only possessed the advantages of herringbone microfluidics but also incorporated
aptamer-functionalized core-shell bar codes (AFCSBs) [40]. Because their antiopal hydrogel
shells have abundant interconnecting pores, barcodes can provide a rich surface area for
the anchoring of multiple DNA aptamers, enabling the specific capture of multiple tumor-
derived exosomes. However, its essence lies in using one type of aptamer for molecular
capture and another type for molecular discrimination, making it still unable to distinguish
different EVs. In order to isolate subtypes of EVs, MUN et al. developed a microfluidic
chip-based magnetically labeled exosome isolation system (MEIS-chip) that involved mag-
netic nanoclusters (MNCs) conjugated with CD63 and HER2 with different degrees of
magnetization (CD63 conjugated with low-saturation magnetized MNCs, CD63-LMC, and
HER?2 conjugated with high-saturation magnetized MNCs, HER2-HMC) [47]. Common
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exosomes were captured by CD63-LMC, while exosomes with HER overexpression bound
to both CD63-LMC and HER2-HMC simultaneously. This allows for the acquisition of
varying degrees of magnetic particles and magnetic separation in the MEIS chip via a
magnetic field, ultimately resulting in the separation of different EV populations. More-
over, Chen et al. designed a nanoscale cytometry platform called NanoEPIC to enable the
collection of small EVs (sEVs) bearing four different expression levels of PD-L1 by labeling
them with antibody-functionalized magnetic nanoparticles (MNPs) (Figure 2b) [45]. EVs
with higher PD-L1 expression levels had greater lateral deflection towards the edge of
the device in the microfluidic flow channel due to their increased magnetic susceptibility
resulting from binding to more MNPs. This facilitated the separation of sEVs based on four
levels of PD-L1 expression: negative, low (exoL), medium (exo-M), and high (exo-H). Lu
et al. achieved the isolation of tumor PD-L1* EVs and non-tumor PD-L1* EVs through
DNA logic-mediated double aptamer recognition and a tandem chip for the first time
(Figure 2c) [46]. Tumor-derived EVs were identified by EpCAM and PD-L1 nucleic acid
ligands, induci ng the “AND” logic operation, whereas non-tumor-derived PD-L1* EVs
only express PD-L1, thus invoking the “NOT” logic operation. These two independent
outputs facilitated the separation of tumor- and non-tumor-origin PD-L1* EVs through
tandem microfluidics, respectively. Consequently, utilizing a streptavidin-functionalized
microfluidic chip (T-Chip), only tumor-derived PD-L1* EV populations can be isolated.
After excluding tumor-derived PD-L1* EVs, the remaining PD-L1* EVs from normal cells
can be captured through hybridization between the extension sequence on the PD-L1 probe
and the corresponding cDNA modified on the second microfluidic chip (N-Chip).

Currently, microfluidic technology based on affinity separation has made tremendous
advancements. There have been significant improvements in purification, capture efficiency,
and subpopulation separation. Despite some progress in various studies, there are still
certain limitations. For example, this method can suffer from non-specific binding to other
entities present in the sample, such as proteins, lipoproteins, and cellular debris. This
non-specific binding can lead to contamination and reduced purity in the isolated EV
population [48]. Moreover, affinity-based EV isolation depends on the availability and
specificity of surface markers for EV capture. However, not all EVs express the same surface
markers, and the expression profile of EV surface markers can vary depending on cell type,
physiological state, and environmental conditions. This limitation restricts the applicability
of affinity-based methods, particularly when targeting specific subpopulations of EVs [14].
To effectively apply these technologies to clinical diagnosis and precision treatment, further
innovation and improvement are still needed. In short, the efficient isolation of EVs is the
premise for researching their biological function and clinical application. It is still necessary
to develop new methods for the high-efficiency and high-purity isolation of EV subtypes.

In addition, here is a comparison presenting the effectiveness, efficiency, and practical-
ity of traditional techniques versus microfluidic-based methodologies for EV analysis in
Table 1 [49-51].

Table 1. Traditional techniques versus microfluidic-based methodologies for EV analysis [49-51].

Aspect Traditional Techniques Microfluidic-Based Methodologies
. Varied, depending on method (e.g., High, with precise control over fluid manipulation and
Effectiveness i . o . .
ultracentrifugation, precipitation) surface interactions

Rapid, automated processes with minimal sample and

Efficiency Time-consuming, labor-intensive reagent consumption

Practicality Limited scalability, manual operation Scalable, integrated systems suitable for high-throughput analysis

May lack specificity, leading to

Specificity contamination and low yield Enhanced specificity, with tailored devices for selective EV capture
- Variable due to manual handling and Improved reproducibility with standardized protocols and
Reproducibility batch-to-batch variability automated workflows
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3. Microfluidic-Based EV Detection
3.1. Fluorescent Detection

Fluorescence technology combined with a microfluidic platform has been widely used
in EV detection, which has the characteristics of fast response, good precision, and high
sensitivity. After capturing EVs in microfluidic chips, membrane stains or fluorescent
labeled antibodies are usually used to identify EVs [52]. For example, Kanwar et al. used
a fluorescent carbanine dye (DiO) to stain the exosome membrane and counted the total
number of exosomes captured on a microfluidic device (ExoChip) [12]. Antibodies against
EV-specific biomarkers, such as CD63, CD9, and CD81, are used for EV identification
and quantification [53]. Moreover, fluorescent-labeled antibodies against disease-related
biomarkers on the EV membrane are usually used for quantitative and qualitative analysis
of EV biomarkers, thus reflecting the progression of diseases. For example, Hisey et al. cap-
tured ovarian cancer exosomes in a herringbone groove microfluidic device and quantified
EpCAM™ exosomes [54]. The quantitative results showed that EpCAM™ exosomes were
related to HGSOC disease progression. After utilizing the integrated microfluidic exosome
separation and detection system (EXID system), Lu et al. examined the abundance of exo-
somal PD-L1 [55]. Using the EXID system, a significant difference in fluorescence intensity
was observed. The strategy had a limit of detection (LOD) of 10.76/uL, and the exosomal
PD-L1 level reflected the sensibility for immune response. The conventional methods offer
bulk information on proteins in EVs, which hardly enables absolute quantification. Liu
et al. constructed “exosome-magnetic microbead-enzymatic reporter” complexes and en-
capsulated the complexes into droplets, which ensured a single complex was encapsulated
in a droplet. As a result, cancer-specific exosomes were absolute counted with a low limit
of detection of 10 exosomes uL.~! (Figure 3a) [56].
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Figure 3. Microfluidic-based fluorescent detection: (a) The droplet digital ExoELISA method for
quantifying EVs. Reproduced from Ref. [56]. (b) Schematic of the one-step thermophoretic AND
gate operation (Tango) assay. Reproduced from Ref. [57]. (c) DTTA for detecting mRNA within EVs.
Reproduced from Ref. [58]. (d) Schematic illustration depicting the workflow for the multiplexed
profiling of single-cell EV secretion. Reproduced from Ref. [59].

The heterogeneity of EVs challenges the acknowledgement of their biological sig-
nificance and clinical application. To explore the heterogeneity of EVs, Zhang’s group
developed a microfluidic chip featuring self-assembled 3D herringbone nanopatterns, en-
abling highly sensitive fluorescent detection of EV surface proteins [60]. The device was
used to detect exosome subtypes expressing CD24, EpCAM, and FRalpha proteins in 2 uL
plasma samples from 20 ovarian cancer patients and to suggest exosomal FRalpha as a
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promising biomarker in the early detection and monitoring of ovarian cancer progression.
Furthermore, MMP14 on EVs holds potential for early detection and prognosis assessment
in breast cancer metastasis [61]. The above microfluidic devices need cumbersome fabrica-
tion processes. Moreover, the interaction between proteins and antibodies may be limited
due to the steric hindrance caused by the post-translational modification of proteins [62].
Sun’s group developed a microfluidic thermophoresis device that accumulated particles
in a size-dependent manner and amplified fluorescence signals based on the different
diffusion rates of particles in a nonuniform temperature field [63]. Seven fluorescently
labeled aptamers targeting different epitopes were employed for the subtyping analysis
of EVs. This method demonstrated a sensitivity and specificity of 95% and 100%, respec-
tively, in cancer detection, and it can also be utilized for cancer classification. Furthermore,
the method is applicable for the proteomic analysis of EVs in breast cancer, enabling the
identification of metastatic breast cancer, monitoring treatment responses, and predicting
patients’ progression-free survival rates [64].

In addition to phenotypic heterogeneity, the tracing of EV origins is also particularly
important. It can accurately detect and monitor the progression of diseases. Sun’s group
utilized microfluidic thermophoresis devices for the specific detection of tumor-derived
EVs, achieving an accuracy of 97% [65]. Similarly, a rapid and non-invasive diagnostic assay,
named the one-step thermophoretic AND gate operation (Tango), has been developed for
precise identification of prostate cancer (PCa)-derived EVs directly in serum samples within
15 min. This method demonstrated an impressive overall accuracy of 91% in discerning
PCa from benign prostatic hyperplasia (BPH) using a streamlined single-step format. This
innovative technique holds tremendous potential for the swift and non-invasive diagnosis
of cancers (Figure 3b) [57].

In addition to proteins on the EV surface, EV nucleic acids are also important biomark-
ers and therapeutic targets for diseases [66]. Shao et al. developed a microfluidic chip to
capture exosomes and analyze the mRNAs of MGMT and APNG in enriched tumor exo-
somes [67]. This strategy has the potential to predict the drug responses of GBM patients.
Sun’s group demonstrated a thermal swim sensor (TSN) employing nanoflares for the
in situ detection of exosomal miRNA, eliminating the need for RNA extraction or target
amplification. Through the thermophoretic accumulation of nanoflare-treated exosomes, a
heightened fluorescent signal was produced upon binding with exosome miRNA, facilitat-
ing the direct quantitative assessment of exosome miRNA [68]. Afterwards, they devised a
DNA tetrahedron-based thermophoretic analysis (DTTA) for the in situ detection of mRNA
in EVs, achieving remarkable sensitivity and specificity [69]. Recently, they developed a
DTTA for highly sensitive and selective in situ detection of mature miRNA in EVs. This
assay achieved a detection limit of 2.05 fM for mature miRNA in EVs without interference
from pre-miRNA and distinguished between breast cancer patients and healthy donors
with an overall accuracy of 90% (Figure 3c) [58].

Moreover, cell culture supernatants, or EVs, in body fluids lose interaction informa-
tion with other symbiotic cells in tissues, making them unable to accurately represent the
role of EVs in intercellular communication [70]. Ji et al. employed spatially patterned
antibody barcodes and achieved multiplexed profiling of single-cell EV secretion from
over 1000 individual cells concurrently. This innovative approach enabled the compre-
hensive characterization of human oral squamous cell carcinoma, unraveling previously
obscured single-cell heterogeneity in EV secretion dynamics (Figure 3d) [59]. This tech-
nology facilitates a thorough assessment of EV secretion diversity at the single-cell level,
offering an invaluable tool to supplement existing single-cell analysis and EV research.
Afterwards, they applied this platform to analyze the characteristic spectra of paired
neuronal-microglial and neuronal-astrocyte single-cells in the human cell lineage. These
results provide a basis for exploring how neurons and immune cells interact through
complex secretion networks [71].

While fluorescence technology utilizing microfluidic techniques has been successfully
employed in EV detection, offering commendable accuracy and high sensitivity, it is not
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without its drawbacks. Some issues still remain, including the intricate preparation of
fluorescence labels and the occurrence of spectral interference. This interference encom-
passes background interference and spectral overlap issues, along with the phenomenon of
photobleaching in fluorescent molecules. The resolution of these issues will contribute to
enhancing the accuracy of fluorescence detection of EVs.

3.2. Visualization Detection

In recent years, the method of detecting EVs through microfluidic technology using
the colorimetric method has undergone significant development and has simplified the
equipment [34]. Visualization detection relies on the changes that can be observed by naked
eyes, such as color changes within the detection system, which occur as a result of chemical
or biochemical interactions between specific target analytes and colorimetric probes. One
significant advantage of visualization assays is their independence from bulky off-chip
detection systems. Consequently, visualization detection has garnered growing interest in
biomedical research, particularly for disease diagnosis, owing to its distinct advantages in
EV detection [70].

For instance, Chen et al. introduced a traditional colorimetric technique to detect EVs
using a 3-D scaffold chip [72]. They proposed a ZnO nanowire-coated 3D scaffold chip
device for effective immune capture and classical visual and colorimetric detection of EVs.
In the work by Di et al., a rapid analysis method was introduced, utilizing nano-enzyme-
assisted immunosorbent assays, eliminating the need for antibody detection [73]. The
approach involved the immobilization of nanoparticles on the phospholipid membrane
of exosomes, followed by the addition of chromogenic agents. For another, Jiang’s group
developed a sensor platform that can visually analyze EV surface proteins in minutes.
The sensor consists of a gold nanoparticle (AuNP) and a set of aptamers [74]. In addition,
Ko et al. engineered a photofluidic platform powered by smartphones to quantify brain-
derived exosomes. This innovative chip enables rapid processing, delivering results within
one hour, which is ten-fold quicker than conventional methods. The device boasts a
detection limit of approximately 10” exosomes/mL [75]. Utilizing enzyme amplification, it
can detect exosome biomarkers, with results easily read through a smartphone camera.

Although many researchers have made incredible progress in the field of visualization
detection methods, which can rapidly detect a wide range of biomolecules, from infectious
disease-related protein biomarkers to glucose and nucleic acids, the extensive application
of visualization detection is limited. It is mainly used in underdeveloped regions, and low
sensitivity is its major drawback.

3.3. Electrochemical Detection

Electrochemical methods transfer the signals of EV recognition to electrochemical
signals, such as voltage, current, and resistance [76]. Microfluidic-based electrochemical
techniques have attracted great attention in EV detection due to their broad detection range,
high sensitivity, and specificity.

Electrochemical methods are usually used to profile EV surface proteins. For exam-
ple, Akagi et al. presented an on-chip immunoelectrophoresis method for EV protein
expression analysis based on the different positive charges on the EV surface caused by
antibody binding [77]. Moreover, Akagi et al. found that exosomes from different cells had
differential zeta potential. Thus, they developed an electrophoresis apparatus for tracking
individual exosomes [78]. Moreover, Akagi et al. developed an on-chip microcapillary elec-
trophoresis (LCE) system to detect the zeta potential distribution of exosomes from normal
cells and prostate cancer cells [79]. They found that the huge negative charge of cancer
exosomes was due to abundant sialic acids. Currently, affinity ligands are usually modified
on microfluidic chips for EV capture. Then, the electrochemically responsive molecules
were triggered to cause a change in electrochemical signals. To date, great efforts have
been devoted to introducing various signal production and amplification strategies, such
as metal nanoparticles, tetrahedral DNA nanostructures (TDNs), and nucleic acid-based
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amplification analysis, to electrochemical biosensors for EV detection. For example, Wang
et al. have developed a new filter electrochemical microfluidic chip (FEMC) that integrates
on-chip separation and in situ surface protein electrochemical analysis of exosomes in the
whole blood of breast cancer patients [80]. In this system, zirconium-based metal-organic
frameworks (Zr-MOFs) loaded with numerous electroactive methylene blue molecules
(Zr-MOFMB@UiO-66) were attached to exosomes collected on electrode surfaces, leading
to the amplification of electrical signals. The entire FEMC assay took 1 h to complete,
enabling timely and more informed opportunities for the diagnosis of breast cancer. To
highly sensitively detect colorectal cancer exosomes, a microfluidic electrochemical biosens-
ing platform based on TDN-based signal amplification was constructed (Figure 4a) [81].
TDNs, including the EpCAM aptamer, were immobilized on Au nanoparticles (AuNPs) as
a recognition element to harvest the exosomes. Then, the AuNPs had an obvious catalytic
effect on the redox reaction of ferricyanide, enabling electrochemical detection. The plat-
form had a broad measurement range (50-10° particles/pL) and a low limit of detection
(42 particles/pL).
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Figure 4. Microfluidic-based electrochemical detection: (a) TDN-based microfluidic electrochemical
biosensing platform for exosome analysis. Reproduced from Ref. [81]. (b) Schematic diagram of the
ExoPCD chip. Reproduced from Ref. [82]. (c) Hemin/G-quadruplex-assisted signal amplification.
Reproduced from Ref. [83]. (d) Electrochemical micro-aptasensors based on HCR for exosome
detection. Reproduced from Ref. [84].

Moreover, an increasing number of nucleic acid amplification methods have been
employed in electrochemical biosensors. Xu et al. proposed a two-stage microfluidic
platform (ExoPCD-chip) for the electrochemical analysis of hepatocellular exosomes in
serum (Figure 4b) [82]. Particularly, exosomes captured by electrochemical aptasensors
with a CD63 aptamer led to the accumulation of the hemin/G-quadruplex. This com-
plex could function as a NADH oxidase and horseradish peroxidase (HRP)-mimicking
DNAzyme simultaneously. Thus, the freshly formed H,O, by NADH oxidation could
be continuously catalyzed, accompanied by significant signal enhancement. Moreover, a
staggered Y-shaped micropillar mixing pattern was introduced to create an anisotropic
flow without any surface modification to improve exosome enrichment efficiency. Due to
their flexible programmability, aptamers are easily engineered for signal amplification to
improve EV detection sensitivity. For example, a hemin/G-quadruplex system and rolling
circle amplification (RCA) were combined in an aptasensor for the selective and sensitive
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detection of gastric cancer exosomes (Figure 4c) [83]. RCA is recognized as a nucleic acid
amplification analysis that can be performed at room temperature to preserve the integrity
of exosomes. In addition, Zhang et al. designed a remarkably selective electrochemical
micro-aptasensor with a detection limit of 5 x 10% exosomes/mL by integrating a micropat-
terned electrochemical aptasensor and a signal amplification strategy of hybridization
chain reaction (HCR) (Figure 4d) [84]. Biotin-labeled HCR products were used to bind
specifically to enriched exosomes, utilizing EpCAM aptamers as a bridge. This was fol-
lowed by the attachment of multiple avidin-HRPs, producing a current signal through the
enzyme reaction. Moreover, the proposed aptasensor was effective in discriminating serum
samples from early-stage lung cancer patients and late-stage patients, indicating significant
promise for early cancer diagnosis.

To sum up, electrochemistry proves highly suitable for EV analysis within an inte-
grated microfluidic chip, offering a multitude of advantages. Furthermore, no require-
ments for optical transparency expand the choice of materials in electrochemical response.
However, contamination and changes in pH, temperature, and ionic concentration often
influence the lifetimes of electrodes, which needs to be addressed [85]. So far, only a
limited number of microfluidic devices incorporated with electrochemical techniques have
been developed for EV detection. We believe that there will be a growing number of
microfluidic devices combined with electrochemical detection as a promising means for
point-of-care diagnostics.

3.4. Surface-Enhanced Raman Spectroscopy (SERS)

Surface-enhanced Raman spectroscopy (SERS) effectively generates spectra on certain
metal surfaces, providing vibrational and rotational energy information about molecules,
which is reflected in spectral peaks used to specifically identify molecules [85]. However,
SERS measurements present significant challenges to reproducibility and sensitivity [86].
In this aspect, microfluidic surface-enhanced Raman spectroscopy (MF-SERS) is making
progress in resolving some significant and previously insurmountable issues and limitations
of SERS detection to some extent, thus improving detection capability and extending its
application [87]. Through the utilization of high-throughput nanosurface microfluidics
control technology and unique fingerprint identification, precise testing of ultra-small
populations of biochemical particles such as cancer EVs is made possible.

In efforts to amplify Raman signals from cancer-derived EVs, Mahsa et al. developed
a nanosurface fluidic device for label-free, non-immunological SERS detection of EVs.
This device effectively distinguished the SERS fingerprint of EVs from noncancerous glial
cells (NHA) and two subpopulations of the GBM EVs (i.e., U87 and U373). The sample
solution flowed from the input ports to the serpentine analysis channels (50 x 250 pm?)
to achieve a single-layer distribution of EVs on the nanosurface. At the same time, metal
nanomaterials with SERS activity formed a hexagonal nanoscale triangular array, with each
of the two triangles forming a bowtie structure with a suspended gap region area to amplify
the EM field enhancement, with an electromagnetic field enhancement factor of 9 x 10°
(Figure 5a) [88]. In addition to the above-mentioned label-free microfluidic Raman chip,
Wang et al. developed a new one with immunoassays for quickly and sensitively detecting
the exosomes (Figure 3b) [89]. Hybrid channels of triangular column arrays were used to
enrich CD63-positive exosomes and were fixed in the Raman detection region. EpCAM-
labeled Raman beads with high densities of nitrile were used as probes for detection, and
the detection limit was 1.6 x 102 particles per mL with 20 uL samples.
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Figure 5. Microfluidic-based SERS detection. (a) Spatially suspended nanobowtie surface microfluidic
device for SERS detection of EVs. Reproduced from Ref. [88]. (b) Microfluidic Raman chip for
exosome capture and detection. Reproduced from Ref. [89]. (c) EV phenotyping by EPAC. Four colors
represent four biomarkers: MCSP-MBA, red; MCAM-TFMBA, blue; ErbB3-DTNB, green; LNGFR-
MPY, yellow. Reproduced from Ref. [90].

Various biomarkers can indicate diverse biological functions, making it significant to
detect multiple exogenous biomarkers. Han et al. proposed a microfluidic-based SERS
detection technique for profiling numerous exosomal biomarkers to diagnose osteosar-
coma. Gold nanoparticles labeled with SERS tags can selectively bind to exosomes using
specific antibodies in samples, forming exosome immunocomplexes. A microfluidic chip,
comprising two symmetrical polydimethylsiloxane (PDMS) layers and a nanoporous poly-
carbonate track-etched (PCTE) membrane, was employed for exosome purification [91].
Microfluidic tangential flow filtration effectively eliminated plasma biomolecules and
free SERS tags while enriching exosome immunocomplexes on the membrane for in situ
SERS analysis [91,92]. Herein, Wang et al. also showcased a multiplex EV phenotype
analyzer chip (EPAC). EPAC integrates a nanomixing-enhanced microchip and a multiplex
surface-enhanced Raman scattering (SERS) nanotag system for direct EV phenotyping
(Figure 5c) [90]. They observed the EV phenotypic heterogeneity and longitudinally moni-
tored the EV phenotypic evolution, finding specific EV profiles involved in the development
of drug resistance and the potential of EV phenotyping for monitoring treatment responses.
Thus, the microfluidic-based SERS detection method offers great potential for the detection
of external vesicles and cancer diagnosis.

4. Conclusions and Perspectives

EVs are intricately linked to numerous physiological processes as well as the onset and
progression of diseases. Efficient EV isolation methods and sensitive EV detection methods
will help to improve the understanding of the physiological and pathological effects of EVs
and provide important support for the precision medicine of related diseases. At present,
conventional EV isolation and detection technologies still have limitations. Microfluidic-

116



Micromachines 2024, 15, 630

based methods for isolation and detection of EVs have the obvious advantages of high
integration, low consumption, fast speed, high separation efficiency, and high detection
sensitivity, which opens up new ideas and directions for the research of EVs. With the help
of microfluidic chips, the efficient isolation, enrichment, and multi-marker detection of
EVs with different sizes can be integrated into a single chip, and a more diversified clinical
detection instrument can be built.

The field of microfluidic-based EV isolation and detection is still in its infancy, and
there are still a lot of theoretical and technical problems to be solved. Therefore, the means
to achieve highly selective and accurate isolation of EVs in actual biological samples,
sensitive and selective detection of these EVs, and even the biological information carried
in them will be important topics in the study of EVs based on microfluidic chips. With the
development of technology and in-depth research, the isolation and analysis of individual
EVs can be realized by the microfluidic method, and commercial EV chips are also expected
to be applied in clinical practice.

In this article, the existing methods of microfluidic-based EV isolation and analysis are
reviewed. Compared with traditional ultracentrifugation, ultrafiltration, immunocapture,
and co-precipitation, microfluidic chips are smaller and more flexible, and microfluidic
immunoaffinity methods can isolate high-purity EVs with strong specificity. The isolation
methods based on the physical characteristics of EVs do not need to add expensive reagents
such as antigens and antibodies. Therefore, the cost is low, and the isolation process will
not cause contamination, which is conducive to downstream analysis. Microfluidic-based
EV analysis methods have the advantages of fast analysis speed, high throughput, and low
reagent consumption, which can meet the needs of rapid detection of EVs in a large number
of clinical samples. Therefore, microfluidic technology has significant advantages in the
isolation of EVs in a small number of clinical samples and the rapid estimation of diseases.

Despite the significant advancements in microfluidics-based capturing and detection
technologies for EV analysis, several challenges remain to be addressed. One of the primary
challenges is the standardization of isolation and detection protocols to ensure consistency
and reliability across different platforms and laboratories. Variability in sample preparation,
device design, and operating conditions can lead to inconsistent results and hinder the
reproducibility of findings. Therefore, efforts are needed to establish standardized protocols
and quality control measures to facilitate the comparison and validation of results obtained
from different microfluidic-based platforms.

Another challenge is the optimization of microfluidic devices for the analysis of specific
EV subpopulations or cargo molecules. EVs exhibit heterogeneity in size, surface markers,
and cargo content, which necessitates the development of tailored microfluidic devices
capable of selectively capturing and analyzing desired EV subtypes. Furthermore, the
integration of multiplexed detection modalities into microfluidic platforms would enable
comprehensive profiling of EVs, facilitating the discovery of novel biomarkers and the
elucidation of disease mechanisms.

In addition to technical challenges, the translation of microfluidic-based EV analysis
from research laboratories to clinical settings requires overcoming regulatory and commer-
cialization hurdles. Regulatory agencies, such as the Food and Drug Administration (FDA),
require rigorous validation of diagnostic assays and devices to ensure their safety and effi-
cacy for clinical use. Moreover, the scalability and cost-effectiveness of microfluidic-based
platforms need to be optimized to enable widespread adoption in clinical diagnostics and
personalized medicine.

In recent years, with the rapid development of micro/nano manufacturing, new mate-
rials, and information technology, the design of microfluidic chips and the performance
of supporting devices have been further improved. It is mainly reflected in (1) the devel-
opment of precision manufacturing technology, making it possible to integrate multiple
EV isolation methods and realize the integration of EV isolation and detection on one
chip; (2) by combining the chips and portable detection equipment, a miniaturized EV
microfluidic isolation and analysis platform is constructed to realize the rapid detection

117



Micromachines 2024, 15, 630

of EVs and greatly expand its application space. With the miniaturization, integration,
and automation of microfluidic EV isolation and analysis devices, microfluidic technol-
ogy will play an increasingly important role in EV isolation, biochemical detection, and
mechanism research.

In conclusion, microfluidics-based capturing and detection technologies offer pow-
erful tools for the isolation, characterization, and analysis of extracellular vesicles. These
technologies leverage precise fluid manipulation at the microscale level to enable rapid,
efficient, and high-throughput analysis of EVs from complex biological samples. De-
spite remaining challenges in standardization, optimization, and translation to clinical
applications, ongoing research efforts are poised to overcome these hurdles and unlock
the full potential of microfluidic-based EV analysis in disease diagnosis, prognosis, and
therapeutics. With continued innovation and collaboration across interdisciplinary fields,
microfluidics-based EV analysis holds promise for revolutionizing personalized medicine
and improving patient outcomes.
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Abstract: Liquid-like surfaces have demonstrated immense potential in their ability to resist cell
adhesion, a critical requirement for numerous applications across various domains. However,
the conventional methodologies for preparing liquid-like surfaces often entail a complex multi-
step polymer brush modification process, which is not only time-consuming but also presents
significant challenges. In this work, we developed a single-cycle polymer brush modification strategy
to build liquid-like surfaces by leveraging high-molecular-weight bis(3-aminopropyl)-terminated
polydimethylsiloxane, which significantly simplifies the preparation process. The resultant liquid-like
surface is endowed with exceptional slipperiness, effectively inhibiting bacterial colonization and
diminishing the adherence of platelets. Moreover, it offers promising implications for reducing the
dependency on anticoagulants in microfluidic systems constructed from PDMS, all while sustaining
its antithrombotic attributes.

Keywords: liquid-like surface; slippery; antifouling; microfluidics

1. Introduction

Recent advancements in polydimethylsiloxane (PDMS)-based microfluidics have
significantly transformed various fields, including biomedical engineering, chemical anal-
ysis, and materials science [1-6]. Central to the performance and functionality of these
microfluidic systems is the interface, which plays a critical role in determining device
efficiency [7,8]. A major challenge in microfluidics is fouling [9-11], which can severely
impact system reliability and efficiency. This issue is particularly pronounced in in vitro
blood testing, where the non-specific adhesion of non-target cells can compromise the sub-
sequent cell analysis and identification [12]. Additionally, the use of soluble anticoagulant
drugs, such as heparin, during detection processes can alter the biological characteristics
of target cells, potentially affecting cell viability and protein expression [13,14]. Conse-
quently, developing PDMS-based microfluidic chips with effective antifouling properties is
of paramount importance.

To address the challenges of fouling in microfluidic systems, researchers have explored
various antifouling strategies, including solid surface design [15,16] and liquid surface
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design [17,18]. Solid surface design involves techniques such as superhydrophobic or
superoleophobic coatings, which create a physical barrier against cell adhesion [19,20]. This
barrier reduces the likelihood of direct interactions between cells and the surface, thereby
minimizing cellular attachment. However, the complex nanostructures required for these
coatings can complicate their integration into microfluidic chips. In contrast, liquid surface
design entails applying functional liquids to PDMS surfaces, creating extremely slippery
interfaces that reduce cell adhesion [21,22]. This approach offers several advantages,
including resistance to bacterial colonization, decreased macrophage penetration, and
a reduced inflammatory response. Despite these benefits, liquid surface designs face
challenges such as potential depletion and instability due to the inherent mobility of the
liquid [23]. These limitations affect the practical application of both solid and liquid surface
designs in achieving effective antifouling properties in PDMS-based microfluidic chips.

Recent research has underscored the exceptional properties of flexible polymer brushes,
particularly bis (3-aminopropyl)-terminated PDMS (uPDMS), which exhibits an extraordi-
narily low glass transition temperature [1,24]. The chemical bonds within these brushes
exhibit a notably low rotational conformation transition energy barrier, comparable to the
energy present in thermal motion [25]. This characteristic endows pnPDMS brushes with
remarkable mobility at room temperature, resulting in a distinctly slippery “liquid-like”
behavior. Such liquid-like surfaces have demonstrated considerable potential in various ap-
plications, including lossless or directional liquid transfer [26], resistance to fouling [25,27],
and anti-icing [28] properties. In our recent work, we introduced a liquid-like surface
functionalization strategy by grafting uPDMS in green solvent, which not only effectively
resists cell adhesion but also exhibits superior biocompatibility, and realizes high-purity and
high-efficiency circulating tumor cell (CTC) isolation in PDMS-based microfluidic chips [1].
However, the conventional preparation of this surface typically requires a multi-step modi-
fication process, which is both time-consuming and complex. Therefore, there is an urgent
need to develop simplified methods to expedite the functionalization process, which is
crucial for advancing the use of liquid-like surfaces in PDMS-based microfluidic systems.

In this paper, we established the rapid, liquid-like interfacial modification of PDMS
surfaces by the single-cycle grafting of high-molecular-weight uPDMS brushes. The sliding
performance of the modification process was better than the liquid-like surfaces with a
four-cycle grafting of low-molecular-weight uPDMS brushes, demonstrating rapid and
efficient functionalization. The flexibility of the modified pPDMS endow the liquid-like
surfaces with an excellent antifouling performance for bacteria, platelets, and blood cells.
Finally, we introduced the liquid-like interfacial design in the PDMS microfluidic channels
and demonstrated its application prospects in anticoagulation.

2. Materials and Methods

The quartz crystals were obtained from Jiaxing Crystal Electronics Co. (Jiaxing, China).
uPDMS with the molecular weights of 27,000 and 2500, N,N’-disuccinimidyl carbonate
(DSC), and 3-aminopropyl triethoxysilane (APTES) were purchased from Sigma-Aldrich
(St. Louis, MI, USA). Deionized water with a resistivity of 18.2 M(Q)-cm was obtained from
a Milli-Q system.

The ethanol solutions of DSC (1 ug mL~!) and pnPDMS (molecular weight of 27,000,
1 pg mL~!) were prepared for the grafting of liquid-like polymer chains. The amino-
functionalized substrates were immersed in the DSC ethanol solution for 60 min at room
temperature, followed by rinsing with ethanol and rapid washing. Subsequently, the
substrates were immersed in the pfPDMS ethanol solution for an additional 60 min at room
temperature, rinsed with ethanol, and then dried with compressed air. This process was
repeated for several cycles when using the uPDMS with a molecular weight of 2500, and
the concentration of the reactants and reaction conditions were without change.

For preparing the liquid-like surface-modified microfluidic inner surface, PDMS
(Sylgard 184, Dow Corning Corporation (Midland, AL, USA), mixed at 10:1 base/ cross-
linker ratio) is first cast into single-channel molds and cured at 80 °C for 3 h. Subsequently,
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the PDMS was peeled off from the molds. The PDMS and the glass slide were treated
with oxygen plasma to form silanol groups on the surface. Then, they were sequentially
immersed in the ethanol solutions of APTES, DSC, and uPDMS and reacted at room
temperature for 60 min. Finally, the PDMS and the glass slide were fixed together using
dovetail clips to form the liquid-like surface-modified PDMS-based microfluidic chips.

The slippery property of the surface was measured by the tilted plate method. Briefly,
a 10 pL blood droplet was placed on the surface. Subsequently, the surface was tilted
relative to the horizontal plane until the blood droplet began to roll off the surface. The
inclined angle can be considered the blood droplet sliding angle.

The density of amine groups on the samples was quantified using the acid orange II
(AO II) colorimetric method [29]. In this procedure, the samples were first immersed in
an aqueous solution of AO II at pH 4.0 for 4 h to enable reaction with the amine groups.
Following this, the samples were thoroughly washed with a pH 4.0 aqueous hydrochloric
acid solution to remove any unreacted AO II. Subsequently, the AO II bound to the samples
was eluted using 200 uL of a sodium hydroxide solution at pH 11.0. The amount of
eluted AO II was then measured by fluorescence spectroscopy, with excitation at 485 nm
and emission at 520 nm, utilizing a Molecular Devices SpectraMax ID5 (San Jose, CA,
USA). The amine group density was calculated by comparing the fluorescence data to a
standard curve.

The amount of uPDMS grafted onto the surface was monitored using a Quartz Crystal
Microbalance with Dissipation (QCM-D, Stockholm, Sweden). Initially, gold-coated quartz
crystals were functionalized with DSC; subsequently, an ethanol solution of uPDMS was
injected into the same cell. All the measurements were performed at room temperature to
ensure consistent conditions throughout the experiment.

The chemical composition of the liquid-like polymer layer was analyzed using X-
ray photoelectron spectroscopy (XPS). The measurements were performed with a PHI
Quantum 2000 Scanning ESCA Microprobe (Physical Electronics, Eden Prairie, MN, USA),
equipped with a monochromatic Al K« X-ray source (1486.6 eV), operating at 15 kV and 35
W under a vacuum pressure of 5 x 1077 Pa. The carbon peak at 284.4 eV was used as the
reference for charge calibration.

The antibacterial activity of the liquid-like surface was assessed following the ISO
22196:2011 standard [30]. Staphylococcus aureus and Escherichia coli were precultured and
diluted to 1/500 and 1/100, respectively, with nutrient broth to obtain a test inoculum
with a concentration of approximately 6 x 10° cells mL~!. On a sterile bench, sterilized
PDMS plates were placed in a 24-well plate, and 100 pL of the diluted bacterial solution
was added dropwise to the surface of each sample. Then, a clean PE film (Wuxi City, China)
was used to cover the samples, which were then incubated in a 37 °C incubator for 24 h.
Subsequently, a pipette was used to repeatedly pipette to completely detach the bacteria
from the PDMS and the PE film. Finally, 100 uL of bacterial solution was drawn and evenly
coated on the previously solidified solid medium and incubated at 37 °C for 24 h.

A dose of 10 U/mL heparin was added to fresh whole blood obtained from a volun-
teer. This heparinized blood was then applied to the sample surfaces and incubated for
1 h. Following incubation, the adherent blood cells were fixed with 2.5% glutaraldehyde
solution at 4 °C for 2 h. The morphology of the adhered blood cells was subsequently
examined using a scanning electron microscope (SEM, Hitachi S-2400, Tokyo, Japan).

Fresh whole blood, containing heparin at a concentration of 0.25 U/mL, was injected
into the microfluidic chip at a flow rate of 0.1 mL/h. After allowing for 2 h, the PDMS and
glass slide were removed, and the adherent blood cells on the chip were fixed with 2.5%
glutaraldehyde solution at 4 °C for 2 h. The morphology of the adhered blood cells was
then analyzed using a scanning electron microscope (SEM, Hitachi 5-2400, Tokyo, Japan).

The data were expressed as mean =+ standard deviation (SD), and all the experiments
were repeated 3 times (mean £ SD, n = 3).
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3. Results

The schematic of the grafting process of the uPDMS for preparing liquid-like surfaces
is illustrated in Figure 1a. The utilization of high-molecular-weight uPDMS facilitates a
rapid functionalization process through a single-cycle modification approach. In contrast,
employing low-molecular-weight pPDMS necessitates a multi-cycle modification process
involving several reaction steps, thereby extending the overall preparation time for the
liquid-like surfaces.
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Figure 1. (a) The schematic of the preparation processes for liquid-like surfaces from the single-cycle
grafting of high-molecular-weight uPDMS and multi-cycle grafting of low-molecular-weight uPDMS.
The grass green hollow spheres denote DSC molecules, and the blue solid spheres represent uPDMS
molecules. (b) The involved chemical reactions during the grafting of DSC and uPDMS on the
APTES-modified PDMS surface. (c) The sliding angles of a 10 L blood droplet on the liquid-like
surfaces prepared from the single-cycle grafting of high-molecular-weight fPDMS, and 0-4 cycle
grafting of low-molecular-weight yPDMS (mean =+ SD, n = 3).

Figure 1b shows the chemical reaction that occurs in the single-cycle modification
process for constructing the liquid-like surface. Initially, a monolayer of amino groups
is grafted onto the PDMS surface via oxygen plasma treatment, followed by immersion
in an ethanol solution containing APTES. Subsequently, the amino-modified surface is
treated with an ethanol solution of DSC and uPDMS, facilitating the formation of liquid-like
polymer chains. This process involves a ring-opening reaction between the succinimide
groups and the amino groups on the PDMS surface [31]. This straightforward modifica-
tion process enables the rapid functionalization of the liquid-like surface within a single
processing cycle.

The pPDMS polymer brushes modified on the PDMS surface exhibit high mobility
at room temperature due to their extremely low glass transition temperature, resulting
in a highly melted state that imparts a liquid-like slippery property. To characterize
this property, we measured the sliding angle of blood droplets (10 puL) on the liquid-like
surfaces prepared from both the pyPDMS with high and low molecular weight. As shown
in Figure 1c, the blood droplet has a sliding angle of only 14.6° on liquid-like surfaces
prepared through the single-cycle grafting of high-molecular-weight yPDMS. In contrast,
the liquid-like surfaces modified from the single-cycle grafting of low-molecular-weight
uPDMS exhibit a sliding angle of 30.3°. Increasing the grafting cycles of the low-molecular-
weight uPDMS to four resulted in the reduction in the sliding angle to 17.7°. Thus, using
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the high-molecular-weight uPDMS allows for the rapid functionalization of the liquid-like
surface, providing superior slipperiness and enhancing the antifouling performance.

The change in amino density on the PDMS surface offers a precise method for monitor-
ing the reaction process during modification. As shown in Figure 2a, after the modification
of DSC for 60 min, the surface amino density decreased from 6.72 nmol cm ™2 to a min-
imum of 0.68 nmol cm~2. Following the subsequent uPDMS modification for the same
duration, the amino density nearly recovered to its original value (6.61 nmol cm~2), in-
dicating a relatively complete reaction and justifying the choice of 60 min as the optimal
reaction time. To further quantify uPDMS grafting, we employed QCM-D for a single-cycle
modification of 60 min. As shown in Figure 2b, the quantification results reveal that the
high-molecular-weight uPDMS achieved a grafting amount of 433.6 ng cm 2, whereas the
low-molecular-weight uPDMS was only 45.3 ng cm 2, approximately 10% of the former.
This suggests successful uPDMS modification and demonstrates that the high-molecular-
weight uPDMS yields longer polymer brushes within the same time frame. Long enough
chains for the polymer brushes are one of the essential conditions for the construction
of liquid-like surfaces. Therefore, the utilization of uPDMS with high molecular weight
enables the rapid functionalization of the liquid-like surfaces. The surfaces” chemical
properties after each modification step were confirmed using XPS. For the PDMS modified
with APTES, the high-resolution Cl1s spectrum could be fit into the peaks of C-H at 284.9
eV and C-N at 285.3 eV. After being modified with DSC, the characteristic peak of C=0O at
287.8 eV appeared, which provided evidence of successful modification with DSC. Finally,
when pPDMS modified PDMS, the characteristic peak of C-5i at 282.4 eV appeared, which

served as evidence of successful modification by uPDMS chains (Figure 2c).
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Figure 2. Physicochemical characterizations during the modification processes of liquid-like surfaces.

(a) The amount of amine groups was determined by the acid orange method during the DSC and

uPDMS grafting of 60 min. (b) The amount of pPDMS on the liquid-like surfaces prepared from the

one-cycle grafting of high- and low-molecular-weight yPDMS (mean =+ SD, n = 3). (c) The fitting
curve of the peaks of Cls of XPS measurement before and after the modification of DSC and pPDMS.

127



Micromachines 2024, 15, 1241

Bacteria—material interactions are critical for applications requiring prolonged cellular
proliferation in situ on the PDMS surface, as they may lead to bacterial adhesion and the
formation of continuous bacterial biofilms [32], potentially compromising experimental
accuracy [33]. The high flexibility of uPDMS imparts a liquid-like surface with reduced
non-specific interaction forces for bacteria. This property renders the liquid-like surfaces
highly promising for antibacterial applications. To assess these properties, we tested the
interactions with Staphylococcus aureus and Escherichia coli as representative bacterial strains.
As shown in Figure 3a, the solid surface is covered with a high density of bacterial colonies.
In contrast, as depicted in Figure 3b, the colony density in the medium corresponding to the
liquid-like surface is significantly lower than that corresponding to the solid surface. These
findings indicate that the liquid-like surface possesses excellent antibacterial properties.
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Figure 3. Colonization photographs of Staphylococcus aureus and Escherichia coli on (a) the solid surface
and (b) the liquid-like surface.

Blood cell-material interactions are pivotal in applications involving blood contact
with PDMS-based materials, as they can lead to platelet adhesion and the subsequent throm-
bus formation [34-36]. Notably, the liquid-like surface has shown reduced interactions
with platelets due to the flexible nature of pPDMS, suggesting a potential for minimizing
platelet adhesion. To evaluate this, we conducted whole blood adhesion experiments to
compare platelet adhesion on solid and liquid-like surfaces. As depicted in the SEM images
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in Figure 4a, a significant number of highly activated platelets adhere to the solid surfaces.
In contrast, only a minimal quantity of platelets was observed on the liquid-like surfaces,
indicating a substantial reduction in the non-specific platelet adhesion. The liquid-like
surfaces, resembling a smooth and slippery surface, effectively repel platelets, preventing
their easy adherence. Statistical analysis further demonstrates that platelet adhesion on the
liquid-like surface was only 3% of that observed on the solid surfaces (Figure 4b).
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Figure 4. Adhesion of blood cells on solid and liquid-like surfaces. (a) SEM characterizations; (b) the
number of adhered blood cells on both surfaces (mean =+ SD, n = 3).

The liquid-like surface not only reduces blood cell adhesion but also has the potential
to decrease the reliance on anticoagulants, such as heparin, in PDMS-based microfluidic
devices. This capability helps maintain high cell viability for target cells. In this study,
we used dovetail clips to fix the PDMS and the glass slide together to form the closed
microchannels of the PDMS-based microfluidic chips (Figure 5a), reducing anticoagulant
use while preventing blood cell adhesion. To simulate a complex physiological environment
in vivo, fresh human blood with a low dose of heparin (0.25 U/mL) was introduced into the
microfluidic chip to evaluate its anticoagulant performance. The SEM analysis revealed that
the liquid-like surface significantly inhibited thrombus formation on its surface. In contrast,
the solid surfaces exhibited severe clot formation, including activated platelets, red blood
cells, and cross-linked fibrin (Figure 5b). The formation of thrombus may be attributed not
only to the low dose of heparin but also to the low flow rate, as the low flow rate generates
a small shear force that increases the adhesion of blood cells, thus contributing to thrombus
formation [1]. On the liquid-like surface, only a few platelets in a resting, non-activated
state were detected (Figure 5c). Thus, the liquid-like interfacial design in a PDMS-based
microfluidic device can effectively reduce the need for anticoagulants while preserving
antithrombotic properties.
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Figure 5. (a) Schematics of a closed microfluidic chip formed by fixing the PDMS and the glass
slide together with dovetail clips and an image of the microfluidic chip after injection. Arrow shows
the flow direction. The overall (left) and locally magnified views (right) of the SEM images of the
microfluidic channels with (b) solid and (c) liquid-like interfacial design after the injection of fresh
human blood.

4. Discussion

This work proposes a rapid construction method for liquid-like surfaces via single-
cycle polymer brush grafting for enhanced antifouling in microfluidic systems. One
advantage is that the modification strategy for rapidly constructing liquid-like surfaces
is universal. The grafting process involves a ring-opening reaction between succinimide
groups and amino groups on the glass surface. For materials, whether organic or inorganic,
if there are amino groups on the surface, the liquid-like surface can be successfully modified.
Another advantage is that ethanol is used as a green solvent to construct the liquid-like
surface by grafting uPDMS. This strategy not only effectively resists cell adhesion but also
exhibits superior biocompatibility.

This work not only broadens the versatility of liquid-like surfaces but also lays the
foundation for future exploration in a wide range of biomedical applications. For instance,
in biosensors, the liquid-like surfaces can improve sensitivity and accuracy by minimizing
fouling. Future research could focus on optimizing the grafting process for different
materials and applications, exploring the long-term stability and durability of the liquid-
like surfaces, and investigating their performance in complex biological environments. This
will further expand the applicability of this innovative approach in the biomedical field.

5. Conclusions

This study reports a rapid liquid-like surface functionalization strategy by the single-
cycle grafting of high-molecular-weight uPDMS on the PDMS surfaces. The incorporation
of this liquid-like surface imparts several advantageous properties to the PDMS, including
a low sliding angle for blood droplets, excellent antibacterial characteristics, and reduced
platelet adhesion. Additionally, the liquid-like surface improves PDMS-based microfluidics
by not only diminishing blood cell adhesion and thrombus formation but also minimizing
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the requirement for heparin. Looking ahead, the liquid-like surfaces, which feature amino
groups, offer the potential for further chemical modification or functionalization. For
example, it allows for the grafting of specific ligands targeting the epithelial cell adhesion
molecule, facilitating the capture of target cells while minimizing non-specific blood cell
adhesion. This suggests that the liquid-like surface holds considerable promise for ap-
plications in cellular analysis and the assessment of gene or protein expression levels in
target cells.
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Abstract: Fiber extractors, as process-intensified equipment, facilitate many applications,
such as the purification of oils. The development of high-fidelity computational models
is crucial to optimize the design. However, simulating microscale flows around tens of
thousands of microfiber arrays is computationally unfeasible. Thus, it is necessary to
identify smaller elements, consisting of only a few fibers, that can represent flow within
massively arrayed fiber extractors. This study employed computational fluid dynamics to
investigate different configurations of four-fiber elements to achieve this aim. Following
previous modeling featuring flow around only one fiber, the goal was to understand how
variations in inter-fiber distances affect the phase structures of a corn oil/water mixture, the
steady-state interfacial surface area per unit of fluid volume, and the pressure drop along
the flow direction. The study explored various total and relative flow rates and contact
angles. The research characterized the flow as semi-restricted annular, noting the influence
of neighboring fibers on phase complexity. The inter-fiber distance played a crucial role
in generating high interfacial areas and reducing pressure. The chaotic nature of the slug
interfaces facilitated intermixing between flows along different fibers. Interestingly, the
specific interfacial area reached an optimum when the inter-fiber distance was between
10 and 50 pum.

Keywords: process intensification; advanced manufacturing; microfluidic; immiscible flow

1. Introduction

Bioprocessing relies significantly on purification processes, one of which is lig-
uid/liquid extraction (one example: aqueous two-phase extraction for high-value phar-
maceuticals) [1-8]. The early development of large interfacial surface areas affects the
efficiency of such separation mechanisms. Conventional contactors such as mixer settlers,
centrifugal contactors, agitated columns, and static mixers can facilitate relatively large
interfacial areas. However, the complex hydrodynamics involved in typical contactors
create a challenge in defining the interfacial surface areas [9,10].

Microfluidic devices, such as micro-structured reactors (MSRs) [11], have emerged
as industrially viable alternatives to facilitate large interfacial surface areas, resulting in
higher energy efficiency and product purity and lower waste, as desired by the biofeedstock
process industry (example: purification of vegetable oils [7]). However, parallel processing
of microfluidic tubes is challenging due to the complexities of scaling up to commercial
throughput. Some approaches involve bundling parallel microfluidic tubes in order to

Micromachines 2025, 16, 425 https://doi.org/10.3390/mil6040425
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increase throughput; however, process control of such bundles (when scales are at thou-
sands or more of microfluidic channels operating in parallel) remains a challenge [11-13].
Bundled designs require the numbered microchannels to be separated, which makes it
complex to control and maintain the uniformity of flow and heat transfer across the device.
In addition, bundled designs demand the construction of special junctions [14,15].

Fiber extractors, FEs, have emerged as a novel and viable solution to these challenges
as they preserve the sustainable benefits of microfluidics processing while working readily
with current infrastructure for process control and scale-up [16-19]. (Note that a different
type of processing, contactors with parallel hollow fibers where fluids flow through the
fiber hollow, is being reported for areas such as carbon capture [20]. The fluid flows in these
contactors are not the same as in the present work. Flows inside a hollow fiber experience

“wall” constraints. Flows around a fiber do not experience “walls” in every direction

radially outward, thus the need for modeling.) FEs can feature ~100,000 microfibers, even
in a pipe as small as one inch in diameter. Due to massive arrays of microscale passages
forming between these fibers for the fluids to flow through, FEs can achieve high production
rates. Further, heat transfer and even electrification of a reaction become facile in process
control by using metal fibers, such as steel fibers. Ayeni et al. have provided an expanded
review of the state of the art of FE processing [21].

Designing an efficient FE requires a thorough understanding of its flow characteristics.
Previous studies have primarily concentrated on varying process parameters to examine
extraction efficiencies and overall mass transfer coefficients [22-25]. Consequently, there
is a dearth of knowledge about flow dynamics through FEs, especially regarding the
development of phase structures within these devices. Gaining this knowledge through
experimental methods is quite challenging due to the large number of microfibers in FE
devices and the difficulty in visualizing the microscale phase structures that form within
the space between these fibers [21]. An alternative approach is using computational fluid
dynamics (CFD). However, simulating multiphase flows through thousands of microscale
fibers also poses significant challenges, explaining why, to our knowledge, no multi-physics
model has ever been developed that effectively captures the unique flow characteristics
of FEs.

Simulating an entire fiber extractor (FE) containing thousands of microfibers is com-
putationally impractical. However, we can gain insights into the flow characteristics within
such devices by simulating the flow around smaller components, referred to as a (poten-
tially) representative volume element (RVE) hereafter. While these smaller simulations
may not fully represent the entire system, they can still provide valuable information about
flow along the microfibers. In a recent study, we reported a simulation of a core, one-fiber
scenario where the RVE was conceptualized as a micron-scale rectangular area with a single
50 um diameter fiber located at its center [21]. Two different materials, corn oil, and water,
flowed along this fiber through the RVE, with the fiber treated as a wetted wall and the
RVE sides functioning as symmetry planes. While the earlier one-fiber study shed light on
how the phase structures formed and interacted along a single fiber, it lacked the influence
of neighboring fibers.

Therefore, the current study builds upon that idealized one-fiber RVE [21] to include
four fibers to understand how neighboring fibers potentially influence the flow and phase
structures. Similar to the previously reported single-fiber case, this study also employs
water and corn oil feeds as the working fluids, a situation commercially relevant to biodiesel
production and vegetable oil refining. This study examines the effects of inter-fiber distance
(i.e., packing density), contact angle, and flow rate on the evolution of phase structures,
pressure drop, and specific interfacial areas. Specific interfacial surface area is a volume-
normalized surface area that facilitates a fair comparison between interfacial surface areas
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produced within various representative volume elements. Interfacial surface area can be
employed in mass transfer calculations to predict extraction efficiencies. The surface area is
also useful for designing downstream coalescence mechanisms.

This study modeled the fluid environment via a finite element method (FEM), the
details of which are presented in Section 2. The results of this computational analysis are
then presented and discussed in Section 3, followed by a series of concluding remarks and
recommendations for future work.

2. Materials and Methods, Numerical Analysis
2.1. The Configurations

Figure 1a shows a schematic of a 2D section of a fiber extractor’s vessel when packed
with arrayed fibers. The simulations reported in this study explored the flow and in-
teractions of water and oil along representative volume elements (RVEs) that include
four microfibers to take a step toward developing a better understanding of flow around
solid fibers within fiber extractors. The study employed square RVEs comprised of four
equally spaced fibers with a characteristic inter-fiber distance, “W” (Figure 1b). Another
characteristic length is the distance between the fiber’s edge and the RVE's edge, shown

“a” (Figure 1b). At the four outer edges of the RVE, symmetry conditions were ap-
phed. The inter-fiber distance was then varied across various cases using two approaches,
i.e., constant dimensions, hereafter “CD”, and constant voidage, hereafter “CV”, resulting
in inter-fiber distances ranging from 40 to 114 um and fiber diameters between 5 and 59 pum.
In all the cases studied, the fiber length was fixed at 1 cm, which was determined by the
required computational resources. The high-fidelity simulations included in this research
demanded several thousand CPU hours per case when utilizing a high-performance com-

puting cluster. The term “voidage” is used to mean the volume around the fibers inside of
the RVE available for fluid flow.

(b) (c)

Figure 1. (a) A representation of a 2D cross-section of a hypothetical fiber extractor vessel.
(b) Tessellating square-shaped RVEs containing four fibers, with W representing the inter-fiber
distance and a being one-half of W. (c) Pictorial representation of channels or pathways formed by
the fibers.

Using method “CD”, the dimensions of the RVE were held constant while changing
the diameter of the fiber from 40 to 70 um (Table 1). Consequently, the inter-fiber distance
and voidage also varied with these changes. If these variations were configured for a
hypothetical extractor with a specific vessel diameter, all cases generated using the CD
method would result in the same number of fibers (e.g., 87,700 fibers in a one-inch-diameter
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vessel, as shown in Table 1). Therefore, all scenarios created through the CD method can be
considered as belonging to the same FE, sharing the same vessel diameter and the same
number of fibers, but differing in fiber diameters and, consequently, in the dimensions of
the flow pathways that form between the fibers (Figure 1c). Note that the fluids flowing in
these pathways can intermix more with larger void space because these pathways are only
semi-restricted, i.e., touching fiber surfaces but not on all sides. Also, note that for method
“CD” to be a valid packing configuration, the four fibers had to fit inside the RVE without
touching. Therefore, an 80 um fiber diameter would be invalid. Table 1 summarizes the
different RVE geometries modeled using method CD and presents how the changes in
fiber diameter resulted in various packing densities, void percentages, fiber counts, and
inter-fiber spacings.

Table 1. Fiber packing models.

Method CD: Varied Inter-Fiber Distance by Changing Voidage and Keeping the Number of Fibers Constant
(Voidage Is the Space Between Fibers Where Fluid Flows)

Fiber Diameter (1m) Voidage Inter-Fiber Distance (um) Number of Fibers
40 0.78 36 87,700
50 0.66 26 87,700
60 0.51 15 87,700
70 0.33 5 87,700
Method CV: Varied Inter-Fiber Distance by Keeping the Voidage Constant
Fiber Diameter Voidage Inter-Fiber Distance (um) Number of Fibers
40 0.66 21 137,000
60 0.66 31 60,900
70 0.66 36 44,770
114 0.66 59 16,880

In method “CV”, on the other hand, the voidage was held constant at 66%, identical
to that of the previously studied single-fiber case [21]. Thus, the RVE's size changed when
changing fiber diameters to maintain the same voidage. Also, keeping the voidage constant
means that the fluid volume remains unchanged for various fiber diameters, although
inter-fiber distance changes. Unlike the method “CD”, this method could employ any fiber
diameter without fiber surfaces coming into contact (Table 1).

The relationship between the voidage and the inter-fiber distance is presented graph-
ically in Figure 2 for the two methods. As the voidage increased, so did the inter-fiber
distance in method “CD”, but in method “CV”, voidage was constant. Figure 2 also shows
the variation of the capillary number of the oil phase with inter-fiber distance. The capillary
number changes in the “CD” method because it depends on the fluid velocity, which
depends on the RVE area at a given constant flow rate. However, in the “CV” method,
the flow area is always constant; hence, the capillary number remains unchanged. Note
that since the fluid volume changes between some cases, we have reported all calculated
interfacial surface areas as “specific surface area” by normalizing it via the fluid volume in
the RVE. This also allowed comparing four-fiber model results to those previously reported
for the single-fiber case. To study the effects of packing density on the phase structures and
interfacial areas, models were run using the parameters provided in Table 1.
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Figure 2. Comparison of approaches to packing the fibers into the fiber reactor and inter-fiber
distances. (a) “CD” method, varying the fiber diameter but not the representative volume element
dimensions, and (b) “CV” method varying the fiber diameter and the cell dimensions for constant
voidage; (c) the voidage is plotted as a function of the inter-fiber distance; (d) effect of inter-fiber
distance on capillary number.

2.2. Domain and Boundary Conditions

The inlet boundary and initial conditions are shown in Figure 3. The two phases were
initialized by placing the fluid flows parallel to the fibers, with the oil phase in the inner
and the water phase in the outer regions. The meshing sequence was created by meshing
the inlet face with a triangular mesh and sweeping that inlet face down the entire domain.

A commercial fiber reactor for vegetable oil refining, using corn oil and water, was
used as the target application. Water is represented by the subscript “w” and corn oil by
the subscript “0”. Table 2 presents the physical properties of the corn oil and water phases.
For all studies except those for which the contact angle was the independent variable, a
wetted wall boundary condition with a contact angle of 10° was imposed on the fiber walls.
This choice was made based on Santos et al. [26], where corn o0il made a contact angle of 10°
on stainless steel in supercritical CO; applications. Symmetry boundary conditions were
imposed on the outer boundaries of the RVE. The symmetry boundary condition was a
semi-restricted flow condition discussed extensively in a previous study [21]. The velocities
of the water and corn oil entering the RVE were selected to represent the experimental
conditions for a tessellated 1-inch diameter fiber extractor vessel. Atmospheric pressure
was specified as the outlet boundary condition at the outlet of the RVE.
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Figure 3. Schematic of (a) modeling domain at the inlet of the model showing the fluid volume and
fibers, (b) meshed geometry, and (c) initial and inlet boundary conditions. Mid-planes drawn across
the fibers in (a) and (c) are used to initialize the fluid phase boundaries (¢), (d): initialized phases of
oil (red) and water (blue). The phases were initialized in a parallel manner adjacent to the fibers.

Table 2. Fluid properties and process conditions.

Density of water 1000 kg/m?
Density of corn oil 920 kg/ m3
Surface tension @ temp = 35 °C 0.0316 N/m
Flow rate of water 45-150 mL/min
Flow rate of oil 75-150 mL/min
Viscosity of water 0.001 Pa.s
Viscosity of corn oil @ temp =35 °C 0.0368 Pa.s

2.3. Governing Equations and Solution Method

The Coupled Level Set (LS)-Volume of Fluid (VOF) method has been proven suitable
for tracking the interface between the materials and their associated phases, with LS
capturing the interface and VOF modeling different phases or materials. LS-VOF also has a
track record of successfully modeling microscale flows within both laminar and turbulent
regimes [27-29]. Thus, this study simulated oil and water interactions along microfibers
using a coupled LS-VOF model provided via COMSOL Microphysics, a commercially
available CFD tool (version 5.6 (build 280), 6.0 (build 405), and 6.1 (build 357)). The level
set model solved the transport equation for the level set function ¢. The level set function
(¢) was convected along with the flow using the same velocity field specified in the laminar
flow interface. One set of the Navier-Stokes (N-S) equations was employed to solve the
velocity, pressure, and viscous force fields for both phases. The fluid properties at the
fluid—fluid interface were obtained using a weighted averaged function of the level set
variable. The LS-VOF setup was identical to that used by the authors in their previous
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study of flow along a single microfiber [21], with the difference being that the present study
explores water—oil interactions along four equidistant fibers, which would not affect the
formulation of the governing equations and the numerical models applied to solve them.
The specific equations are shown in detail in Supplemental Information.

2.4. Mesh Studies

The computational domain was discretized using a free tetrahedral mesh with a
maximum element size of 10.9 um, giving a total of 392,128 elements. Using the finite
element method, the transient partial differential equations were converted to ordinary
differential equations, and then from there, the temporal derivatives were discretized using
the implicit Backward Differentiation Formula with a maximum order of 2 using a free time
stepping scheme, resulting in Difference Algebraic Equations (DAEs). The average time
step At used was about 100 us. A linear iterative solver was employed to solve the DAEs
iteratively until convergence was obtained. The convergence criterion was the relative
tolerance and set at a value of 0.01. The model was run for 5 s with outputs printed every
0.1s.

Meshing validation was performed to verify that the results were mesh-independent.
Mesh convergence was performed for a study of the dilution of salt solution with pure
water involving one fiber in an RVE. Table 3 and Figure S3 are summaries of the different
meshing geometries modeled for mesh validation. The fine mesh and finer mesh were
quite comparable. However, since the finer mesh took much more time to converge (up to
one month), the fine mesh was employed.

Table 3. Results of meshing validation studies.

Normal Fine Finer
Number of elements 133,532 294 438 949 482
Minimum element size 39 x 1074 m 1.96 x 1074 m 7.83 x 10> m
Maximum element size 1.3 x 103 m 1.04 x 103 m 724 x 107*m
Average quality (skewness) 65.99 66.36 66.2

3. Results and Discussion

In the following analysis, we first compare the one-fiber and four-fiber model results
to understand their differences and whether a computationally simple one-fiber model is
representative. We then present the inter-fiber distance, flow rate, and contact angle effects
predicted when the neighboring fibers impact the various dependent variables such as
phase structure, specific interfacial surface area, and pressure drop.

The channels formed by the fibers enclosed in a cm-scale pipe define a new type of
pressure-driven microfluidic flow, here termed semi-restricted. Semi-restricted flow can be
scaled to very high throughput. These boundary conditions, representing constraint only
by the fiber(s) but without walls, contrast with a very new domain for microfluidics in the
current literature termed “open channel microfluidics”. Open-channel flows are recently
driven by electrophoresis, and the volumetric throughput may be enhanced by fabricating
dozens of channels in parallel [30-33]. In contrast, the semi-restricted pressure-driven flows
in FEs easily have tens of thousands of parallel channels. Thus, semi-restricted microfluidics
has some similarities with open-channel microfluidics but is scalable to the separations
and reaction needs of commodity volume production, including vegetable oil purification,
petroleum desulfurization, vaccine production, nanoparticle production and separations
for nuclear species [17,18,25,34-36]. The latter three fields are reported in the literature at
the lab scale but are not yet commercial, to the author’s knowledge. Thus, the knowledge
gap addressed here is using CFD to aid in the visualization of what types of phases
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develop in two-phase flows associated with microfluidic channels inside of FEs and how
to control the surface area for extraction using inter-fiber distance, flow rate, and wetting
or contact angle conditions. Note, however, that future work with fiber-packed modules
can readily be modified to take advantage of the enhanced selectivity allowed by reactive
fiber surfaces, such as is found in affinity chromatography (e.g., protein purification), or
electrical fields, making the need for the base case of understanding pressure-driven flows
even more compelling.

3.1. Single-Fiber Model and Four-Fiber Model Comparison

Including four fibers in the RVE instead of only one and then comparing results will
illuminate how the nearest neighbor fibers might affect the flow and phase structures. A
multi-fiber RVE also introduces the possibility of new independent variables: inter-fiber
distance and fiber diameter. A base case was established, in common with the one-fiber
model, using four 50 um fibers with an inter-fiber distance of approximately 26 um. To
restate, four of the one-fiber models were tessellated into a larger unit cell, which was then
termed the “four fiber” base case model, but with no boundary conditions inside of the
new larger unit cell. Note that there was no difference in the initial conditions between the
single- and four-fiber models. The flow rate of corn oil (Q,) in the compared cases was
equal to the flow rate of water (Qy), i.e., Qo /Qw = 1. The contact angle was 10°. Interfacial
tension was 0.0316 N/m, and the corn oil and water viscosities were 0.0368 Pa.s and 0.001
Pa.s, respectively.

The graphs in Figure 4a show the results of the interfacial areas plotted against the
total flow rate for the single- versus four-fiber cases. The insets show that the phase
structures at a select flow rate differed, indicating that neighboring fibers did affect phase
structure. Thus, radial flows must have been present in the four-fiber RVE and flows
between channels interacted and inter-mixed.

The four-fiber RVE showed a much more complex phase structure in all cases, which
could not be readily described by slugs or slug lengths, the most typical phase structure
found in the microfluidic literature. Also, the interfacial surface area increased in the
presence of the near-neighbor fiber effects. The predicted increase was not in the same
proportion as the increased fluid volume (which is theoretically four times the increase in
volume from the one-fiber RVE and shown by the dashed line in Figure 4b). In fact, the
nonlinear increase in normalized interfacial surface areas was at least 2.5 times more than
theoretical. The greater interfacial area, even normalized, was attributed to the neighboring
effect of the fibers in the four-fiber model. Thus, the channels numbering into hundreds
or thousands in an actual fiber reactor would be expected to create more complex flows
and greater specific interfacial areas than the idealized one-fiber or even four-fiber RVE.
Massingill et al. [18] and Kim et al. [19] confirm these predictions. The complexity of
attaining static equilibrium by spontaneous imbibition on a set of parallel fibers in two-
phase flows has been previously noted [28]. Related studies by Duprat et al. [37] and
Prortiere et al. reported that the spreading of a static droplet of fluid on two fibers depends
on the inter-fiber distance. Duprat et al. reported that when a drop of liquid was deposited
between two parallel fibers at a fixed distance apart, the evolution of the liquid interface
between the fibers depended on the ratio of the distance between the fibers (d) and radii of
the fibers (r), i.e., d/r. At least three regimes of phase or droplet evolution were observed.
The existence of three regimes of phase development dependent on inter-fiber distance
indicates, importantly, that there could be one more flow regime beyond microfluidic
versus pipe flow.
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Figure 4. Comparison of single-fiber model and the four-fiber models using the total flow rate as
a case study. (a) Interfacial areas vs. flow rate; (b) area scale factor from one fiber to four fibers;
(c) pressure drop from one fiber to four fibers.
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The Reynolds number (Re) in the present study was significantly small (Re << 1)
and would not account for the phase complexity and mixing observed. Clearly, multi-
dimensional flow paths were present in the fiber extractor. Hence, the fiber extractor
might provide excellent guidance to one possible solution to the issues associated with
microfluidic mixing [12]. Allowing creeping flows to interact may lead to localized mixing.

Figure 4c compares the pressure drops for single-fiber and four-fiber models as a
function of the total flow rate. In both models, the pressure drop increased with the flow
rate. However, at a given constant total flow rate, the pressure drop in the four-fiber model
was at least 70% lower than in the single-fiber model, consistent with extra degrees of
freedom for flow in the four-fiber case. Note that phase structures, previously reported
as “slugs”, and which changed with the total flow rate, were quite different between the
single-fiber and four-fiber cases. These different phase structures, however, did not affect
the predicted pressure drop as significantly as did the total flow rate.

3.2. Effect of Inter-Fiber Distance on Phase Structures

The consideration of multiple fibers in the model introduces new possibilities for
independent variables. As Duprat et al. [37] and Protiere et al. [38] mentioned, fiber di-
ameter and inter-fiber distance might affect droplet structure, consistent with changes
in interfacial surface area and pressure drop. These authors provided three different
“dispersed” phase structures as inter-fiber distance increased in their studies, which they
termed bridge, barrel, and column, if one considers the “matrix” phase to be air and the
“dispersed” phase to be water. Different inter-fiber distances or packing geometries were
therefore compared in the present study. For all configurations of fiber diameter and
channel space considered here, the flow conditions were as follows: Q,, = 75 mL/min,
Qo = 150 mL/min (relative flow rate ratio, Qo,/Qw = 2), the interfacial tension,
o = 0.0316 N/m, the viscosities of the two phases, 1, = 0.0368 Pa.s, p, = 0.001 Pa.s,
respectively, and the contact angle, 6 = 10°. One complication of varying packing density
was that the fluid volumes were different across the cumulative data set; therefore, to
compare the models, interfacial surface areas were divided by the fluid volumes to provide
a specific interfacial area (m?/m?3).

The steady-state phase structures predicted by the models are shown in Figure 5i-ix.
The predictions correspond to t = 5 s to cover at least one full residence time. Note that
Figure 5i,iii,iv belong to one approach to varying packing density, the CD method (constant
dimensions). The others are for an alternative approach, the CV method (constant voidage).
When the RVE dimensions are constant, the inter-fiber distance changes with fiber diameter,
as does voidage (CD). When the voidage is constant, the inter-fiber distance changes with
fiber diameter, simultaneously changing RVE dimensions (CV). The phase structures noted
were quite complex, not always slugs, with marked qualitative differences. To enable
discussion, we characterized the various phases as columnar with droplets (CWD), mixed
slugs with droplets (MSWD), slugs (S), and core continuous with drops (CCWD). Note that
Figure 5ii,vi depict predictions using the same base case study, i.e., the same RVE. Generally,
periodic wave-like phase structures were more evident for the smaller RVEs (on the left),
whereas more complex ragged-edged slug-like phase structures were seen as the void
space increased (on the right). Since the microfluidic literature generally describes slugs,
drops, or films, these two different phase structures shown here support the hypothesis
that at least three different flow regimes can exist within creeping flows in microfluidics.
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Figure 5. Scale is given by the diameter of the channel in microns, termed “W” below. Instantaneous
phase structures generated from a four-fiber model using 40-114 um diameter fibers as follows:
(i) dgp = 40 um, W = 359 um; (ii) dgp, = 50 um, W= 25.9 pum; (iii) dgp = 60 um, W = 15.9 um;
(iv) dgp = 70 um, W = 5.9 um; (v) dgp = 40 um, W = 20.8 pum; (vi) dg, = 50 pm, W = 25.9 um;
(vii) dgp = 60 pm, W = 31.2 um; (viii) dgp = 70 pm; W = 36.4 um; (ix) dgp = 114 pm; W= 59.6 pm.
Figures ii and vi are the same, the base case. (Left) Models where RVE dimensions were constant,
CD. (Right) Models where RVE void space was held constant, CV. Acronyms for phase structure:
columnar with droplets (CWD), mixed slugs with droplets (MSWD), slugs (S), and core continuous
with drops (CCWD).

Figure 6 shows the specific interfacial surface area against the inter-fiber distance for
all the CD and CV models. The studies predicted an optimum inter-fiber distance for the
generation of surface area, ranging between 10 and 50 um. Since the surface area is essential
for the overall mass transfer coefficients and the extraction efficiency of the vessel, this
observation of an optimum is another key outcome of this CFD study. Figure 7 compares
the effects of voidage or inter-fiber distance at a constant fiber diameter for three different
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fiber diameters. At constant fiber diameter, the more tightly packed the fibers, i.e., smaller
void space, the greater the specific interfacial surface areas generated. An independent
effect of fiber diameter may exist based on the trend for the 0.66 void space data as well.
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Figure 6. Effect of inter-fiber distance on the specific interfacial areas. Flow rate of corn oil
Qo = 150 mL/min, flow rate of water Qy,y = 75 mL/min, relative flow rate Q,/Qw = 2, contact
angle = 10°, corn oil viscosity = 0.0368 Pa.s, interfacial tension = 0.0316 N/m.
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Figure 7. Specific area generated at constant fiber diameter and different voids. Voids left to right
were 0.78, 0.66, 0.66, 0.51, 0.66, and 0.33.

Overall, the results show that the biggest predictor of interfacial surface area was the
inter-fiber distance and that an optimal inter-fiber distance would exist (in terms of devel-
oping surface area) for a given set of feedstock, fluid properties, and process conditions.

Figure 8 shows the pressure drop versus inter-fiber distance. Regardless of the type of
phase structure (which was quite different for all of these cases), pressure drop generally
decreased with wider channels, thereby lowering energy (pumping) requirements. Again,
the contrasting phase structures observed and interfacial surface areas formed in each of
the cases did not appear to have a large effect on pressure drop, which appeared to be
governed mostly by the area available for flow or the wetted surface resisting flow.
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Figure 8. Effect of varying inter-fiber distance on the pressure drop. Inset is the effect of varying the
hydraulic diameter on the pressure drop.

3.3. Flow Rate Effect

Overall flow rate affects the phase structure in these two-phase fluids, and phase
structure in turn affects the interfacial surface area available for mass transfer/extraction
efficiency. Thus, having explored process conditions that affect phase structure, the focus
now is the “bottom line”, which is how to connect to process efficiency. For a given overall
volumetric flow rate, the relative flow rates of the two phases can also affect phase structure,
again in turn yielding more or less surface area for extraction between phases. Thus, both
overall and relative flow rates and their impact on specific interfacial areas were explored.
Additionally, the overall flow rate was expected, of course, to affect pressure drop, one
determinant of the energy efficiency of the process. CFD was used to predict pressure drop,
but it can also uniquely predict whether, for a given overall flow rate, the phase structure
alone affected the pressure drop. For example, in an extreme case, could formation of an
emulsion with tiny droplets could increase the pressure drop.

The flow rate experiments were analyzed for 50 um and 114 um fiber diameters, the
two extreme cases using the CV method. These two setups had a constant voidage of 0.66
but inter-fiber distances (W) of 26 pm and 59 um, respectively. The number of fibers packed
into a 1-inch reactor for the 50 pm diameter fibers would be approximately 87,000, and
the number of fibers for a 114 um diameter fiber would be approximately 17,000. Hence,
there was a need to normalize the interfacial areas by fluid volume for comparison of
output variables and ease of scale-up predictability. Total flow rates were varied from
100 mL/min to 300 mL/min. Relative flow rates were varied by keeping the flow rate of
water constant at 75 mL/min and changing the flow rate of the corn oil from 45 mL/min to
125 mL/min. The contact angle was held at 10°, the interfacial tension, o0 = 0.0316 N/m,
and viscosity of corn oil and water, p, and ., were equal to 0.0368 Pa.s and 0.001 Pa.s,
respectively. Intuitively, one would hypothesize that the pressure drop would be lower
given wider clearances, but predicting how flow rates impacted interfacial surface areas
would be more complex.

Figure 9a compares the plots of specific interfacial surface area as a function of the
total flow rate at a relative flow rate of 1 for the two different geometries (26 um and
59 um inter-fiber distance). Figure 9b compares the plots of relative flow rate against the
specific interfacial surface area for the two different geometries. Figure 9¢c,d show the
phase structures for the total flow rates study when the distances were 26 um (c) and
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59 um (d). The phase structure observed was unique to the RVE geometry regardless of the
flow rates. In the 26 pm distance case, we observed periodic phase structures resembling
the surface of a wave (CWD), whereas slugs with a unique ragged meniscus appeared
(MSWD) for the 59 um distance. Consequently, due to the uniqueness of phase structures
developed for the two geometries, specific interfacial surface areas were almost constant
for a given packing despite varying flow rates. However, the difference in the specific
interfacial area was 2.5 times greater with the smaller (26 pm) clearance between fibers
versus the larger clearance (59 pm) for a constant flow rate (Figure 9a,b). Note that the
smaller clearance with the larger surface area falls within the predicted range of optimal
inter-fiber distance described previously. To summarize, smaller clearances led to greater
surface areas for extraction.
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Figure 9. Effect of the flow rate on specific interfacial area in 50 pm fiber diameter with 26 pm
inter-fiber distance and 114 um fiber diameter with 59 um inter-fiber distance models. (a) Total flow
rate (relative phase ratio = 1). (b) Relative flow rate, 0.6 < Qo /Quw < 1.8 where Qy =75 mL/min and
contact angle = 10°. (c) Phase structures for distances of 26 um and (d) phase structures for distances
of 59 um.
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As the flow rate through constrained channels increases, it is well understood that
pressure drop can be affected. Any increases in pressure drop can involve an energy cost
when processing. In Figures 10 and 11, the pressure drop is plotted against the flow rate for
the two cases (the main graph represents the 26 pum distance, and the inset represents the
59 um distance). Both graphs show an increase in pressure drop with flow rate; however,
the slope is 10-20% less in the 59 um case as the total flow rate of oil was increased. Thus,
the sensitivity of the pressure drop to flow rate was greater for smaller clearances.
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Figure 10. Effect of total flow rate on pressure drop for 50 um with 26 pm. Inset shows 114 pum fiber
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Figure 11. Effect of relative flow rate on pressure drop for 50 um with 26 pm. Inset shows 114 um
fiber diameter with 59 pum spacing.

The overall flow rates also changed in the relative flow rate study. Hence, the effect of
the overall flow rate might be a confounding variable. The sensitivity to the overall flow
rate for the relative flow rate data set was plotted. Comparing two graphs, particularly
their slopes, in Figure 10 to those in Figure S2 (see Supplementary Information) might tease
out this potential artifact. The slopes were higher in both cases for the relative flow rate
study (11.2 Pa.min/mL vs. 13.8 Pa.min/mL for the W = 26 um case and 1.4 Pa.min/mL
versus 2.4 Pa.min/mL for the W = 59 um case). (Units of slope arise from calculating
Ay/Ax in the graph.) Thus, the relative flow rate did affect pressure drop beyond overall
flow rate changes in the study.
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These model predictions were compared to the experimental work of Massingill et al. [18].
In their work, they utilized different fiber reactors with different packing geometries for the
transesterification of triglyceride to biodiesel. Their results showed that a 100% conversion
was achievable in a tube 30.5 cm in length and 10.9 mm in diameter packed with 570,000 fibers
with only 18 mL of fluid volume at a total flow rate of 3.5 mL/min. In contrast, the conversion
dropped to 98.8% when the same reactor was packed with fewer fibers (540,000 fibers) and
operated at a higher total flow rate of 7 mL/min. The pressure in the first reactor was, however,
higher as a result of the tighter clearances. The periodicity of the 26 um inter-fiber distance
phase structure in the present CFD results indicates behavior like a microfluidic channel even
though it has four interacting (semi-restricted, semi-open) channels. The distinctive phase
structures that were observed are similar to the three regimes observed as a consequence
of static wetting between two parallel fibers separated by a given distance, as reported by
Duprat et al. [37,38].

In conclusion, the flow rate effect on the specific interfacial area is not pronounced
for a given packing geometry. However, the increase in specific interfacial surface areas
becomes significant when the clearances are tighter, with an optimal inter-fiber distance
noted. The confinement arising from the small clearances, however, does come with an
energy (pumping) expense.

3.4. Wettability (Contact Angle) Effect

Estimating the surface tension force on the fiber walls involved specifying the two-
phase contact angle on the fiber walls. The contact angle was defined as the angle between
the fiber, the wetting, and the non-wetting phases. Two geometries were compared: a
model with a fiber diameter d = 50 um and inter-fiber distance W = 26 um and a model
with a fiber diameter d = 114 um and inter-fiber distance W = 59 um. The voidage in both
models was 0.66. The contact angle varied from 10° to 150°. The fluid properties are those
provided in Table 2. The effects of wettability are useful to explore the effects of the capillary
action (capillary number, Ca. = v/ 0) within each individual microchannel because the
capillary and surface tension values are more significant than inertial and viscous forces.
The capillary number for the contact angle study ranged from 7 x 1073 to 1.7 x 1072,
As seen in Figure 2, the capillary number increased with decreasing inter-fiber distance.
As the capillary number increased, the phase structures observed became more periodic
and wave-like. Figure 12 compares the specific interfacial area for the two cases studied.
Figure 12b,c indicate the representative phase structures observed. The phase structures
changed significantly with the contact angle. For the W = 26 um case (Figure 12b), the
structures transitioned from regular periodic columnar with droplet structures at 10° and
20° to elongated double gyroid-like structures at 30° and to parallel type structures at 90°.
The patterns transitioned further with increasing contact angle in reverse order from 120° all
the way to 150°. We also note that the continuous phase underwent phase inversion when
crossing the 90° angle. Thus, the oil phase acted as the wetting phase at lower angles, but
after phase inversion, the water phase controlled spreading and was the wetting phase. For
the W =59 um case (Figure 12c), the phase structures followed patterns with more irregular
slug-like features with ragged edges. As the contact angle increased from 10°, the influence
of fibers decreased. Hence, at angles greater than 90°, where the aqueous phase was the
continuous phase, and the oil phase acted as the dispersed phase, the meniscus became
rough-edged, and large slugs of both phases formed further downstream. Summarily, the
contact angle effect revealed that more regular periodic phase structures were present in
the case of the 26 um distance between fibers, and more chaotic, random slug shapes were
present at the larger distance, 59 um. These different flow regimes were possibly a result
of increasing clearance between fibers, resulting in smaller shear stresses and the added
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degree of freedom (DOF) for flows. The extra DOF suggests a third intermediate flow
regime, resulting from conditions between microfluidic regimes and traditional pipe flow.
Figure 12a, showing specific interfacial surface areas in the W = 26 um case, confirms a
transition relating to phase inversion. The system’s instability around phase inversion can
be clearly seen in the plot (open circles in Figure 13). In the W = 59 um case, the specific
interfacial surface area curve follows an S-shape, again indicating the effects of phase
inversion, but more stable. However, the magnitude of the specific surface areas produced
was not strongly governed by the contact angle.
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Figure 12. (a) Effect of contact angle on specific interfacial area for two cases: 50 um diameter fiber
with 26 pm distance between fibers (open circles) and 114 um diameter fibers with 59 pm distance
between fibers (filled circles). (b) Phase structures at different contact angles in the 50 um diameter
fiber geometry, W = 26 um. (c) Phase structures at different contact angles in the 114 um diameter
fiber geometry, W = 59 pm. Note: both four-fiber RVEs have the same voidage.

149



Micromachines 2025, 16, 425

R e e

o O o]
3000 2

2500

2000

1500

AP (Pa)

1000
® [ ] ® ®

o
Loy el bvrv e berarderaaloned

L 4 [ ]
500 » -

TTT T[T T T T [ TT T T [T T T T[T T T[T T T T [TTT
o}
QO

T T T I 0 A N A A A Y
20 40 60 80 100 120 140 160

(")

o

Figure 13. Effect of contact on pressure drop for two cases: 50 um diameter fiber with 26 um
distance between fibers (open circles) and 114 pm diameter fibers with 59 um distance between fibers
(filled circles).

The effect of the contact angle on the pressure drop in both models and a graph of the
pressure drop against the contact angle is shown in Figure 13. We observed two regimes
for the 26 um channels, shown by open circles. For the regime to the left of 90°, the corn
oil phase was the wetting phase, and because corn oil is more viscous, the pressure drop
was high. At angles beyond the inversion point, the pressure drop decreased because the
low-viscosity aqueous phase was the wetting phase, and hence, there was less resistance
against the flow. Again, the instability at phase inversion conditions can be noted. For the
59 um distance case, the pressure drop was lower and not affected to any significant extent
by phase inversion.

In summary, the oil phase was the wetting phase at smaller contact angles. As the
contact angle increased, a phase inversion was observed. At a given contact angle, the
specific interfacial surface area in the 26 um clearances (d = 50 pm) was much larger than
at the 59 um clearances (d = 114 um). Regardless of the wetting properties of the fiber, the
most important factor governing the generation of interfacial surface area was the inter-fiber
distance. Lower pressure drops were observed when water was in the wetting phase (at
higher contact angles). Biofeedstock properties are, therefore, an important consideration
for pressure drop and energy efficiency.

4. Conclusions

The fiber extractor (FE), a process vessel associated with process intensification for
purification of biofeedstock, is a massively arrayed (i.e., numbered up) micro-structured
extractor that provides several custom advantages of processing in a microfluidic envi-
ronment. Such equipment offers a low footprint yet provides high throughput. The fluid
flowed around the fibers, not through them. A CFD model of a four-fiber representative
volume element was developed on a microfluidic scale. The effects of changing inter-
fiber distance and process conditions on the phase structures, specific interfacial surface
area, and pressure drop were presented. Predictions of the four-fiber CFD model include
the following.

The presence of neighboring fibers clearly affected phase structure and indicated
radial flows and mixing were present. Thus, the unique geometry of a fiber extractor has
the potential for enhanced local mixing in microfluidic channels dependent on degrees of
freedom for flow.
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The interfacial surface area developed in the four-fiber case was more complex and
proportionally much greater area than that of the idealized single-fiber annular flow,
attributed to near-neighbor fiber effects.

The total flow rate, regardless of the type of phase structure, had the most significant
effect on pressure drop.

The inter-fiber distance was the best predictor of the developed interfacial surface area.
An optimum inter-fiber distance for generating surface area appeared to be between 10 and
50 pm.

The effect of contact angle (fiber wettability) on interfacial surface area and pressure
drop was not pronounced. Contact angle contributed to the pressure drop by causing phase
inversion. When the lower viscosity fluid (water) began to govern flow conditions, the
pressure drop was also lower, particularly for the smaller clearances. However, at smaller
inter-fiber distances, instabilities were noted during phase inversion, which could indicate
processing instability.

Compared to the single-fiber case, the four-fiber model predicted new types of phase
structures were noted such as standing waves and combinations of slugs and films.

At least three different flow regimes in creeping microfluidic flow were supported.

The phase structure in two-phase flows determines the interfacial surface area and,
therefore, the potential for the extractor to enhance mass transfer and optimize extraction
efficiency. These findings provide guidance for design and operation to optimize surface
area and extraction efficiency by controlling the distances between fibers, the wetting or
contact angle, and the flow rates. As the present work focused only on the unique fluidics
possible in these microchannels, certainly CFD modeling of mass transfer, heat transfer, and
interfacial reaction in two-phase flows with semi-restricted boundary conditions would
extend the theoretical guidance available for these extractors. In addition, exciting work
in open-channel microfluidics is recently reported with electrophoretic-driven flows, and
extending fundamental modeling into other driving forces beyond pressure-driven flows
could be relevant to some of the open-channel microfluidics work currently being reported.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/mi16040425/s1. Table S1: Calculation of area for flows; Figure S1:
Comparing the influence of the external wall on fluid flow around the fiber and the influence of
fibers on the fluid flow; Figure S2: Pressure drop versus total flow rate (where Qy, = 75 mL/min;
Qo = 45-125 mL/min); Figure S3: Comparison of changes in the concentration profile for different
mesh sizes.
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Abstract: Cryofixation by ultra-rapid freezing is widely regarded as the gold standard for preserv-
ing cell structure without artefacts for electron microscopy. However, conventional cryofixation
technologies are not compatible with live imaging, making it difficult to capture dynamic cellular
processes at a precise time. To overcome this limitation, we recently introduced a new technology,
called microfluidic cryofixation. The principle is based on micro-hotplates counter-cooled with liquid
nitrogen. While the power is on, the sample inside a foil-embedded microchannel on top of the
micro-hotplate is kept warm. When the heater is turned off, the thermal energy is drained rapidly and
the sample freezes. While this principle has been demonstrated experimentally with small samples
(<0.5 mm?), there is an important trade-off between the attainable cooling rate, sample size, and
heater power. Here, we elucidate these connections by theoretical modeling and by measurements.
Our findings show that cooling rates of 106K s~1, which are required for the vitrification of pure
water, can theoretically be attained in samples up to ~1 mm wide and 5 um thick by using diamond
substrates. If a heat sink made of silicon or copper is used, the maximum thickness for the same
cooling rate is reduced to ~3 um. Importantly, cooling rates of 10* Ks ! to 10° Ks~! can theoretically
be attained for samples of arbitrary area. Such rates are sufficient for many real biological samples due
to the natural cryoprotective effect of the cytosol. Thus, we expect that the vitrification of millimeter-
scale specimens with thicknesses in the 10 um range should be possible using micro-hotplate-based
microfluidic cryofixation technology.

Keywords: cryofixation; vitrification; cooling rate; heat conduction model

1. Introduction

Micro-hotplates are widely used in the field of conductometric gas sensors [1-3].
These devices heat a metal oxide layer to specific temperatures, stimulating gas—surface
interactions and changing the conductance, which is then measured to detect different
gases. These hotplate designs are usually optimized for low power consumption [4-7].
This is achieved through a high isolation by suspending the hotplate with support beams,
minimizing thermal contact with the substrate. Due to their low thermal mass, the transient
response of these devices is typically very fast (up to <200 ps) [8-13]. Recent advances
have further reduced the thermal mass by using nanowires to decrease power consumption
while increasing the sensitivity of these gas sensors [14,15]. This power reduction is stated
as a goal to improve the portability of such sensors [14]. While micro-hotplates for gas
sensors can achieve fast transient responses [16,17] by optimizing the thermal isolation
of the micro-heater; microfluidic heaters, in contrast, must heat the thermal mass of the
sample itself, which inhibits a fast thermal response.

Fast temperature changes of a thermal mass are used in a variety of microfluidic
and microbiological applications. For example, rapid heating and cooling are needed
to improve cycle time for polymerase chain reactions (PCRs) [18-23], droplet actuation
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using thermocapillary effects [24], or microfluidic actuation with microbubbles [25,26]
or thermally expandable polymers [27]. The use of rapid temperature changes for the
operation of thermal micromixers in microfluidic systems has also been proposed in the
literature [28]. As illustrated in Figure 1, different applications require different trade-offs
between the size, power consumption, and response time or rate.

Heaters for

thermostatic

Cryofixation, tllq_:rrr%%l microfluidics
R

mass

High
dynamics

Low power
consumption

Conductometric
gas sensors

Figure 1. While conductometric gas sensors with micro-hotplates are commonly optimized for low
power consumption and high dynamics, their thermal mass can be small. Cryofixation systems, on
the other hand, aim to have a high dynamic behavior. Their thermal mass scales with the size of the
sample. For cryofixation systems, the power consumption is not a strategic property.

In this work, we focus on high cooling rates of defined thermal masses on micro-
hotplates, which are important for preparing biological samples using cryofixation in
the field of structural biology. Here, the sample is rapidly cooled down to preserve its
ultrastructure in amorphous, or vitreous, ice. This is enabled by the high cooling rates in
cryofixation systems, which leave no time for ice crystals to form [29].Cryofixed samples
can then be used for investigations using electron microscopy (EM) after freeze substitution,
cryogenic electron microscopy (cryo-EM), and X-ray microscopy at cryogenic temperature.
It is widely accepted that cooling rates (CRs) over 10® K's~! are necessary to enable the full
vitrification of pure water. However, for cells and tissues, this requirement is somewhat
relaxed depending on the degree of natural cryoprotection imparted by the high concentra-
tion of dissolved biomolecules [30,31]. Often, cooling rates of around 10* K s~ ! still allow
the vitrification of the sample, sometimes with the formation of locally confined ice crystals
of sufficiently small sizes to not perturb the structures of interest [32].

Over the past decades, various methods have been developed to enable the cryofix-
ation of samples of different sizes. Plunge freezing is the most common method for the
cryofixation of samples on transmission electron microscopy (TEM) grids [33]. The samples
are blotted and plunged into a cryogen with a high cooling efficiency. The thickness of the
water layer on top of the grids after blotting is usually less than 1 pm [34]. For samples on
the order of 10 pm thick, slam freezing allows vitrification by quickly establishing thermal
contact between the sample and a cold block [35]. Samples that are even thicker can only
be vitrified using high-pressure freezing at 2000 bar [36].

Although plunge freezing and slam freezing provide reliable and consistent cryofix-
ation, they do not allow optical access to the sample at the precise time of cryofixation
due to the limitations of the working principle. Live imaging during cryofixation is often
desirable for studying biological processes with sub-second dynamics, such as intraflagellar
transport and neuronal firing [37]. In recent years, two design principles for cryofixation
systems with optical access have emerged. In the first principle, which we refer to as equi-
librium systems, the environment is initially warm and the sample is in thermal equilibrium
with the environment. The sample is mounted to an optical microscope on a thermally
well-conducting substrate in thermal equilibrium with the warm environment (see Figure 2
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left). Freezing is accomplished by spraying a cryogenic gas or liquid jet (e.g., liquid nitro-
gen or cold Helium gas) on the backside of the sample holder and then immersing the
sample in liquid nitrogen [38]. In the second principle, which we refer to as steady-state
systems, the sample is initially maintained far from thermal equilibrium through a micro-
hotplate that is counter-cooled with liquid nitrogen (see Figure 2 right) [39]. When the
micro-hotplate is turned off, the heat in the sample is quickly absorbed by the cold heat
sink below.

Equilibrium system Steady state system
2

0°C

Thermally conducting
substrate

Sample

l Cryofixation Heater off
-196°C l Steady-state collapse
\\ Cryogen spray %

[ 1

Cryogen bath

196°C Heat sink

Cryogen bath

Figure 2. Two different principles for cryofixation with optical access have emerged. In an equilibrium
system (left), the sample and the system are in a thermal equilibrium at room temperature until
the cryofixation is started by spraying a cryogen on the substrate which rapidly cools the sample.
A steady-state system (right) holds the sample at room temperature while a cryogen cools the
backside of the system. This steady state collapses as soon as the heater is turned off and the sample
is cryofixed.

This paper proposes a modeling approach for thermal conduction in a steady-state
system. We also examine the possibility of increasing the size limits of this system while
maintaining cooling rates >10° Ks~!, as well as the maximum thickness of aqueous sam-
ples for cryofixation with cooling rates >10* Ks~!. For this investigation, the cooling rate
is defined as the inverse of the time between the start of the cooling process (20 °C) and the
time when the sample reaches a critical temperature of —90 °C.

2. Fundamental Limits for the Cryofixation of Water Layers

If a water layer of any thickness /iyater is actively cooled from one side, the cooling
rate inside the water layer is limited by the thermal diffusivity awater. This imposes a
fundamental limit on the cooling rate of a sample with a given size. To calculate this limit,
we assume that the water is a layer that is in contact with an ideal heat sink on one side that
can instantly change its temperature from room temperature (T; = 20°C) to Teo = —196°C.
The boundary on the opposite side of the layer is assumed to be insulating. The layer is
assumed to be unbounded in the other directions so that a one-dimensional heat conduction
model can be used [40,41]. Here, using the dimensionless time { = awatert/ h%vater, a series
approximation of the temperature T at position y in the channel can be established as

follows: .

T(1,0) = (T~ Tw)- Y. {Ane*%g cos(h)‘”yﬂ T M

n=1 water

156



Micromachines 2024, 15, 1069

where A, and A, are defined by the heat transfer of the interface and the properties of the
water layer. Assuming an infinite heat transfer of the interface, this yields the following:

4=y
An = 2n(n—1) 2)
/\n—(n—;>-71 neN 3)

For hyater < 50 um, the cooling rate in the water is well above 104K s~ ! (see Figure 3).
If a cooling rate of at least 10° Ks ™1, as is necessary for the vitrification of pure water, is
required, the theoretical maximum thickness is water < 7.6 um. Cooling rates higher than
10° Ks~! may theoretically be reached in regions up to 3.5 ym inside a thicker water layer.
Interestingly, the thickness of the water layer above does not significantly slow down the

cooling rate near the boundary.

Cooling rate in the center of a pure water block
cooled by a surface with infinite cooling rate

Cooling Rate in K/s
o

10*

0 50 100 150
Water layer thickness in um

Figure 3. The maximum cooling rate (CR) in a sample at atmospheric pressure is limited by the
thermal conduction of the water. CR > 10° Ks~! of water samples cooled from one side are possible
for layer heights below 7.6 um. CR > 10* Ks~! for cryofixation of biological samples is possible for
thicknesses up to 50 um. However, these values assume an infinitely high dissipation rate at the edge
of the water layer, which will not be reached by any real system.

3. Domain Model of the Steady-State System

The vitrification of large samples in the steady-state system is only possible by using
the correct materials and an optimized geometric design. Therefore, a thermal model of the
system must be established. For the systems described in this paper, the dominating effect
in determining the cooling rate is heat conduction. Convective heat transfer is neglected due
to the small size of the microfludic system, where gravity-driven convection is insignificant
(Ra < 1000) [42,43]. Also, the rapid nature of cryofixation (rates > 10° Ks~!) and the large
heat transfer rate of conduction (hconguction = 20 W >> heonvectionair = B % Ax AT < 1W,
assuming h = 30Wm2K~! [44], A = 15mm x 5mm and AT = 216K) lead to a low
influence of convection in the cryofixation process.

We model the steady-state system as a channel residing on top of a thin heater, an in-
sulation layer, and one or multiple thermally conducting layers below, which act as a heat
sink (See Figure 4A—system geometry). We base our model on the two-dimensional heat
conduction equation assuming an infinite domain in the z-direction:

oT
V(kVT) = pear 4)
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with initial and boundary conditions:

T(y > 0,t = 0) = Tyy = 20°C 5)
T(]/ = _hsystem/ t) = Tin2 = —196°C (6)

To model the samples submerged in water, we assume the sample is a microfluidic
channel filled with water, with the width byater and height liyater. Below the channel there
is the heater layer, the insulation layer, and one or multiple heat sink layers. The dimensions
of these layers are defined by the width bsystem > bwater and the height of the bodies below
the heater hisystem (see Figure 4A). As these bodies consist of different materials (insulation
layer and heat sink), the thermal conductivity kmat, density pmat, and specific heat capacity
cp,mat Of the materials are defined accordingly in their geometries. The interface of two
layers is modeled as an optimal thermal contact with no contact resistance. Here, both
temperature and heat flow are equal at the interface surfaces.

5}
A‘ __:;g Buaer Water .-C:E y B
I : Heater
nsulation Layez\ 2 X
g 1
g Isothermal Contours: -
8 \E>Heat sink Linear Domain Tangential] Cylindric Domain
o |
£ 8| =
oS
% b \_/ Ry — 108(Tend/Tstart)
> System, T KLayer
1 2 2
Cold end x T Cin = g/’ e oL gna — Ttart)
MV ‘

g L 1
g 4| cylindric Domai \ I I

(] naric bomain
3 = ¥ Coldend p _drayer AN
5 8 cwsce) o=t S T L
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=

Figure 4. (A) The linear temperature distribution below the water channel and the logarithmic tem-
perature distribution around the edge of the water channel can be modeled with a combined model
represented by a network of thermal resistances and capacitances. (B) Each layer consists of a resistor
and a capacitor for the linear domain, a resistor and a capacitor for the semi-cylindrical domain, and a
resistor modeling the tangential thermal resistance between the two domains. The resistance and
capacitance models for the semi-cylindrical domain are derived from the static solution of the heat
conduction equation.

Since the width of the water channel is significantly smaller than that of the underlying
layers, we can model the system in a cylindrical representation. Here, the water channel is
defined by a cylinder with a radius equal to the real channel height. The water channel is
separated from the heat sink by a thin thermal insulation layer, which will be discussed in
more detail below. In the model, the insulation layer is represented by a cylindrical shell of
thickness hins (Figure 4A). The outer surface of the heat sink, which is represented by the
outermost cylindrical shell, is set constant at —196 °C. Since the system has an insulating
boundary on the top and only removes heat downward, the model only incorporates half a
cylinder, sectioned from 0 to 7r. The steady state with the heater heating may be analytically
solved (see Appendix A). In this steady state, the heater does not only heat the water
channel but also the layers below the heater. Consequently, the insulation layer below the
heater decreases the temperature rise in the heat sink below (see Figure 5). This is critical
for two reasons: first, the required heater power is reduced and second, the energy stored
in the cooled layers below the insulation is reduced, improving their ability to dissipate
heat once the heater is turned off.

In addition to the semi-cylindrical domain, a linear domain is introduced to model the
system with wider water channels (increase in byater). Here, the water layer is no longer
represented by a half-cylinder but through a rectangular domain defined by the width of
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the water channel byater and its height hyater. The layers below are represented by their
layer thickness and the width of the water channel. Both geometries are fused to a model
using a lumped-element thermal equivalent circuit in the Cauer-type configuration. Each
domain of each layer is modeled by a resistor Ry, and a capacitor Cy, (see Figure 4B). In
each layer, a tangential resistor connects the domains. We implemented this model using
ngspice and automated the model preparation, simulation, and data interpretation process
in Julia [45]. The model parameters, material, and computational implementation are
further described in Appendix C.

A further simplification of the model is presented in Appendix B. Here, the time
constants Twater and Tins Of the different layers are used to estimate the expected cooling

rate using an analytical equation. This estimator is also used below to explain the influence
of the heat sink material and geometry.

1 % F i 1
A 100 Resulting Normalized
— _ Cooling Rate
BS75% |
=
©
>
o
CIN) 50 % } ATins/ATsys
% F‘th_ins/Rmax
g PHeater/Pmax
O 25% }
2
O °/° 1 1 1 1 1
5 10 15 20 25
Insulation layer thickness in ym
B Water D Water
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ATins
Heat sink Heat sink T
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C 20 E 20
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Figure 5. Introducing a thermal insulation layer below the heater reduces the temperature on top of
the silicon layer, as the insulation layer now has a significant thermal gradient AT (D) and therefore
reduces the temperature below the insulation layer Tyeow ins While the heater is turned on (A).
Accordingly, the insulation layer increases the cooling rate in the water channel, with the optimal
height determined by a trade-off between temperature gradient and time constant. This is because the
layers below store less energy before the cryofixation itself starts (and thus are able to conduct more
energy away from the channel as soon as the heater is turned off) (A,C,E). The thermal resistance of
the insulation layer will increase as the layer height increases. Consequently, the optimal insulation
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layer forms a compromise between a high temperature gradient in the insulation layer and the suffi-
ciently short time constant T = Rjng * Cing of this layer. If there is no insulation layer, the temperature
gradient is spread over the whole system, which reduces the cooling rate (B,C). The plots show the
results of simulations using the domain model developed in this paper.

4. Device Fabrication and Assembly of the Steady-State Cryofixation System

The manufacturing process involves the fabrication of the heater on the insulation
layer, the fabrication of the microfluidic channel, establishment of micro-to-macro fluidic
interfaces, and the assembly of the system to ensure proper thermal contact between the
channel and the heater [39,46].

The heater is fabricated on a double-sided polished silicon wafer using standard
microfabrication techniques. First, the insulation layer, made of polyimide (PI-2610 from
HD Microsystems), is spin-coated on the silicon wafer and cured. Next, the polyimide
surface is roughened using a CF4 plasma to improve the adhesion of the metallization
for the heater [47-49]. The Ti heater is then deposited by electron-beam evaporation and
patterned using photolithography and wet etching. Electrical contact with the heater is
established using an electron-beam-evaporated Au layer on top of the Ti heater. The
backside of the heater is metallized with Cr (20nm), Cr (100nm), and Cu (300 nm) and
soldered to the copper heat sink using indium.

In parallel to the heater fabrication, the microfluidic channel is created using a separate
microfabrication process [50]. First, the negative of the microfluidic channel is patterned
on a silicon wafer using SU-8 photoresist to create a master mold. A parylene coat on the
master mold ensures easy demolding of the PDMS microfluidic channel. Next, the PDMS
is spin-coated on the master mold, partially cured on a hotplate, and then cure-bonded to a
mechanically strong PDMS structure. This enables an improved peeling process from the
wafer. After peeling, the open PDMS channels are closed by plasma bonding a spin-coated
4pm thick PDMS layer. The low thickness of this layer is critical to ensure a low thermal
resistance between water and the heater. The backside of the PDMS channel structure is
then plasma-bonded to a silicon chip with contact holes, which allows fluidic connection to
the system.

The fabrication method offers flexibility in customizing the water channel dimensions.
To modify the channel thickness, a new SU-8 master mold is created with the desired
specifications. The thickness of the resulting water channel is controlled by varying the spin
speed during the SU-8 deposition process. Additionally, the channel’s width and length
can be tailored by altering the layout design of the master mold. This versatility allows for
precise control over the channel geometry to meet specific experimental requirements.

The thermal connection between heater and channel is enabled by placing the PDMS
channel on top of the heater. The channel is connected to a fluidic system that is fixed in
position to ensure the stability of the thermal contact during operation. The high thermal
conductivity of indium guarantees a low thermal resistance between the heater and the
copper heat sink, which is placed in a reservoir that can be filled with liquid nitrogen to
establish the steady state. The dimensions of the system are listed in Table 1.

Table 1. Dimensions of the fabricated and assembled steady-state cryofixation system.

Parameter Value

Water channel thickness Hwater 20 pm

Water channel width Dwater 100 pm

Water channel length Iwater 1.8mm

PDMS layer between heater and water hpdms 4 pm
Insulation (PI) layer thickness Hins 4um

Silicon wafer thickness hs; 500 pum

Heater width Dheater 400 pm

Heater length Iheater 3.5mm
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5. Results
5.1. Validating the Domain Model

To validate the domain model, we compare its predictions to a geometrically accurate
representation of the system in a finite element modeling simulation. Here, we compare
both approaches with a set of 100 randomly generated geometries within the parameter
bounds given in Table 2.

Table 2. Parameters and variation range for the validation of the domain model in comparison with
the FEM model.

Parameter Min Max

Water layer thickness Nwater 1pm 50 pm
Insulation layer thickness Hins 0.1pm 15pm
Silicon layer thickness hsi 1pm 600 pm
Copper layer thickness heu 0.5 mm 15 mm
Heater and water width Dwater 0.1 mm 5mm

The domain model demonstrated strong agreement with the finite element model
(FEM) results, with an R-squared value of 0.9279 (see Figure 6). This high correlation
extends across the entire range of input parameters tested, suggesting robust performance
under varied conditions. The close alignment between the domain model and FEM simula-
tions indicates that the simplified approach effectively captures the key thermal conduction
processes in the cryofixation system. Consequently, the domain model could serve as
an efficient alternative to full FEM simulations for many applications, offering a balance
between computational speed and accuracy. Several outliers can be explained by the
geometry parameter combinations in these cases leading to a configuration where the
given assumptions of the domain model are less valid (e.g., the assumption of a concentric
temperature distribution no longer holds when the thickness of the heat sink is too small).
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Figure 6. Correlation between calculated cooling rates of the domain model vs. the FEM model.
An R-squared value of 0.9279 and a normalized root mean squared error (NRMSE) of 0.0555 indicate
a good correlation between both models.

5.2. Experimental Validation of the Domain Model

In [46], Fuest et al. measured the cooling rate in a steady-state cryofixation system.
Here, the cooling rate was measured by observing the change in intensity of a temperature-
dependent fluorescent dye (Rhodamine B) during cooldown. The cooling rate was mea-
sured to be in the range of 2 x 10* Ks~!. To properly model the thermal conduction in the
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water channel, the bottom layer of the channel made of PDMS (hpqms = 4 pm as described
in [50]) is incorporated into the model with an equivalent electrical network layer similar
to the water layer. The domain model estimates a cooling rate of 2.5 x 10* Ks~! for this
system. This is in good agreement with the measured cooling rate. Neglecting the PDMS
layer in the model would result in a significantly higher predicted cooling rate, leading to a
substantial deviation from the experimental observations. The remaining discrepancies
between the model and the measurements can be attributed to non-ideal thermal contacts
in the experimental setup. Overall, the presented model can estimate the cooling rate in the
system with sufficient accuracy. Therefore, the insights from the domain model can guide
the optimization of the system for a high cooling rate with a sufficiently low heater power.

To further qualify the results, we measured the temperature change in the fabricated
steady-state cryofixation system (as described in Table 1) using two experimental methods:

*  Fluorescent dye method: Similar to the method in [46], the fluorescent intensity of
the fluorescent dye Rhodamine B is used to indicate the temperature changes in the
water channel. This intensity is measured using an sCMOS Camera (Andor Neo) with
a frame rate of 413 Hz. A filter cube with a 546/10 nm excitation filter and a 575nm
emission filter reduces the influence of ambient light and improves the signal-to-
noise ratio of the fluorescence measurements. As the temperature-dependency of the
intensity of the dye is only indicative for temperatures above —21 °C [51], the initial
intensity change is used to indicate the cooling rate in the channel.

*  Heater resistance method: The resistance of the actively powered heater changes
with its temperature. This is possible as the resistance of the heater depends on
the bulk temperature of the heater with the temperature coefficient of resistance ay.
Using titanium as the heater material results in a robust heater with a significant
temperature coefficient ag = 0.003 K~! [52]. We measured both the current and
voltage with 100 kHz. After an initial calibration run, the resistance is then translated
to a temperature at the heater. This temperature is then used to derive the heat flow
into the water channel and calculate the temperature in the channel. Here, a model of
just the PDMS channel containing the water layer is used (see Figure 7).

Domain model simulation
0r Measured temp. at the heater 7
Derived temp. with 20 ym water + 4 um PDMS
Critical temp. for cooling rate (-90°C)
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Figure 7. The measured temperature at the heater below the water channel is extracted by measuring
the resistance during cryofixation. This temperature measurement is then used to derive the temper-
ature at the top of the water channel by modeling the water channel as a layer structure of a 4 pm
PDMS layer and a 20 pm water layer. Compared to the domain model, the cooling transient results in
a comparable cooling rate in the water.

We extract a cooling rate of 23,782 K s~! from the heater resistance measurement with
a channel height hiyatey = 20 um, while the domain model yields an expected cooling rate of
20,407 K s~ ! (see Table 3), which shows a good agreement. Optical measurements using the
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temperature-dependent fluorescent dye suggest a cooling rate in the range of 2 x 10*Ks™!,
which is consistent with the expected cooling rate of the system.

Table 3. Measured heater power and cooling rates of the cryofixation system.

Domain Model Measured
Heater power 10.2W 12.0W
Cooling rate at heater 867,009 Ks~! 367,853 Ks~1
Cooling rate at top of water 20,407 Ks~! 23,782 Ks~!

5.3. Effect of the Heat Sink

The heat sink does not ideally transport the heat away from the heater. Therefore,
we need to consider the impact of the solid support underneath the micro-hotplate on the
cooling rate. The solid support is assumed to comprise a silicon substrate and a heat sink
made of copper or other materials with high heat conductivity (e.g., diamond). Due to
the finite thermal conductivity of these materials, a thermal gradient arises between the
insulation layer and the LN2 reservoir.

Both the numerical results of the domain model and the analytical representation
of the cooling rate estimator (Appendix B, Equation (A23)) show that the cooling rate
cannot exceed a given maximum by changing the insulation layer alone. If the time
constant of the insulation layer T, is very small compared to the time constant of the water
layer 7., and the temperature difference in the insulation layer ATi,g is sufficiently large,
the dominating effect limiting the cooling rate is defined through the material properties
of water. Therefore, maximizing ATy is critical for attaining high cooling rates with the
steady-state system. This is achieved by optimizing the design and the choice of materials.
As the combined thickness of the silicon and the heat sink, /ijeasink, only influences ATing
through a logarithmic function, its effect is very diminished compared to their effective
heat conductivity kpeatsink- Here, a 1000-fold value of kpeatsink / kins does have a significantly
stronger effect than a change in geometry. This effect can also be observed in Figure 8.
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Figure 8. Changing the height of the heat sink below the silicon wafer only influences the achievable
cooling rate in a water channel of 20 pm height significantly if the heat sink heights are comparable.
A more significant effect may be seen if the material of the heat sink is changed to a material with
better conduction and more optimal specific heat capacity (e.g., silicon or diamond). The simulations
were performed using the domain model described in Section 3.

The thermal conductivity of silicon increases drastically at low temperatures. This can
increase the maximum cooling rate significantly. With an optimized insulation layer, the
silicon layer can reach temperatures down to the range of —180 °C to —196 °C while the
heater is turned on. According to [53], the thermal conductivity of silicon reaches values of
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950 Wm 1 K~! to 1670 W m ™~ K~ ! in this temperature range compared to 130 Wm ! K~!
at room temperature. As the heat conduction is modeled with resistors, the model incor-
porates this effect by replacing the resistors for the silicon layer with voltage-dependent
resistors. The resulting increase in cooling rate depends on the geometry of the water
channel and heater and the heat sink length. The increase ranges from 115 % to 360 %
for silicon.

Overall, we see that the heat sink can influence the cooling rate significantly if a
high thermal conductivity is provided. Changing the thickness of this layer does have a
negligible influence as soon as the thickness is on a larger scale than that of the water layer.

5.4. Size Limitations for Cryofixation in the Steady State System

The cooling rates in the steady-state system reflect the strong influence of the water
channel height (Figure 9A). In an optimized system with a diamond heat sink, samples up
to 5.4 pm would reach a cooling rate higher than 10° Ks 1. If a copper heat sink is used, this
limit is reduced to 2.8 pm (Figure 9B). The insulation layer thickness needs to be optimized
for each water channel configuration to reach the most optimal results. Other parameters,
such as the dimensions of the geometries below the insulation layer, only have a minimal
influence on the cooling rate of the system compared to the water channel thickness.
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Figure 9. Modeled cooling rates for thick (A) and thin (B) water layer thicknesses (using the domain
model) with varying heat sink materials and thicknesses. Changes in the water and sample layer
thickness result in the most significant change in cooling rate in the steady-state system. The resulting
curves follow the shape of the natural upper limit imposed by the cooling rate of the water layer
itself, which is limited by the thermal conductivity of water.

In contrast, increasing the width of the water channel byater leads to a linear increase
in necessary heater power and a decrease in the available cooling rate in the water channel.
For heater and channel widths byater < 1 mm and a heat sink length of Ipeqpsink = 11 mm,
a cooling rate > 10°K s~ ! can be achieved (e.g., with hyater = 2um). For larger water
channel widths up to a few mm, the cooling rate stays above 10* Ks 1. The heater power
is linearly proportional to the width of the heater if the insulation layer height is fixed.
However, if this layer height is optimized for maximum cooling rate, the necessary heater
power for wider heaters increases substantially. As all heat heater power from the heater
needs to be dissipated by the LN2, the critical heat flux [54] of the liquid nitrogen can impose
a power limit to the system. Therefore, it can be necessary to increase the insulation layer
thickness further from the cooling rate optimum until the resulting heater power is small
enough. The resulting decreased cooling rate is smaller but within the same magnitude as
the system with an insulation layer height optimized for maximum cooling rate.

If the cooling rate in a cryofixation system is limited by only the thermal conductivity
of the water layer, the system is able to absorb a heat flow exceeding the maximum heat
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flow through the water layer under the most optimal cryofixation conditions. This limiting
heat flow can be estimated with the following equation:

~ Ty — Tno
Q = kwater : bwater . lwater T

hwater (7)
where [y ater describes the length of the water channel in the z-direction.

In the steady-state system, the thermal resistance of the insulation layer is small
enough so that this heat flow can be sustained. At the same time, this same layer guar-
antees a sufficiently large ATins. On the other hand, equilibrium systems dissipate this
heat rapidly through transfer to a cryogenic gas or liquid. This is usually achieved by
applying a cryogenic fluid directly to the sample or to the backside of the sample support.
Here, the heat conductor needs to have a thermal resistance significantly lower than the
thermal resistance of water to avoid impacting the cooling rate. Other established meth-
ods like plunge freezing need to not only dissipate heat from the water layer but also
from a supporting structure (e.g., EM grids), which has a negative impact on achievable
cooling rates.

6. Conclusions and Discussion

Our results demonstrate that the performance of microfluidic cryofixation systems
based on solid-supported micro-hotplates can be optimized by tuning three key parameters:
the insulation layer thickness (hins), the thermal conductivity of the solid support and heat
sink materials (kpeatsink), and the width of the water channel and heater (byater). When
these parameters are optimized, the cooling rate becomes limited only by the thermal
time constants of the water layer and the insulation layer. Equilibrium systems based on
cryo-spraying or plunging are mainly limited by the thickness of the sample carrier and its
thermal conductivity. Here, the thermal conductivity, heat capacity, and boiling point of
the cryogenic fluid (e.g., pressurized LN2) will have an increased impact compared to in
microfluidic steady-state systems.

The most fundamental limit with regard to the size of the sample is dictated by
the thermal conductivity of water. Including a steady-state system with limited thermal
conduction further decreases the cooling rate in the sample. Using a diamond heat sink,
the theoretical maximum cooling rate of an aqueous sample is diminished to 22 % (for
hyater = 1 um) and 66 % (for hyater = 50 pm). The maximum cooling rate is reduced to 13 %
(for hwater = 1 um) and 55 % (for hwater = 50 pm) for copper heat sinks. This attenuation
in the cooling rate is at its maximum for low channel heights and decreases for increasing
channel heights.

The heat sink can be scaled in size without significantly reducing the available cooling
rate in the water layer if the water channel width is significantly smaller than the overall
system size. This is possible because the insulation layer below the heater prevents sub-
stantial heating of the underlying structures while the system is in its steady state with the
sample at room temperature. As the thermal resistance of the heat sink increases, the power
in the steady state must be reduced by increasing the thickness of the insulation layer.
The best results for large specimen sizes will be reached with an intelligent choice of the
materials in this setup. As shown in Figure 9, structures up to 50 pm should be able to
reach a sufficient cooling rate using a diamond-silicon—polyimide system.

Using a very wide microfluidic channel (byater < 1 mm) or reservoir on a polyimide—
silicon—copper system, we expect that full vitrification of pure water samples < 2pm
is possible according to our models. If larger sample sizes are desired, the copper heat
sink needs to be replaced with a material of increased thermal conductivity. Similarly,
increasing the width of the reservoir and, consequently, the heater will have an impact on
the cooling rate in the water channel, but it will stay above 10* Ks~! for heater widths of
the same magnitude. The linear increase in heater power consumption with the heater
width may be a practical limit in the steady-state system. Therefore, these more extreme
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configurations need an optimized system with highly conducting materials like diamond
or silicon carbide.

The principle described for the steady-state system could also be interesting for other
applications requiring a high cooling rate. Some examples are PCR analysis, microactuation,
and micromixing as described in the introduction. Additionally, the steady-state system has
the advantage of being able to create steep temperature gradients at the edge of the heater.
These gradients can be used to improve the control of effects in the microfluidic domain.
To actuate pico- and nano-droplets in digital microfludics, these steep gradients could
increase thermocapillary effects [24,55-57]. Additionally, the steep temperature gradients
achievable with this system could potentially enable temperature gradient focusing (TGF)
techniques for separating ionic species in solution [58,59]. Furthermore, an array of micro-
heaters could be used to create a pattern of locally controlled temperature zones, potentially
allowing for selective deactivation of organisms in specific areas while maintaining optimal
conditions for others in the same system.
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Appendix A. Cylindrical Static Temperature Distribution

If we assume the width of the heater and the water channel to be significantly smaller
than the width of the underlying structure, we can simplify the geometry as a semi-
cylindrical system. Here, we start with the heat equation in cylindrical coordinates with
constant temperature in the z-direction:

10 oT oT

The water layer is represented as the innermost cylinder with Ayater. The subsequent
layers are layered around this cylinder with their respective thicknesses.

Tins = Nwater (A2)

Tsi = Tins 1 Nins (A3)

feu = Tsi + hsi (A4)

Tsystem = teu + heu (A5)

Each layer has its own temperature distribution. The boundary conditions are as
follows:

Twater () = THeater = 20°C (A6)

Teu(r) = Ting = —196°C (A7)

Each layer interface between two layers at ri,; is modeled with a perfect contact:

9Ty (r) 9Tx(r)

or

I'=Tint I=Tint

kq

(A8)
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The general solution for the given PDE is as follows:

C4
Ti(r) = 7k"1 In (7’) + Ciz
i

Solving with the boundary conditions yields the following;:

Tivater (1’) = Theater

Tqa—T, r
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(A9)

(A10)

(A11)

(A12)

(A13)

(A14)

(A15)

(A16)

Using this equation system, the temperature distribution during heater operation can
be modeled as cylindrical. To make the system more compliant with the actual setup, we
only take the top half section of the cylinder, which does not influence the temperature

distribution but the calculated power:

TC2 - TCZ

n(z)

P = —ksiﬂ'L

(A17)

This system can also be used to establish the equivalent resistances and capacitances

for a Cauer-type network:
o AT _In (=)
TP kgL

Qstored 1
Cinsi = Z(;e =cpm = icpP”L(”zu - rgi)

(A18)

(A19)

Appendix B. Limiting Case: Estimator for a Narrow Microchannel on a Micro-Hotplate

with an Ideal Heat Sink

In the case of a narrow microfluidic channel and an ideal heat sink, a simple circuit
model provides some interesting insights. Therefore, in this section we consider a model
that includes only the water layer and the insulation layer. From the static cylindrical
model (see Appendix A) we know that the temperature difference in the insulation layer

can be expressed as

kh?tsink ln (hinil‘i’hw )

AT — mns W
ins In (W) + khiaAnk In (hinz+hw>

(T — Ting)

ins T/tw ins w

167

(A20)



Micromachines 2024, 15, 1069

where Ty = 20 °C is the temperature of the heater in the steady state and Tinp = —196 °C
is the temperature of the LN2. Using this definition, we reduce the network to the following
formulation: We model the water layer (Ry,Cy ) and the insulation layer (Rjng,Cins) both
as a single RC network using the Cauer representation. The heater between both layers
is represented as a power source P () and the temperature below the insulation layer is
set to Ty — ATins. We can now express the system using the transfer function of the water
temperature T;, and the heater power P, in the complex frequency domain as follows:

Rins Rins

T
N 1+ (Rinscins + RWCW + Rinscw)s + RinstCinsts2 B 1+ 515 + ’:252

()

(A21)

As the layers described in this system are very thin, ¢; is dominant compared to (5.
Omitting ¢> and renaming {1 = Tsys as a time constant yields the transient temperature of
the water layer after an inverse transform:

__t
Ty(t) = ATins xe ™ — ATins + Ty (A22)

The used time constant Tgys is the sum of the time constants of both layers Tjns =
RinsCins and T, = RwCy and a combined time constant 7. = R;nsCy that describes the
time it takes for the stored heat (as described by Cy) to flow through the resistance of
the insulation layer Rjns. This third time constant becomes relevant if the insulation layer
height increases and slows down the heat flow through the insulation layer.

These time constants now form the estimator for the cooling rate. Att = 11, 63 % of
the temperature difference ATins is surpassed. Therefore, we extract the cooling rate with
063 ATipg 0.63 - ATins

- (A23)
TSyS Tins + TW + TC

CR

Appendix C. Model Parameters and Computational Methods

The domain model allows the following parameters to be set before computation:

Table Al. Computational input parameters for the domain model.

Parameter Symbol Unit

System width (x-direction) bsystem m

System length (z-direction) Lsystem m
For each layer (Water, PDMS, insulation, heat sink):

Layer thickness hyater m

Thermal conductivity of water Kwater Wm ' K!

Specific heat capacity of water Cp,water Jkg 1K1

Density of water Pwater kgm >

Table A2. Thermal material parameters used in the simulations with the domain model and the
reference FEM model [60-64].

Water PDMS Polyimide
Thermal conductivity 0.560 Wm~!K~! 0.15Wm~1K™! 0.14Wm~1K!
Density 999.9kgm~3 970kgm~3 700 kgm 3
Specific heat capacity 42199 kg 1K1 1460 kg1 K1 2329Tkg 1 K!

Silicon Copper Diamond
Thermal conductivity 130Wm—1K! 401 Wm~ 1K1 2900 Wm 1K1
Density 2329kgm~3 8960 kgm 3 3500 kg m~—3
Specific heat capacity 700J kg ' K1 384Jkg 1 K! 509] kg 1K1

The domain model was implemented using ngspice (version 34) for circuit simulation.
Model preparation, simulation, and data interpretation were automated using Julia (version
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1.6.3) [45]. The parameters were converted into resistances and capacitors using the given
formulae of the Cauer model and then inserted into the netlist for the ngspice simula-
tion. Temperature-dependent thermal conductivites are represented as voltage-dependent
functions that are based on an approximated analytic function of the thermal conductivity
dependent on the temperature.

Finite element modeling (FEM) simulations for model validation were performed
using COMSOL Multiphysics (version 6.0). The Heat Transfer in Solids interface was used
for both a static and a time-dependent study.
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Abstract: The development of micro- and nano-fabrication technologies has greatly ad-
vanced single-cell and spatial omics technologies. With the advantages of integration
and compartmentalization, microfluidic chips are capable of generating high-throughput
parallel reaction systems for single-cell screening and analysis. As omics technologies
improve, microfluidic chips can now integrate promising transcriptomics technologies,
providing new insights from molecular characterization for tissue gene expression profiles
and further revealing the static and even dynamic processes of tissues in homeostasis and
disease. Here, we survey the current landscape of microfluidic methods in the field of
single-cell and spatial multi-omics, as well as assessing their relative advantages and limi-
tations. We highlight how microfluidics has been adapted and improved to provide new
insights into multi-omics over the past decade. Last, we emphasize the contributions of
microfluidic-based omics methods in development, neuroscience, and disease mechanisms,
as well as further revealing some perspectives for technological advances in translational
and clinical medicine.

Keywords: microfluidics; single cell; single-cell RNA sequencing (scRNA-seq); spatial
transcriptome

1. Introduction

Tissue is defined as a unit composed of cells and varying amounts of extracellular
matrix, which is the structural and functional part of an organ [1]. Therefore, understand-
ing the tissue microenvironment is the key to unraveling the complex flow of genetic
information in living systems. In eukaryotes, revealing the high degree of tissue hetero-
geneity, both cellular and spatial, in physiological and biochemical phenomena is being
increasingly regarded as essential for exploring developmental and disease mechanisms.
Various single-cell sequencing (SCS) technologies enable the acquisition of gene expression
data at the single-cell level, designed to increase the understanding of cellular diversity
and interactions in a physiological and specifically immunological context [2-7]. Spatial
transcriptome technologies are capable of distinguishing the gene expression of cells in
their original locations, thus compensating for the loss of spatial location information
during tissue dissociation in SCS technologies [8-10]. Notably, the requirements for res-
olution, throughput, and multiplexing have strongly motivated the development of new
solutions for both single-cell and spatial transcriptome sequencing, aiming to generate
more detailed molecular cellular landscapes in tissues to unravel cell diversity and explore
tissue architectures [11-13].
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Microfluidics, a tool that integrates microfabrication processes such as microchannels
and microvalves, enables the processing of individual cells and their components through
the precise control and manipulation of microscale fluids [14]. In the last decade, microflu-
idics has redefined the experimental platform for SCS and spatial omics sequencing by
parallelization, miniaturization, and automatic methodological steps [15,16]. First, assay
miniaturization in microfluidics improves enzyme reaction activity and reduces assay costs
significantly. While traditional high-throughput single-cell analysis requires a reaction
system of at least ~1 pL [17-19], each parallel reaction system in a microfluidic system
ranges from a few picoliters to a few nanoliters, thereby improving the concentrations of
reagents and reducing reagent consumption [20-22]. The water-in-oil system in Drop-seq
is capable of generating approximately 3000 droplets per second with a volume of around
1 nL [23]. DroNc-seq, a modification of the Drop-seq method, can generate droplets with a
volume of 300 pL at a higher rate (roughly 4500 droplets per second) [24]. Such improve-
ment allows for scRNA-seq to be performed on cell nuclei. Second, parallel microchannels,
microarrays, and microvalves can be used simultaneously for the precise manipulation of
fluids to minimize batch effects. When combined with sequencing tools, massive parallel
sequencing microdevices are capable of capturing and analyzing at the single-cell scale,
which provides a chance for low-cost, high-throughput-based transcriptome analysis and
opens up unprecedented opportunities to reveal cellular heterogeneity and its effects on
cellular function. For example, Seq-well was able to profile thousands of primary human
macrophages in a polydimethylsiloxane (PDMS) chip consisting of ~86,000 subnanoliter
wells [21]. Similarly, when used for spatial transcriptome technology, microdevices allow
for yielding spatial barcodes unbiasedly through parallel microchannels, resulting in thou-
sands of different spatial spots [25]. Third, a single microfluidic chip enables the integration
of multiple operations and compatibility with downstream measuring techniques. With the
development of micro/nano manufacturing technology, experimenters can design and fab-
ricate customized microfluidic chips for different clinical research applications. Collectively,
as efficient, high-throughput integrated platforms, microfluidics can be applied to SCS
and spatial omics sequencing to reveal the diversity of cell types in highly heterogeneous
tissues, with further broad applications in developmental, neurological disease research,
and more [26,27].

In this review, we survey the current landscape of microfluidic methods in the field of
single-cell and spatial multi-omics and their operational principles, as well as assessing
their relative advantages and limitations. Additionally, the applications of microfluidic-
based methods in a wide range of fields including neuroscience, developmental biology,
cancer, and more will be addressed. Last, we discuss future opportunities in the field of
translational and clinical medicine.

2. Advances in Single-Cell RNA Sequencing Technologies

Traditional bulk sequencing methods obtain the average data for the gene expression
profiles of cell populations [28,29], resulting in the consequent concealment of information
at the single-cell level, such as molecular distributions and drug-target interactions. Thus,
to understand the single-cell different expression (SCDE), new tools need to be developed
to advance single-cell sorting and analysis. In 2009, Tang et al. published the pioneering
work of single-cell genome-wide mRNA sequencing (scRNA-seq) [30], thereafter, the field
exploded and received great attention (Table 1). Specifically, a significant increase in the
number of cell types that can be processed with the throughput has increased from a few
to several thousand.

SCS technologies can be distinguished as being either plate-based methods or
microfluidic-based methods. Plate-based methods [19], represented by Smart-seq2 [17], are

173



Micromachines 2025, 16, 426

capable of obtaining full-length transcripts. However, the lack of suitable cell segregation
strategies results in the quantity of cells available for analysis limiting the throughput of
such methods [31]. Compared to conventional plate-based methods, the probability of sam-
ple cross-contamination can be reduced with microfluidic-based scRNA-seq methods, based
on both microfluidics [20,23] and high-density microwells [21,32], resulting from the cell
suspension being partitioned into nanoliter reaction chambers [20-22]. Importantly, this en-
ables microfluidic platforms to be tailored to be compatible with different cell sizes [33,34],
providing an expandable framework for a wide range of biological samples [20]. Given the
parallelization, massive parallel omics sequencing, adopting microfluidics as a platform,
provides a better performance in terms of consistency and throughput [21,35,36].

Table 1. Summary of Mmcrofluidic-based scRNA-seq technologies.

Fit for Rare

Technology Year Method Sample Type Cell (Y/N) Resolution Ref.
Droplet-based scRNA-seq 2015 Drop-seq Cell suspension N Single cell [23]
Droplet-based scRNA-seq 2015 inDrop Cell suspension Single cell [20]
Droplet-based scRNA-seq 2017 Chromium 10X Cell suspension N Single cell [37]
Droplet-based scRNA-seq 2017 DropNc-seq Cell suspension N Single cell [24]
Droplet-based scRNA-seq 2023 SPEAC-seq Cell suspension N Single cell [38]

Microwell-based scRNA-seq 2015 Cytoseq Cell suspension N Single cell [39]
Microwell-based scRNA-seq 2017 BD Rhapsody Cell suspension N Single cell [40]
Microwell-based scRNA-seq 2015  Solid-phase RNA capture Cell suspension N Single cell [36]
Microwell-based scRNA-seq 2017 Seq-Well Cell suspension N Single cell [21]
Microwell-based scRNA-seq 2020 Seq-Well S Cell suspension N Single cell [41]
Microwell-based scRNA-seq 2018 scFTD-seq Cell suspension N Single cell [42]
Microfluidic Single-cell
Valve-based scRNA-seq 2014 whole-transcriptome Cell suspension N Single cell [22]
Sequencing
Valve-based scRNA-seq 2019 Hydro-Seq blood Y Single cell [43]
Valve-based scRNA-seq 2020 Paired-seq Cell suspension N Single cell [44]

2.1. Droplet-Based scRNA-Seq Methods

In droplet microfluidics systems, the cell suspension is partitioned into surfactant-
stabilized droplets, followed by oil-water interactions to individually encapsulate aqueous
droplets in an inert carrier oil. So far, all droplet-based scRNA-seq protocols can be cat-
egorized into the following five steps: the enrichment and assessment of target cells,
encapsulation in droplets, reverse transcription (RT) and molecular amplification, sequenc-
ing, and data processing. The droplet microfluidic device greatly facilitates the sequencing
throughput by the enrichment and encapsulation of live target cells. Moreover, the ability
to naturally adapt to subsequent manipulations can provide a scalable framework for
resolving single-cell information.

Drop-seq [23] and inDrop [20], both published in 2015, are two representative works
based on 3’ poly-A capture methods (Figure 1a,b). The two protocols use the same principle
in terms of barcoding transcripts, but differ in other steps. Specifically, Drop-seq uses a
non-deformable rigid resin for encapsulation, which means that both cells and beads obey
the Poisson distribution, resulting in a low encapsulation efficiency. After the encapsulation,
RT is performed in unison by pooling beads, which synthesizes barcoded primers directly
for RNA capture. As opposed to Drop-seq, inDrop uses a droplet microfluidic device to
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generate barcoded hydrogel microspheres (BHMs). After the encapsulation, RT reactions
occur in droplets individually, so the microreactors reduce reaction competition while bulk
RT reactions reduce the batch effect, which is particularly important in high-throughput
sequencing with a high assay precision. Importantly, Drop-seq is based on Smart-Seq [45]
utilizing PCR-based template switching amplification, while inDrop is akin to CEL-Seq [46]
following an in vitro transcription (IVT) protocol. Hence, being based on two different
protocols means that both methods have their own strengths for amplification and DNA
library preparation. Drop-seq has a much higher gene detection ability than inDrop in terms
of sensitivity, especially for low-abundance transcripts. However, there is a significant bias
in the quantitative analysis of RNA expression in the Drop-seq protocol due to PCR-induced
non-linear amplification. On the contrary, CEL-Seq can greatly reduce amplification bias by
barcoding and pooling samples before linearly amplifying mRNA with the use of one round
of IVT. It is worth noting that the mRNA capture of both Smart-Seq and CEL-Seq requires
poly (T) primers, resulting in important transcripts such as circRNAs that are without poly
(A) tails being filtered out. Chromium 10X is a commercially available platform for scRNA-
seq that delivers standardized capture conditions [37]. With a multichannel microfluidic
chip, thousands of cells can be encapsulated into ~100,000 gel beads in emulsions (GEMs)
in six minutes, resulting in single-cell capture efficiencies between 50% and 65%, with the
probability of a single droplet capturing multiple cells being as low as 0.9% /1000 cells.
Notably, such a short treatment time and reproducibility can reduce the probability of cell
lysis and RNA degradation [37].
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Figure 1. (a) Schematic diagram of the workflow of the Drop-seq technique. Reproduced with
permission from Ref. [23]. Single cells are encapsulated in tiny droplets along with uniquely bar-
coded primer beads, enabling large-scale, highly parallel analysis. (b) Microfluidic device used in
inDrop technology. Reproduced with permission from Ref. [20]. Cells are captured and barcoded in
nanoliter droplets with high capture efficiency. Arrows indicate cells (red), hydrogels (blue), and flow
direction (black).
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Based on the Drop-seq methodology, DropNc-seq achieves a higher capture rate
efficiency and further obtains reliable nuclear expression profiles from frozen samples
by combining with sNuc-Seq, a low-throughput method utilizing isolated nuclei [24]. In
2023, Wheeler et al. published SPEAC-seq, a forward genetic screening platform [38].
Two-cell encapsulated droplets achieved by microfluidics were co-cultured and then sorted
through sequentially gating drops to obtain droplets encapsulating the desired cell-cell
pairs, namely activated reporter cells and perturbed cells.

Overall, droplet-based scRNA-seq is severely affected by “doublets”, that is, one
or more beads and/or cells in a droplet, which occurs for the following two reasons:
1. The presence of two-cell clusters in the suspension resulting from cell—cell interactions.
2. The encapsulation of beads and cells is random, and at least one of them is bound to
be governed by the Poisson distribution, even if the variable beads are able to break the
Poisson statistics in the case of a tight arrangement [47,48].

2.2. Microwell-Based scRNA-Seq Methods

In comparison to droplet-based scRNA-seq methods, microdevices based on microwell
arrays can provide unbiased analysis in SCS at the ensemble level. Specifically, exactly the
same nanoliter or picoliter microwells by the tens of thousands are used as stand-alone
reactors and can load single cells of comparable sizes by gravity alone. Subsequently, cell
lysis, RNA capture, and RT are performed in the original wells [21,39].

In 2015, Fan et al. reported on Cytoseq, initially combining next-generation sequencing
(NGS) with the stochastic barcoding of single cells via micropore arrays [39] (Figure 2a).
In this strategy, to saturate all wells, the cell suspension concentration and the size of
barcoded beads are informed by the geometry and dimensions of the wells. In 2018, Han
et al. published a simple method named microwell-seq [32], which can lead to substantial
reductions in labor and cost due to the reusability of the PDMS mold, coupled with the low
cost of the agarose microwell arrays. Using the microwell arrays, the group characterized
cellular heterogeneity and the cross-tissue cellular network with a minimal batch effect, as
well as further publishing the first mammalian atlas [32] (Figure 2b). Moreover, given the
operations, costs, and turnaround times, researchers may consider BD Rhapsody [40], a
proven commercially available platform widely used in immune research and brain sci-
ences [49,50], to observe cell-related information and implement integrative transcriptome
and proteome analyses.

To reduce the risk of cross-contamination resulting from the open-top microwell
design, the currently preferred method is to seal the microwell array. Bose et al. published
a scalable platform for solid-phase RNA capture, consisting of printing RNAs on glass
and capturing RNAs with polymer beads [36] (Figure 2c). After loading the cells into
the wells and adding lysis buffer, there are different sealing protocols for different modes.
The microwell array can be reversibly sealed by a mechanical sealer in the RNA printing
mode and by oil injection in the RNA capture mode, respectively. The combination of
solid-phase RNA capture with microarrays allows for the exchange of reagents without
the need for altering the location of the captured material, which facilitates scalability
and miniaturization by eliminating the need for multiple chambers. However, limited
by the scale of the bead library and the size of the microwell array, the above platform
has a lower throughput compared to Cytoseq. In another report, a portable platform
named Seq-Well was developed by Gierahn et al. [21]. By the means of semipermeable
membranes and surface-functionalized PDMS arrays, rapid solution exchange and reduced
contamination across intercellular mRNAs can be achieved. Also worth mentioning is
that Seq-Well uses the same library construction method as Drop-seq, where full-length
transcripts are obtained by template switching after RT. However, this method requires
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a secondary PCR, which may result in the loss of validated products that are not tagged
with the handle [51]. Hence, an iterative platform, Seq-Well S3, was reported in 2020,
improving the library construction efficiency and gene detection sensitivity by using a
randomly primed second-strand synthesis [41] (Figure 2d). scFTD-seq, published in 2018,
proved that freeze-thaw was completely compatible with scRNA-seq [42] (Figure 2e). After
the chip was filled with freeze-thaw lysis buffer, the microwell array was sealed using a
glass slide, followed by three freeze-thaw cycles and room-temperature incubation. scFTD-
seq reduced the cross-contamination, driven, in part, by the seal operation and lack of
buffer exchange.
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Figure 2. (a) Schematic and imaging data for CytoSeq. Reproduced with permission from Ref. [39].
The platform enables routine, digitized gene expression profiling of thousands of single-cell genes.
(b) Experimental procedure for Microwell-Seq. Reproduced with permission from Ref. [32]. A high-
throughput, low-cost platform capable of constructing mouse cellular maps at the single-cell level.
(c) A schematic of the basic workflow for single-cell RNA printing. Reproduced with permission from
Ref. [36]. Microwells in this platform enable low-cost printing of RNA on glass or capturing of RNA
on beads. (d) Comparison between Seq-Well and Seq-Well S*. Reproduced with permission from
Ref. [41]. Based on Seq-Well, Seq-Well S improves transcript capture and sensitivity. (e) scFTD-seq
platform and fluorescence imaging data. Reproduced with permission from Ref. [42]. Portable and
easy-to-use devices, as well as simplified and modular workflows facilitate clinical use.

In conclusion, microwell-based scRNA-seq methods are theoretically easy to operate
and cost-effective due to their fewer complicated peripherals and reagents. However, they
are relatively less adaptable to rare cell analysis resulting from the fixed well sizes. Addi-
tionally, optimization strategies are still needed to effectively avoid cross-contamination.

2.3. Valve-Based scRNA-Seq Methods

Valve-based microfluidic chips manipulate the fluid flow behavior through pressure-
controlled valves [22,43,44]. Specifically, the chip mainly integrates flow channels used for
cell suspension flow, valve-controlled channels for changing the pressure, and elastically
deformable PDMS films as valves. Changes in pressure control the state of the valve, thus,
single-cell isolation can be further realized [52].

In 2014, Streets et al. proposed a semiautomated single-cell high-throughput sequenc-
ing program with a high sensitivity and precision [22] (Figure 3a). Individual cells from
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the cell suspension were sequentially directed by a peristaltic pump into each of the eight
trapping chambers and pressurized into the sorting chamber, while multiple cells were
discarded through the isolation valve. After sorting, the reagents were filled through the
reagent input line and then the reactant was diffused and mixed by controlling the on—off
state of the valve above the two chambers. Notably, the integration of valves and pumps
had a significant advantage over well-based methods in terms of raw sample contamination
removal, which makes it extremely suitable for scarce or easily contaminated samples, such
as circulating tumor cells (CTCs). In 2019, Cheng et al. engineered Hydro-Seq chips that
could process 10 ml of patient blood containing CTCs [43] (Figure 3b). The customized
channel size and valve design captured individual CTCs from the sample into each cham-
ber, while contaminants such as erythrocytes and leukocytes could be transferred. The
difference in shape between the bead and capture ports facilitated bead loading. In addition,
the valves were closed to the separated chambers, thus allowing for cell lysis and mRNA
capture in the separated chambers.

(a) —
= = 5 mm
. Cell input ‘
o [ e Output ports
‘ T tapee s oo |
> e
% Reagentinput . 3

\

@enarcerave D seavare @) callaie

‘.mem [T —

Trapping chamber o Flow
Cell pump H Control @@ Wash channels Cell capture site @Bsad capture site
(©) Single cell and single bead capture chip Operation on chip

ﬂ. Pairing capture b. Droplets generation  C. Cell lysis, mRNA captured
on barcoded beads and RT

\-Valve @ Drivingpump @ Lysisbuffer = PBS 1 Ar ® Cell ﬁBsn:odedbey

Figure 3. (a) Micrograph of the microfluidic device. Reproduced with permission from Ref. [22].
Injection of single-cell suspensions and reagents, and recovery of double-stranded cDNA from the
output for single-cell whole transcriptome analysis. Lines indicate the control channels (blue), and
the flow channels (purple). (b) Schematic diagram of Hydro-Seq technology. Reproduced with
permission from Ref. [43]. The platform is capable of cleaning contaminants such as erythrocytes and
could be used to isolate rare cells. (c) Design of Paired-seq chip. Reproduced with permission from
Ref. [44]. The device is capable of efficiently isolating and removing cell-free mRNAs.

In addition, the decontamination capability of the valve-based chip was also demon-
strated in the removal of cell-free RNA. Zhang et al. introduced the Paired-seq platform, in
which from hundreds to thousands of units were integrated for processing precious sam-
ples [44] (Figure 3c). Blocking valves and hydrodynamic differential flow resistance-based
units had an immediate effect on the isolation and removal of cell-free mRNAs, which was
further validated by subsequent sequencing.
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The high-throughput systems above retain fragments of mRNA 3’ end information,
while Fluidigm C1 [53], a commercialized platform, employs different protocols, including
Smart-Seq [45] and CEL-Seq [46], to generate full-length transcripts. This standardized
process reduces the requirements for experimental operations and, therefore, performs
robustly and reproducibly in the characterization and data integration of clinical tissues [54]
or blood samples [55]. Two prominent examples are the revealing of the intratumoral het-
erogeneity of the breast cancer transcriptome [54], as well as that of the cellular regulatory
pathways in T-cell leukemia [55]. Nevertheless, this calls for caution regarding precious
samples and samples that require high-quality gene expression data due to the low cell
utilization and the risk of cell damage during the cell capture process [53].

Taking this into account, the valve-based chip structure enables multiple washes of
cells and beads, thereby reducing the risk of sample contamination. It is worth noting
that the manufacturing process for such SCS platforms, which is highly dependent on
the chip structure, is relatively more complex. The integrated distribution of the chip, in
particular the shape and design of the valves, greatly affects the efficiency and quality of
single-cell capture. For example, the low Reynolds number in channels could be improved
by integrating mixing valves, which results in an improved mixing efficiency during
DNA amplification [56].

2.4. Single-Cell Multi-Omics Profiling

The central dogma of biology, which tightly links molecular species transcripts to
DNA and proteins, implies that single omics information is insufficient to determine the
biological function of eukaryotic cells [57,58]. On the one hand, the post-transcriptional
status of genes varies from cell to cell within the same organism, or even the tissue, mainly
depending on translation and degradation regulatory mechanisms. On the other hand,
even in the same cell, the gene expression level fluctuates with time and external stimuli.
Therefore, a single-cell multi-omics dataset can capture the static distribution and dynamic
information inside and outside a cell to further analyze the mechanisms of gene expression
and degradation regulation [59,60]. By mapping cell specificity and tracing cell lineages,
the mechanisms of development and disease can be then elucidated [61].

The quantification of proteins as effector molecules of cellular function enables more
accurate dynamic modeling to predict gene products and responses to perturbation [62,63].
As a platform capable of precise manipulation in microsystems, the microfluidic device
has become a preferred system to integrate multiple quantification technologies at the
single-cell level [64—66]. Initially, protein information is read out by the means of fluores-
cent signals. The relative maturity of imaging technology and analytic software affords
immunofluorescence imaging a great potential for directly profiling protein levels [67].
Park et al. used microwell arrays with landmarks to isolate and localize single cells, so that
the fluorescence intensity per well was able to quantitatively analyze protein expression
dynamics. After cell lysis, the dynamics in transcript levels were obtained by fluorescence
intensity via on-chip RT-PCR [68].

However, the throughput and number of fluorescence signal read-outs are limited by
spectral overlap and resolution. Therefore, the key to the simultaneous high-throughput de-
tection of the transcriptome and proteome lies in the translation of mRNAs and proteins into
readable and unbiased signals. CITE-seq [64] and REAP-seq [69] are both sequencing-based
high-throughput methods capable of co-profiling the transcriptome and proteome. Each is
represented the following classical barcode-antibody binding mechanisms: streptavidin—
biotin interaction and amine chemistry, respectively. Therein, CITE-seq, a widely used
tool, is critical for identifying subsets of diseased cells [70], revealing tissue heterogeneity
at disease stages [71], and analyzing the mechanisms of immune checkpoint molecular
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regulations [72]. Such methods are costly due to the use of antibody labeling proteins. In
contrast, Delley et al. used oligonucleotide barcode-labeled aptamers, which allowed for the
low-cost simultaneous characterization of the transcriptome and intracellular proteins [73].

Another path to responding to genomic expression heterogeneity is to profile the
genome and transcriptome in parallel. In 2014, Han et al. used a valve-based platform to
isolate the same single-cell nRNA from gDNA. Subsequent RT as well as denaturation
and neutralization were performed on the microarray, followed by almost synchronous
amplification. Moreover, genes and gene products are not two-by-two linear pathways,
and, thus, triple-omics and higher-order single-cell multi-omics are in the process of
inferring genomic regulatory models in unprecedented detail [31]. In 2021, Mimitou
et al. released ASAP-seq, which is capable of demonstrating chromatin accessibility on
a genome-wide scale [66] (Figure 4a). Compatible with multimodal assays such as CITE-
seq, ASAP-seq enables a triple- or four-order single-cell multi-omics workflow, revealing
stimulus-dependent dynamic changes in T cells. In 2022, Chen et al. profiled CD4 memory
T cells with NEAT-seq, a droplet-based microfluidics platform that can simultaneously
analyze intracellular proteins, chromatin accessibility, and transcripts through intranuclear
staining [74] (Figure 4b).
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Figure 4. (a) [llustration of the DNA-barcoded antibodies used in CITE-seq and analysis of mix-
tures of mouse and human cells. Reproduced with permission from Ref. [64]. CITE-seq enables
simultaneous detection of single cell transcriptomes and protein marks. (b) Schematic of ASAP-seq
workflow. Reproduced with permission from Ref. [66]. ASAP-seq is capable of demonstrating
chromatin accessibility on a genome-wide scale. (c) Schematic of NEAT-seq workflow. Reproduced
with permission from Ref. [74]. NEAT-seq is a droplet-based microfluidics platform that can si-
multaneously analyze intracellular proteins, chromatin accessibility, as well as transcripts through
intranuclear staining.
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In conclusion, due to its precise and unbiased analysis, as well as the comprehensive
validation provided on cellular functions and temporal dynamics, microfluidic-platform-
based multi-omics sequencing technology is able to reveal the etiology of diseases and
highlight disease indicators by integrating multi-omics data. Despite still being in its
infancy, the capture of multiple layers provides a time-saving and efficient method for
predicting, selecting, and validating regulatory factors of interest. The increased ability to
analyze the heterogeneity originating from genetic and environmental stimuli facilitates
the further interrogation of molecular regulatory networks spanning the central dogma.

2.5. Technical Challenges and Future Directions

In summary, the challenge in useable yields and data quality in SCS technologies is to
reduce cross-contamination so that real single-cell information is obtained [75]. Specifically,
each system should ideally (i.e., no cross-contamination) contain both one cell and one bead.
However, subject to the Poisson distribution, there may be no or multiple cells and /or beads
in the system. In particular, complex components in blood samples such as erythrocytes and
cell-free RNA can further introduce additional contamination. Though informatics have
been developed to work on this issue from an algorithmic perspective [76,77], microfluidic-
based single-cell sequencing methods can minimize cross-contamination in the simplest
way possible from a system design. For example, the close-packed arrangement of de-
formable beads can break the Poisson distribution [47], the sealing of microwell arrays can
efficiently avoid inter-system contamination, and the integration of valves and pumps can
efficiently scrub contaminants from samples.

3. Advances in Spatial Transcriptomics

While SCS methods provide an exhaustive account of intercellular heterogeneity, they
fail to explain the interactions between cells and with the surrounding microenvironment,
as well as the spatial distribution [9,78]. Spatially resolved transcriptomics (SRT) technolo-
gies have fundamentally reshaped researchers’ understanding of tissue homeostasis, tissue
development, and even disease mechanisms. SRT technologies can be summarized into
the following three categories: imaging-based technologies, laser capture microdissection
(LCM)-based technologies, and sequencing-based technologies. Imaging-based technolo-
gies are limited by the limited number of fluorescent probes and the complexity of the
coding process [79]. In LCM-based technologies, cutting a tissue section with a laser is
costly and the analysis area is limited [80]. In contrast, sequencing-based technologies have
the advantage of being unbiased, high-throughput, and producing low error [81,82].

Microfluidic systems load cellular information into space through unique array fea-
tures or microchannels, and further quantify the mRNA expression of a large number
of genes in the spatial dimension through high-throughput sequencing (Table 2). The
exploration of spatial heterogeneity and the reconstruction of gene expression profiles have
deepened the understanding of diseases, neurology, and cancer [83]. Of note, another
important implication of SRT technology is to map developmentally relevant spatiotempo-
ral transcriptomics, exploring the developmental trajectory of the embryo, as well as the
evolution of life in time and space [84,85].

Table 2. Summary of microfluidic-based spatial transcriptomics technologies.

Technology Year Method Sample Type Array Substrate Resolution Ref.
Array-based SRT 2016 ST FF Glass 100 pm [79]
Array-based SRT 2019 Visium FF Glass 55 um [86]
Array-based SRT 2019 Slide-Seq FF Glass 10 um [81]
Array-based SRT 2019 HDST FF Silicon 2 um [79]

Microchannel-based SRT 2020 DBiT-seq FF/FFPE Microfluidic Channel divided tissue 10-50 pm [82,83]
Microchannel-based SRT 2023 Well-ST-seq FF PDMS 10-50 pm [25]

FF: Fresh-frozen section. FFPE: Formalin-fixed paraffin-embedded section.
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3.1. Array-Based SRT Methods

Array-based SRT methods have been widely used to obtain spatially resolved genetic
information [9]. Broadly, polyadenylated RNA capture is divided into surface capture and
microbead capture [87,88]. The surface capture immobilizes capturing probes by modifying
chemical groups, such as epoxy groups, on the surface of glass or silicon wafers [87]. A
higher spatial resolution can be achieved by increasing the density of the modification. The
microbead capture attaches the capturing probes to microbeads, and the accuracy increases
with a decreasing volume of microbeads [89].

Spatial transcriptomics (ST), the first use of surface capture, was proposed by Stamathl
et al. [87] and commercialized as the Visium platform (Figure 5a). In total, 1000 + trapping
regions 200 um apart were modified on the slide in ST. After RT of the mRNA from tissue
sections captured in situ, cONA-mRNA complexes with different spatial barcodes were
used for library preparation and NGS readout. In the Visium platform, this distance was
reduced to 100 um to achieve a higher spatial resolution. Based on the above platforms,
SM-Omics [89] and SPOTS [90] were able to analyze transcriptome information and a
panel of protein information from the same tissue section on arrays with a 100 um and
55 pm resolution, respectively. Slide-Seq technology [88] and HDST technology [89] are
representative of microbead capture schemes (Figure 5b,c). Specifically, after modifying
magnetic beads with spatially barcoded RT primers, the Slide-Seq technology deposited
10 um magnetic beads on the plane of the slide, whereas the HDST technology modified
2 um magnetic beads in the microwells of the slide to capture tissue mRNA. It is worth
noting that, although the resolution can be close to that of a single cell, these beads do not
capture efficiently enough to support the amount of data required for single-cell analyses.
In addition, the spatial barcodes actually map back to adjacent tissue sections, which results
in inaccuracy that is quite sensitive to highly heterogeneous samples such as tumors.
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Figure 5. (a) Spatially localized cDNA synthesis. Reproduced with permission from Ref. [87]. ST was
the first use of surface capture and commercialized as the Visium platform. (b) Slide-seq workflow.
Reproduced with permission from Ref. [88]. Slide-Seq method deposited 10 um magnetic beads on
the plane of the slide to capture tissue mRNA. (c¢) Schematic diagram of HDST. Reproduced with
permission from Ref. [89]. HDST method modified 2 pm magnetic beads in the microwells of the
slide to capture tissue mRNA.
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3.2. Microchannel-Based SRT Methods

Microchannel-based SRT methods offer an unprecedented perspective on the analysis
of biological regulatory networks due to their flexibly adjustable spatially barcoded pixels
and their ability to integrate various omics layers. Distinguishing from the solid-phase
matrix capture of biomolecules described above, DBiT-seq delivered barcodes for the
direct localization of nucleic acids or proteins onto tissue sections [91] (Figure 6a). The
key to the method was the sequential use of two PDMS microfluidic chips lined with
50 parallel microchannels. Since the microchannels between the two chips were oriented
vertically, the intersecting pixels formed a spatial grid. The resolution of the above pixels
could reach up to 10 pm and capture about 2000 genes by adjusting the distance between
the microchannels. DBiT-seq is capable of analyzing the proteome, transcriptome, and
transcriptome of the same tissue section while maintaining a high resolution [91]. It is
also compatible with optical image characterization, which makes the chip capable of
an all-round accurate analysis of multi-omics data based on morphological structure. In
addition to FF sections, this strategy is also compatible with FFPE tissues with an accuracy
of a 50 um point spacing [92]. Furthermore, microchannel-based PDMS chips can also
be used to modify paramagnetic particles, thus avoiding the channel blockage problems
associated with tissue deformation while retaining the advantage of flexible resolution
adjustment [25] (Figure 6b).
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As a universal and compatible strategy, microchannel-based SRT methods repre-
sented by DBiT-seq extend [93,94] or integrate [95,96] multi-omics data such as proteomes,
epigenomes, and so on, thus realizing multiple spatial co-analysis.

3.3. Spatiotemporal Transcriptome

Gene expression and cell-state transitions change continuously in organisms. In order
to obtain dynamic multi-omics information, it is necessary to obtain dynamic expres-
sion datasets in the temporal and spatial dimensions. The spatiotemporal transcriptome
is based on spatial transcriptome technology, which combines spatial information with
pseudotime [97,98]. By identifying and tracking key genes during cell migration and
differentiation, a deeper understanding of cell fate and processes such as embryonic devel-
opment and neural differentiation in species including Mus musculus and Homo sapiens
can be achieved [84,99]. The size and morphology of fresh-frozen sections under pseudo-
time are constantly changing with development [100]. Microfluidic devices are capable of
adjusting the resolution and size to target regions of interest for comprehensive and de-
tailed analyses [101]. In addition, the low cost and high throughput of microfluidics make
it suitable for sequencing large quantities of embryos at different time points [102,103].
Unbiased technical strategies prefer to impute data with spatial and pseudo-temporal
contexts as complete cellular differentiation axes. This implies that, when facing prob-
lems such as lineage bifurcation decisions, in situ hybridization-based spatiotemporal
transcriptomes only target a limited number of target genes, while some capture-based spa-
tiotemporal transcriptomes are unbiased under complex embryonic environments, such as
during gastrulation [104].

Higher orders of magnitude of sensitivity and capture efficiency are key to region-
alizing spatiotemporal dynamics. To date, researchers have maintained a considerable
interest in the development of the mammal post-implantation embryo at all periods of
gestation [101,105-107]. Slide-seqV2 identified and recapitulated mouse neocortex de-
velopmental trajectories at a near-cellular resolution [80,108]. With nearly an order of
magnitude higher sensitivity than the original Slide-seq, more than a thousand key genes
during embryonic eye development and genetic drivers of disease could be identified.
Subsequently, the spatiotemporal transcriptome has continued to increase in the field of
view and resolution. For example, Stereo-seq (Figure 7a), with its cellular resolution and
large field of view, was able to track the embryonic organ development trajectory and
transcriptional variation in whole mouse embryos spanning E9.5-E16.5 [81], as well as
reveal the widest spatiotemporal development of different regions of the human brain
across time points to date [100]. sci-Space could elucidate the developmental orientation
of nerves in three spatiotemporal dimensions with a single-cell precision by bringing a
barcode to each nucleus [102].
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Figure 7. (a) Location, period, study design, and number of cells sequenced information. Reproduced
with permission from Ref. [100]. (b) Overview of study design for intestinal development atlas.
Reproduced with permission from Ref. [105]. (c) A schematic displaying the key cell types, stages, and
markers involved in human hematopoietic stem and progenitor cell (HSPC) specification, emergence,
and maturation. Reproduced with permission from Ref. [84]. (d) Schematic of DDC-induced injury
and repair. Reproduced with permission from Ref. [109]. Spatiotemporal analyses of cholestatic
injury and repair processes in mice reveal the potential of the spatiotemporal transcriptome for tissue
injury and regeneration studies.

In addition to whole mouse embryos, spatiotemporal transcriptome technology can
characterize human organic morphogenesis by linking SCS and SRT. Fawkner-Corbett
et al. depicted developmental events in full-thickness intestinal tissue and revealed time-
critical transcriptional defects [105] (Figure 7b). Recently, as part of the Human Cell Atlas
program, the characterization of the intertemporal development of human embryonic
limb organs was made feasible [110]. The understanding of hematopoietic stem cells
(HSCs) development has major implications for the diagnosis, prognosis, and treatment
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of hematologic diseases [111]. The combination of scRNA-seq and Visium commercial
platforms elucidated the cellular origins of HSCs and confirmed the sites of HSC emergence
and the transcription factor mechanisms. Establishing and visualizing a developmental
roadmap for HSCs provides perspectives to guide in vitro transplantable HSC manufactur-
ing efforts [84] (Figure 7c).

The spatiotemporal transcriptome can demonstrate the clinical relevance of devel-
opmental cellular mapping [112-115]. Spatiotemporal analyses of cholestatic injury and
repair processes in mice reveal the potential of the spatiotemporal transcriptome for tissue
injury and regeneration studies [109] (Figure 7d). By characterizing the gene expression for
different disease periods, researchers are able to accurately assess the horizontal expression
of specific genes during changes in organ morphology versus heterogeneity [116].

3.4. Technical Challenges and Future Directions

Overall, microfluidic-based SRT methods reduce the limitations of cost and laboratory
equipment, obtaining thousands of capture spots with different spatial barcodes in an
unbiased manner [110]. However, the system performance of such methods is limited
by the process of microfluidic devices. First, there is a risk of extremely minute fluid
exchange between the adjacent microchannels of the microfluidic device, which leads to
unavoidable contamination during spatial barcode probe modification and tissue section
encoding. Second, microfluidic-based SRT methods carry the risk of mRNA diffusion dur-
ing permeabilization compared to SRT methods using hybridization probes. A promising
approach is the domain restriction of tissue sections by microwell substrate processing.
Finally, while other SRT techniques have achieved a nanometer resolution, the resolution
of microfluidic spatial transcriptomic methods is limited to the micrometer level by lithog-
raphy and nanostructure fabrication. Although efforts have been made to reach up to a
10 pm resolution [25,91], how to obtain spatial information at the subcellular level remains
a future challenge [85,117].

4. Clinical Applications and Conclusions

SCS technologies and SRT technologies bridge the gap between clinical histopathology
and molecular phenotyping [118], enabling the corroboration of experimentally obtained
information on in situ intercellular molecular communication with clinical medical phe-
nomena. When standardized and reproducible sequencing data are combined with clinical
precision therapies, SCS technologies and SRT technologies will be able to assist in pre-
dicting potential therapeutic targets and even therapeutic effects, thus further advancing
researchers’ understanding of developmental processes and disease models and reshaping
precision therapeutic protocols [59,118-120].

4.1. Early Detection and Disease Classification in Oncology

In translational and clinical medicine, ‘one size fits all’ therapeutic approaches often
result from a lack of the timely subcategorization of diseases and accurate prognoses [121].
In fact, microorganisms may activate a high expression of metabolic pathways [122]. The
tumor microenvironment (TME) and highly heterogeneous tumor tissues form a complex
immune network [120]. In the above ecosystem, multiple highly variable behaviors, such
as immune cell infiltration and immune evasion, further influence the accurate judgment
of tumor diagnosis and clinical treatment [123,124].

Spatial transcriptome technology tracks the cancer evolution present in cancerous
regions and histologically benign tissues adjacent to cancer in an unsupervised manner,
redefining distinct clonal patterns and cancer evolution with an unprecedented spatial
resolution [125]. In addition, microfluidics and its expanded platforms have important
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implications for the deconstruction of hemato-oncological ecosystems in complex microen-
vironments, such as aberrant regulatory programs and inter-tumoral variability [126]. The
results of SCS were able to classify spinal stromal cells and dissect their responses and
molecular abnormalities under AML [127]. In a study of mixed-phenotype acute leukemias,
single-cell multi-omics analysis inferred a transcription factor, RUNXI1, that influences
leukemia survival [128] (Figure 8a).
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Figure 8. (a) Schematic for alignment of scATAC-seq and scRNA-seq data. Reproduced with
permission from Ref. [128]. scATAC-seq has simultaneously tagged and fragmented DNA sequences,
such as 10x Multiome, in open chromatin regions and further paved the way for other technologies
that profile both the epigenome and transcriptome in single nuclei. (b) Schematic for alignment of
snRNA-seq and Stereo-seq. Reproduced with permission from Ref. [129]. Multimodal intersection
analysis (MIA) across the two datasets has revealed the spatial distribution of the cell populations
and subpopulations. (c) Slide-DNA and slide-RNA integration. Reproduced with permission from
Ref. [123]. Slide-DNA-seq has captured spatially resolved DNA sequences from intact tissue sections.
The integration of slide-DNA-seq and spatial transcriptomics has uncovered distinct sets of genes
that are associated with clone-specific genetics.

Currently, scRNA-seq and ST, either alone or in combination, have been developed as
powerful tools for interpreting pathological phenomena and evaluating disease-specific
markers in complex or highly heterogeneous tissues. In the process of disease diagno-
sis and targeted therapies, the information obtained through this emerging technology
platform covers the scope and dimensions from cell-to-cell interactions to intracellular
transcriptional mechanisms, from holistic networks to dynamic microenvironments, and
from tissue heterogeneity to single-cell heterogeneity [16,61,125,130,131]. Multimodal in-
tersection analysis (MIA) enables the integration of scRNA-seq and ST datasets from the
same lesion region and the subsequent spatial assessment of the cell types enriched in
the region or cluster by the degree of overlap of specifically expressed genes between
the two. As an early mode of dataset integration, MIA provides spatial cell specificity,
as well as an immune repertoire of lesion regions such as pancreatic ductal adenocarci-

187



Micromachines 2025, 16, 426

noma (PDAC) [129], esophageal squamous cell carcinoma [132], and cervical squamous
carcinoma [133] (Figure 8b).

In conclusion, the high degree of tumor heterogeneity poses a great challenge for the
prospective validation of precision therapeutic processes. The integration of high-resolution
multi-omics analyses will be required to accelerate the analysis of complex biomarkers
and therapeutic targets. For example, Slide-DNA-seq enables the spatial analysis of clonal
heterogeneity and provides an avenue for analyzing copy number aberrations (CNAs), one
of the drivers of cancer progression [123,131] (Figure 8c).

4.2. Cellular Dynamics of the Brain

The central nervous system (CNS) directs the complex activities and interactions of
billions of neurons and glial cells [134]. Understanding the nuances between cells through
SCS techniques plays a crucial role in the study of neurodevelopment and neurological
diseases [135-137].

The highly dynamic brain is the key to the CNS, and analyzing the cerebrospinal
fluid (CSF), which protects the CNS, can help in the diagnosis of CNS diseases. Single-cell
transcriptomics has been able to determine the cellular profile of cerebrospinal fluid versus
blood in an unbiased manner, increasing the diversity of the cellular composition of the
CSF and the transcriptional phenotypes of the cells in the bloodstream [138]. In the study
of Alzheimer’s disease (AD), the integration of snRNA-seq and snATAC-seq datasets is
able to identify the transcription factors (TFs) for changes in disease gene expression at a
single-nucleus resolution [139]. Furthermore, in addition to exploring disease mechanisms
and screening for therapeutic targets, the combination of peptide screening has enabled
further analyses of adaptive immune responses in the CSF and blood of patients [99,140].

The connectome, as the key to the functioning of the nervous system, is used to refer
to all elements and connections [141]. In animal models, studies of the brain and spinal
cord have enriched cell population types and elucidated cell-type-specific responses [103].
Currently, work has been conducted to identify and map cell types with the help of a
combination of SCS, SRT, and retrograde labeling. Brain-wide atlases of gene expression
constructed by such work reveal the complex topology of the brain connectome and further
bridge the gap between the transcriptome and connectome [142]. The Allen Mouse Brain
Atlas (AMBA) [143,144] and the Allen Human Brain Atlas (AHBA) [145], the most widely
used brain atlases, quantify tens of thousands of genes in the brain. Such comprehensive
mapping of the molecular characterization and the spatial patterns of gene expression will
help to extend our mechanistic studies of neurodevelopmental and neurodegenerative
diseases [142].

4.3. Discussion and Future Directions

Cellular heterogeneity among tissues poses significant challenges for molecular mecha-
nisms and pathology analyses [146,147]. The controllable strategies of microfluidic devices
provide new horizons for single-cell, spatial, and spatiotemporal histology. For exam-
ple, the high-precision manipulation of single cells for SCS [20,21,32] and reliably and
reproducibly unbiased capture for SRT [87,88,91] make microfluidics the most promising
high-throughput platform. With cost and efficiency in mind, a key question is undoubtedly
how researchers can match the most appropriate sequencing method, whether SCS or SRT,
for existing biological samples to accurately detect and quantify biomolecules.

First, the sample type plays a decisive role in the selection of sequencing methods.
Highly heterogeneous samples such as tumors require deeper and more precise scRNA-
seq methods to reveal signaling pathways and stemness, etc. [148]. The introduction of
microfluidics has led to a great improvement in the throughput and precision of scRNA-
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seq compared to traditional tubes and plate-based sequencing. On this basis, more and
more characterization modalities are focusing on clinical applications and presenting
unprecedented opportunities for precision therapy [149]. A current challenge is that
difficult-to-access disease tissues limit sample types and sample sizes. In this context,
stem-cell-derived organoids are a highly promising option [150].

Second, a corollary trend is the characterization of comprehensive molecular pheno-
types at the single-cell level [151,152]. While single histologic data can provide predictable
information with disease progression, for complex diseases such as type 2 diabetes (T2D),
osteoarthritis, etc., the combination of transcriptomics, proteomics, metabolomics, etc., can
refine the molecular mechanisms of disease etiology, which can then be used for prediction
and diagnosis in the clinic [153-157]. Therefore, how to integrate information across these
molecular layers is a key issue. Under this premise, a promising direction is the process-
ing of sequencing data [158]. In the process of biomolecular analysis, it is an inevitable
trend to go from the whole to the details and from the details back to the whole. To
date, the preferred probabilistic approach for revealing complex organizational structures
has been the back-convolution of single-cell data against specified spatial transcriptome
data. In addition, for example, one of the effective ways to improve spatial annotation is
to superimpose expression signatures on single-nucleus RNA-sequencing data [159]. In
addition, identifying and removing low-quality sequencing data is the key to obtaining ro-
bust multi-omics analysis results [160]. For microfluidic-based SCS methods, the technical
noise/dropout events and the methodological limitations of using single-end sequencing
largely affect downstream analysis. In this context, imputation is a useful strategy to
replace the missing data, thereby restoring the true expression level of the genes [161,162].
For microfluidic-based SRT methods, the tissue morphology, physical distance between
data points, and gene expression need to be considered simultaneously. For example, for
both healthy and diseased tissues, Pham et al. developed a spatial graph-based method to
robustly interrogate biological processes [163].

Finally, in translational research, solid tumors and CTCs have garnered a high interest
in the field of single tumor cell research [121,164]. Analyses targeting highly heterogeneous
tumor cells have benefited from the application of highly parallel microfluidic devices.
The combination of transcriptomics and proteomics has proven to be a highly successful
approach to interrogating complex disease mechanisms [165,166]. It is foreseen that the
integration of multi-omics information at a single-cell resolution will greatly provide life
science and modern medicine, with the capability for early disease prediction and targeted
precision therapy.
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Abstract: Under the dual drivers of precision medicine development and health monitor-
ing demands, the development of real-time biosensing technologies has emerged as a key
breakthrough in the field of life science analytics. Microfluidic impedance detection technol-
ogy, achieved through the integration of microscale fluid manipulation and bioimpedance
spectrum analysis, has enabled the real-time monitoring of biological samples ranging from
single cells to organ-level systems, now standing at the forefront of biological real-time de-
tection research. This review systematically summarizes the core principles of microfluidic
impedance detection technology, modeling methods for cell equivalent circuits, system
optimization strategies, and recent research advancements in biological detection applica-
tions. We first elucidate the fundamental principles of microfluidic impedance detection
technologies, followed by a comprehensive analysis of cellular equivalent circuit model
construction and microfluidic system design optimization strategies. Subsequently, we
categorize applications based on biological sample types, elaborating on respective re-
search progress and existing challenges. This review concludes with prospective insights
into future developmental trajectories. We hope this work will provide novel research
perspectives for advancing microfluidic impedance detection technology while stimulating
interdisciplinary collaboration among researchers in biology, medicine, chemistry, and
physics to propel technological innovation collectively.

Keywords: microfluidics; impedance; cell equivalent circuits; single cell

1. Introduction

Amid frequent global health crises (e.g., COVID-19 pandemic, dengue fever out-
breaks), surging demands for precision medicine, and escalating environmental and food
safety challenges, the development of rapid, sensitive, and portable detection technologies
has become a shared pursuit across scientific and industrial communities. Traditional
detection methods (such as polymerase chain reaction (PCR) [1] and enzyme-linked im-
munosorbent assay (ELISA) [2]), while characterized by high specificity, are constrained by
operational complexity, expensive equipment, and time-consuming procedures, making
them inadequate for urgent on-site analysis requirements. As a groundbreaking solution,
point-of-care testing (POCT) technology enables direct detection at sampling sites through
portable devices and integrated reagents, eliminating the need for complex laboratory
processing and facilitating the immediate acquisition of test results. This technology aims

Micromachines 2025, 16, 683 https://doi.org/10.3390/mil6060683
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to enhance medical decision-making efficiency through device portability and streamlined
workflows that rapidly deliver analytical outcomes.

Microfluidic technology is an advanced methodology that enables the precise ma-
nipulation of nano- to pico-liter scale fluids through engineered microscale channels and
structures (typically tens to hundreds of micrometers). Its defining characteristic lies in
integrating conventional laboratory functions into miniaturized chips, earning the desig-
nation “lab on a chip”. The concept of microfluidics was first proposed by Eringen et al.
in 1964 [3]. In 1979, Terry et al. [4] developed a silicon-based gas chromatographic device
that served as the prototype for modern microfluidic systems. Manz et al. introduced
the conceptual framework for microfluidic design in 1990 [5]. A milestone advancement
occurred in 1998 when the Whitesides group at Harvard University, through iterative
material testing and based on microfabrication techniques, innovatively proposed using
polydimethylsiloxane (PDMS) and simplified manufacturing methods to fabricate microflu-
idic chips [6], thereby establishing a comprehensive technical system. Through synergistic
innovations in micro/nanofabrication processes (e.g., photolithography, soft lithography)
and novel materials (e.g., PDMS, glass), microfluidic technology has evolved into an inter-
disciplinary field combining fluid dynamics, biomedicine, and sensing technologies. Its
core advantages manifest in four dimensions: miniaturization (reducing sample/reagent
consumption to 1/1000 of conventional methods), high-throughput capacity (enabling the
parallel processing of thousands of reaction units), precise control (regulating particle mo-
tion via multi-physical fields including electric and pressure fields), and system integration
(achieving unified sample pretreatment, reaction, and detection modules) [7-10].

Impedance detection technology is a universal analytical methodology based on mea-
surements of impedance characteristics in circuits or materials under alternating current
excitation. By analyzing the variations in impedance magnitude and phase with frequency,
this technique reveals the electrical, physical, and chemical properties of analyzed subjects.
In 1975, Kivelson et al. [11] advanced a theoretical model elucidating the relationship
between polarization effects and frequency through investigations of dielectric relaxation
behaviors in complex systems, providing fundamental theoretical support for the appli-
cation of alternating current (AC) impedance spectroscopy in heterogeneous material
analysis. A pivotal milestone emerged in 1999 when Ayliffe et al. [12] pioneered single-cell
impedance measurements within microchannels, utilizing paired microelectrodes with a
few-micrometer gap to achieve the impedance detection of human polymorphonuclear
leukocytes and fish erythrocytes in 10 um wide microchannels, thereby demonstrating
the first evidence of single-cell electrical property discrimination capabilities. This tech-
nology exhibits three core advantages: non-invasiveness (sample preservation), multidi-
mensional information (a comprehensive analysis of parameters including the impedance
modulus, phase angle, and spectral curves), and high sensitivity (detectable to minute
variations) [13,14].

The deep integration of microfluidics with impedance detection technologies has
established revolutionary pathways for point-of-care testing and on-site analysis. This
synergistic convergence not only enhances analytical dimensionality and precision but also
drives a paradigm shift from laboratory-based to field-deployable platforms, achieving
breakthroughs from macroscopic solutions to the microscale detection of single cells and
bacteria. The defining features of microfluidic impedance detection technology encom-
pass label-free operation (eliminating fluorescent/radioactive labeling), real-time dynamic
monitoring (millisecond-level responsiveness), multiparameter resolution (membrane ca-
pacitance, cytoplasmic conductivity, and dielectric constant), and ultrahigh sensitivity
(detection capability down to single microorganisms or microscale particles). Currently,
three primary application matrices are established: fundamental research (single-cell het-
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erogeneity analysis and organ-on-a-chip development), clinical diagnostics (rapid pathogen
screening and bedside testing), and industrial applications (high-throughput drug screen-
ing and real-time environmental pollutant monitoring).

This review systematically examines the technical principles, system design method-
ologies, and recent advancements in microfluidic impedance sensing technology, with
particular emphasis on its critical research value in biological detection, spanning from
single-cell to organ-level analyses. A rigorous analytical framework is established to dissect
the modeling approaches for cellular equivalent circuit models in microfluidic impedance
systems, followed by comprehensive discussions on design principles categorized under
static and dynamic operational paradigms. From an application perspective, the current
implementation domains of microfluidic impedance analysis technology are classified
according to biological sample types, delineated into four major categories, tumor de-
tection, blood detection, organ on a chip, and microbial detection, as shown in Figure 1.
Finally, this review culminates in a critical examination of prevailing technical bottlenecks
(e.g., signal noise suppression, multimodal data fusion) and prospective breakthrough
directions (e.g., Al-driven intelligent algorithms, flexible electronics integration), aiming to
provide theoretical foundations and technical roadmaps for interdisciplinary innovation in
precision medicine, green chemistry, and POCT fields.

Microfluidics technology Impedance detection technology

.- .—- o o oNeNeNeX
=~ /

4

- -
® ¥

.
Joaap Latim s

-~

Figure 1. Innovative applications of microfluidic impedance detection technology in various fields.

2. Theory of Microfluidic Impedance Analysis

This chapter establishes a theoretical framework for microfluidic impedance analysis,
spanning three domains: hydrodynamics, cellular equivalent circuit modeling, and system
design. Hydrodynamic characteristics and microchannel flow behaviors are first elucidated.
Equivalent circuit modeling methods for detecting cellular electro-mechanical properties
via impedance measurements are subsequently introduced. Design principles for static
and dynamic microfluidic impedance detection systems are comprehensively detailed,
encompassing electrode configurations and accuracy enhancement strategies through elec-
tric field optimization, hydrodynamic focusing, and signal compensation. Progressing
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systematically from microscopic mechanisms to macroscopic implementations, this hier-
archical framework provides the technical foundation for multidimensional single-cell
characterization and precision sensing.

2.1. Microchannel Flow Characterization

The essence of microfluidics lies in constructing miniaturized fluidic networks, where
microscale channels (specifically width, height, and depth dimensions within the microme-
ter range) are precisely fabricated via microfabrication techniques (e.g., soft lithography,
laser ablation, or injection molding). Multi-physical field coupling effects (pressure, electric
fields, and capillary forces) are harnessed to achieve controlled fluid delivery, mixing,
separation, and reaction control. Microfluidic chips are typically fabricated using materi-
als such as PDMS, glass, or thermoplastic polymers. Channel wettability is adjusted by
surface chemical modifications (e.g., silanization or plasma treatment) to suit different
application requirements. Since the dimensions of microfluidic channels are sub-micron
to millimeter, the hydrodynamic behavior within these confined spaces is mainly gov-
erned by microscale effects, exhibiting four characteristic phenomena: under low Reynolds
number conditions, laminar flow dominates, and interlayer material exchange is achieved
only by molecular diffusion; due to the high surface area-to-volume ratio, the effects of
surface tension, wettability, and wall adsorption are significantly enhanced; at the mi-
croscale, synergistic interactions between electric, thermal, and hydrodynamic fields are
dramatically enhanced; and the shortened diffusion path and improved mass/heat transfer
efficiency in microliter-scale volumes reduce reagent consumption to 1/100-1/1000 of
conventional methods.

2.2. Cell Model

The impedance testing technique is a general analytical method that quantifies the
internal electrical characteristics and structural features of a test object by measuring the
impedance response under alternating electric field excitation in combination with spectral
analysis and equivalent circuit modeling. The principle of operation involves applying a
frequency-controlled AC excitation signal to the test object, collecting voltage and current
waveform data synchronously, and calculating the amplitude ratio and phase difference to
construct a frequency-dependent complex impedance spectrum. Subsequently, RLC equiv-
alent circuit modeling or dielectric relaxation theory can establish quantitative correlations
between characteristic frequency peaks, capacitive arc radii in the impedance spectrum, and
physical/chemical properties (e.g., dielectric constant, conductivity). Impedance detection,
characterized by non-invasiveness, high sensitivity, and cost-effectiveness, has become an
important tool for linking microscopic biophysical and electrical properties to macroscopic
applications in medicine, environmental monitoring, and food safety.

Impedance detection techniques are used in the electrical characterization of cells that
can be represented as a uniformly conducting cytoplasm (cytoplasmic conductivity o;)
wrapped by a dielectric membrane (specific membrane capacitance Csy,) according to the
widely used spherical monoshell model [15]. When suspended cells are exposed to an AC
electric field, the electrical properties of the cell-medium mixture can be represented by
Maxwell’s mixture theory (MMT) and the corresponding equivalent circuit model (ECM),
as shown in Figure 2a. In the simplest analytical model, the impedance consists of solution
resistance (Ryeq), solution capacitance (Cpeq), cytoplasmic resistance (R;), membrane
capacitance(Cmem), double-layer capacitance (Cpy ), and stray capacitance (Cs).

* Rmed (1 + jCURiCmem )

i = : - - 1
X jwRmed Cmem + (1 4 jwRiCmem ) (1 + jwRmed Cmed ) M
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Considering Cs and Cpy, the total impedance is given by

27F .
Z* — mix 2
total ™ 2jwCsZi i, +iwCpLZiyy +2 @

Cellular impedance measurements leverage frequency-dependent characteristics:
lower frequencies (<0.1 MHz) primarily analyze cell size, membrane properties, and
concentration quantification, while higher frequencies (>0.1 MHz) probe intracellular
features including organelle status, cytoplasmic composition, and pathophysiological
conditions. At different frequencies, the main factors affecting impedance during cell
impedance measurements vary, as shown in Figure 2c. At the first frequency dispersion
(<0.1 MHz), the presence of the dielectric membrane causes the impedance to be primarily
determined by the electric double-layer capacitance and cell size; at the second frequency
dispersion (0.1-0.5 MHz), the electric field penetrates the membrane, and the impedance is
predominantly determined by its dielectric constant; at the third dispersion (0.5-10 MHz),
the dielectric membrane becomes permeable to the electric field, and the impedance is
strongly influenced by intracellular conductivity (i.e., the ability of ions or electrons to
migrate within the cytoplasm); and at the fourth dispersion (>10 MHz), the impedance
is affected by stray capacitance [16]. Intrinsic cellular electrical properties are typically
resolved by minimizing the squared discrepancy between measured impedance Z*exp and
model-estimated Z*;,1:

. * * 2
mmZ[ZeXp (Wn) = Ziotal (wn)} n=12,...,N 3)
n

2.3. Cell Deformation Model

In the mechanical characterization of cells using impedance detection technology,
resolving intrinsic mechanical parameters necessitates mapping the power-law rheological
deformation process of single-cell viscoelasticity to corresponding impedance signals.
Within the mechanical sensing zone, where single cells displace equivalent-volume media,
an electrical equivalent model can be constructed based on sensing geometry, as shown in
Figure 2b. Excitation frequencies are selected within the intermediate range (0.5-10 MHz)
to eliminate Cs and Cpy, influences. Consequently, the total resistance in the mechanical
sensing zone is expressed as

Roverall = Reell + Rimed = Pmed LSchannel + (pcell _Spmed ) . Lp (4)
where p denotes resistivity (cell or medium), L represents protruding cell length or medium
path in constriction channels (Lehannel = Lp + Limed), and S indicates the channel cross-
sectional area. The measured resistance Ryyerann thus proportionally correlates with cellular
protrusion length L, under constant Lcpannel, enabling the real-time tracking of dynamic
deformation processes.

Cellular deformation derived from impedance measurements is subsequently utilized
to resolve intrinsic mechanical parameters. According to power-law rheology [17], the
cell undergoes three distinct phases during its passage through the constriction channel,
as shown in Figure 2d. Phase I begins as the cell rapidly enters the constriction channel.
Phase II involves the elastic deformation of the cell within the channel, exhibiting power-
law deformation behavior consistent with the rheological model; this phase allows the
determination of intrinsic mechanical parameters. Phase III occurs when the cell is fully
deformed within the constriction channel and accelerates through it.
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During Phase 1I, cellular viscoelastic deformation occurs within the microchannel,
where the measured deformation length L, (t) adheres to a power-law rheological model.
This dynamic behavior is governed by intrinsic cellular viscoelasticity, with core parameters
including Young’s modulus and the power-law exponent. Subsequently, deformation data
Lp(t) from Phase II is utilized to generate theoretical deformation curves L (t) via the
power-law rheological model. Finally, intrinsic mechanical parameters, Young’s modulus
and the power-law exponent, are determined through least-squares minimization.

2

min ) [Lp(t) — Leen (t)] ©)

To characterize background fluid impedance for modeling prerequisites, an equivalent
circuit model [18] is established, as shown in Figure 2e:

21 =Zir +jZ1i = Re +

1
T (6)
T jwCs

where j denotes the imaginary unit, w is the angular frequency, and Z; represents complex
background impedance (real: Z,, imaginary: Zj;). Re characterizes electrode interfacial
reactance, with the zero-phase element (ZPE) substituting conventional constant phase
element (CPE) to model frequency-independent components. Rs and Cs correspond to
fluid resistance and capacitance, respectively. This model accurately describes phosphate-
buffered solution (PBS) electrochemical properties, providing a baseline for subsequent
impedance variation analysis with biochemical additives.

For the precise simulation of experimental electrochemical impedance spectroscopy,
Cao et al. [19] developed an equivalent circuit model systematically characterizing oocyte
measurements at a microfluidic orifice, as shown in Figure 2f. The 12-parameter model
comprises medium resistance Rs, plasma membrane resistance Ry, cytoplasmic capacitance
Cp, cytoplasmic resistance Rp, perivitelline space resistance Rpyg, zona pellucida resistances
(Ryq: extra-orifice, Ry: orifice periphery, R3: intra-orifice), medium resistance R in the orifice
region, zona pellucida capacitance C, electrode crosstalk capacitance Cg, and the CPE. The
CPE accounts for non-ideal capacitive behavior at electrode-medium interfaces due to
surface roughness.

2.4. Microfluidic Impedance System Design

Microfluidic impedance sensing technology achieves the high-sensitivity real-time
dynamic monitoring of cells or biomolecules by integrating the precise fluid manipulation
capability of microfluidic chips with the bioelectrical characteristic analysis capacity of
impedance detection. The design methodology of microfluidic impedance systems is
systematically introduced below through both static and dynamic configurations.

2.4.1. Static System Design—Flectrical Impedance Spectroscopy (EIS)

In cell culture or open microfluidic systems, where cells are maintained in static
states or prolonged growth phases for extended durations, this operational paradigm
is defined as static system design. Under such conditions, the detection sample is fully
immersed between the detection electrodes and subjected to impedance analysis to capture
temporal impedance variations over defined intervals. For static configurations, critical
parameters including the volumetric dimensions of the microfluidic chip and the spatial
arrangement of detection electrodes must be optimized. For example, in impedance
monitoring throughout cell culture cycles, the detection electrodes are conventionally
positioned on opposing sides of the cultivation chamber. During static measurements,
intrinsic dielectric properties of cells such as cytoplasmic conductivity, specific membrane
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capacitance, Young’s modulus, cell membrane capacitance, cytoplasmic resistivity, and
phase angle are quantitatively resolved.

Cq Csu
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—_— ed
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Figure 2. Equivalent circuit models: (a) an equivalent circuit diagram when measuring the electrical
properties of the cell; (b) an equivalent circuit diagram when measuring the mechanical properties
of the cell in the constricted channel; (c) corresponding impedance spectra showing the different
dispersion dominated by R, Csm, and oj; (d) an equivalent impedance—deformability mapping
model of a single cell extruded through the constricted channel; (e) an equivalent circuit model
of the background fluid (reprinted with permission from [18], published by AIP Publishing, 2025);
(f) an equivalent circuit model at the orifice (reprinted with permission from [19], published by
Elsevier, 2023).

For single cells in a flowing state, developing an effective method to achieve pre-
cise capture and in-depth analysis remains a critical challenge to be addressed. A fully
electric single-cell manipulation platform was developed by Eeckhoudst et al. [20] using
dual-voltage dielectrophoresis technology, which enabled the integrated control of the
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entire workflow including capture, retention, impedance analysis, and the release of Sac-
charomyces cerevisiae.

2.4.2. Dynamic System Design—Impedance Flow Cytometry (IFC)

In dynamic system design, this situation refers to the high-speed movement of a bio-
logical sample within a microfluidic channel. The core principle of microfluidic impedance
sensing technology lies in the fact that as targets (e.g., cells, particles) flow through the
microchannel, their dielectric properties (e.g., membrane insulation, intracellular conduc-
tivity) perturb the preset AC electric field within the channel. By measuring the impedance
changes (the combined effects of resistive and capacitive responses), information on the
size, morphology, mechanical properties, and biochemical status of the target can be ob-
tained. The combined advantages of this technology are threefold: real-time capability with
dynamic tracking, high throughput with automation, and enhanced sensitivity and stabil-
ity. This technology paradigm overcomes the static limitations of traditional impedance
detection and provides a miniaturized, high-precision solution for applications such as
single-cell analysis, the rapid screening of pathogens, and environmental and food moni-
toring. For single-cell analysis, the size of the microchannel sensing zone should be close to
the size of the cell or pathogen under test for optimal accuracy; however, to avoid channel
blockage, the channel size is usually slightly larger than the target size. Constricted chan-
nels are commonly used when measuring cell deformability, but such channels tend to clog.
Adding xanthan gum to mixed samples can effectively reduce clogging [21]. Regarding
microchannel size design, when the sensing area size matches the measured particles, the
relative error of the electrical characteristic parameters measured by IFC is less than 10%.
The microchannel height has the greatest impact on measurement accuracy, with channel
heights exceeding the particle size increasing the relative error to 30%, while the maximum
relative error caused by the electrode gap is 21.4%, slightly higher than the error caused
by the channel width (20.9%) [16]. Therefore, the systematic design optimization of these
parameters can further improve the measurement accuracy.

To overcome the limitations of traditional solid microchannels—such as susceptibil-
ity to microchannel occlusion and non-adjustable dimensions—Wang et al. [22] recently
developed a microfluidic impedance-based flow cytometry technique based on virtual
constriction microchannels. This technology constructs virtual constriction zones through
the co-flow of conductive samples and insulating sheath fluids, with embedded microelec-
trodes positioned beneath the microchannel for impedance measurements. Compared to
conventional mechanically constricted microchannels, the virtual constriction approach
offers three key advantages: the effective avoidance of direct physical contact between
cells and channel walls; the maintenance of high-throughput detection; and a significant
reduction in the impedance sensing volume, thereby enhancing detection sensitivity. In the
design of virtual constriction microchannels, the flow rate ratio of sample to sheath flow is
the critical parameter. Adjusting this ratio controls the effective width of the virtual con-
striction zone, directly influencing both impedance detection sensitivity and throughput.
The experimental results indicate that a sample-to-sheath flow ratio of 1:0.5 achieves stable
fluidic focusing, with a focused stream width of 24.2 &= 0.2 um and a theoretical detection
throughput of ~1000 cells per second.

2.4.3. Electrode Design

In the design of electrode configurations, two main types are used: coplanar electrodes
and opposing electrodes. Coplanar electrodes are located at the bottom of the microchannel
and have two modes of operation: absolute measurement (using two electrodes) and differ-
ential measurement (using three electrodes). In the differential mode, a voltage is applied
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through the central electrode, and the differential currents from the two side electrodes are
measured to achieve a higher signal-to-noise ratio (SNR) and estimate particle velocity from
the peak signal spacing. Opposing electrodes distributed at the top and bottom of the chan-
nel produce a more uniform electric field distribution, resulting in higher sensitivity than
coplanar designs at the cost of increased manufacturing complexity. Additionally, liquid
electrodes positioned in a transverse chamber can generate a vertical equipotential surface
distribution, simplifying electric field uniformity design. The increased detection volume
of liquid electrodes, however, reduces sensitivity. Each configuration presents a tradeoff
between manufacturing simplicity, sensitivity enhancement, and application adaptability.

To improve the accuracy of data measurement in microfluidic impedance sensing
systems, researchers have approached the problem from three aspects: electric field op-
timization, particle focusing, and signal compensation. Kim et al. [23] created a uniform
electric field within the sensing channel by making the length of the sensing channel suf-
ficiently long relative to the distance between the electrodes to which the potential was
applied, thereby minimizing the edge effect. When focusing particles, researchers can
constrain the particle trajectories through active (acoustic or dielectrophoresis) or passive
(sheath flow, inertial or viscoelastic focusing) methods to ensure consistent paths through
the detection area. However, this may increase the complexity of the system or dilute the
samples. For this purpose, Fang et al. [24] designed a unique coplanar differential electrode
device. By measuring the changes in the induced current, they successfully resolved the
three-dimensional position of a single cell (with a lateral resolution of 2.1 pm and a vertical
resolution of 1.2 um), thereby avoiding the limitations of the detection flux imposed by
traditional sheath flow or narrow channels. For signal compensation, calibration curves
established by the correlation between electrical parameters (such as the peak width and
peak height ratio) and particle position, and multi-electrode designs (such as five pairs of
electrodes) or a cross wiring, are used to compensate for the signal deviation caused by
position ambiguity. Zhong et al. [25] eliminated the dependence of signal sensitivity on
particle height through a unique coplanar electrode configuration. In addition, customized
algorithms can also be developed for special signal waveforms (such as multi-peak sig-
nals or pulse width variations) to enhance the robustness of single-cell feature extraction.
These methods significantly improve the repeatability and accuracy of impedance data by
reducing the errors caused by position dependence.

Additionally, static and dynamic systems can be integrated through microchannel
design and the application of hydrodynamic principles. A microfluidic device integrating
IFC and EIS was developed by Feng et al. [26]. Passive hydrodynamic trapping units (based
on the principle of minimum flow resistance path) enabled efficient single-cell capture,
while coplanar electrodes achieved the synchronous analysis of cellular electrical properties.
The IFC module rapidly detected discrete impedance variations among three cancer cell
lines (HeLa, HepG2, and A549), whereas the EIS module quantitatively resolved membrane
capacitance and cytoplasmic conductivity. The experimental results demonstrated less than
5% deviation between IFC and EIS measurements for identical cells under flow rates of
10 nL/min to 1000 nL./min (cells were displaced from trapping sites at flow rates exceeding
10 puL/min). The EIS data maintained stability across this broad flow range, verifying IFC’s
effectiveness as a high-efficiency supplement to EIS. This dual-mode strategy significantly
enhanced single-cell electrophysiological characterization efficiency and reliability by
synergizing the high-throughput capability of IFC with the high-resolution analytical power
of EIS.
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3. Application of Microfluidic Impedance Analysis

This chapter focuses on the diversified applications of microfluidic impedance detec-

tion technology in fields including tumor diagnostics, hematological analysis, organ-on-a-

chip systems, and microbial detection. The broad application prospects spanning molecular

to organ levels are comprehensively demonstrated, highlighting its significant transla-

tional value and potential from fundamental research to clinical practice. Current technical

limitations are critically discussed. First, we delineate the differential characteristics be-

tween microfluidic impedance detection and three conventional detection methodologies

(Table 1).
Table 1. Comparison of microfluidic impedance detection technology with three other detection
methods.
Microfluidic Fluorescence
Category Impedance Detection [27 28] PCR [29,30] ELISA [31,32]
Detection ¢

Label-free electrical

Nucleic acid

Antigen—antibody

detection based on Fluorescent dye e binding with
- . . . . . amplification and .
Principle dielectric property  labeling with optical i enzymatic
. . . Lo uorescence .
differences in signal acquisition e chromogenic
. quantification ;
cells/particles reaction
Label-free operation,
real-time dynamic High sensitivity Ultra-high sensitivity ~High specificity, high
monitoring, (single-molecule (aM—fM), exceptional throughput,
Advantages miniaturized level), multi-channel specificity, standardized
equipment, low parallel detection, quantitative protocols,
sample consumption, = mature technology capability commercial maturity
simplified workflow
Susceptible to Thermal cycler Antibody quality
. Label-dependent dependency
environmental . dependency, .
. . (increased (potential
interference, limited . complex ..
e . cost/time), . . cross-reactivity),
Limitations multi-target . instrumentation,
. . photobleaching L lengthy procedures,
detection capability, . . contamination risks, L
. . issues, expensive C limited
complex chip design : . non-nucleic acid
. instrumentation small-molecule
requirements targets undetectable d .
etection
Detection time Minutes (real time) Minutes/hours 1-3h 3-24h
Sensitivity pg/mL level fg/mL level aM-fM level pg/mL level
Medium-high . . .
Throughput (chip-dependent) Medium Medium High
Low equipment cost, ~ High reagent cost High Moderate
Cost high chip (labels), high equipment/reagent  equipment/reagent
development cost equipment cost costs costs
. Point-of-care testing, S1ngl'e—m(')lecu.le Pathogen detection, Protein biomarkers,
Applications detection, imaging

cellular analysis

analysis

gene expression

clinical diagnostics

3.1. Tumor Detection

Tumor detection leverages microfluidic impedance sensing technology to identify,

classify, and analyze tumor biomarkers, tumor cells (e.g., HeLa, HL-60, MCF-7, HepG2), or

exosomes. This process focuses on elucidating tumor biology and molecular mechanisms

to enable early cancer screening and precision medicine. Cancer detection leverages
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tumor biomarker or circulating tumor cell analysis to enable early cancer discovery and
high-risk population screening; the characterization of tumor-specific cellular features
clarifies molecular profiles, guiding personalized therapeutic strategies (e.g., targeted
therapy, immunotherapy) to optimize efficacy while reducing adverse effects; and liquid
biopsy technologies like exosome detection achieve non-invasive dynamic monitoring
for evaluating treatment response and recurrence risks. Additionally, these technologies
provide critical experimental platforms for drug development and mechanistic studies.
Thus, cancer detection is not only pivotal for clinical diagnosis but also drives advancements
in personalized oncology and cancer prevention.

In the static design of microfluidic impedance detection systems, addressing the
challenge of detecting tumors at very early or asymptomatic stages, Hu et al. [33] developed
a porous 3D graphene aerogel biochip and combined it with EIS technology to achieve the
ultra-sensitive detection of alpha-fetoprotein (LOD = 7.9 pg/mL) and carcinoembryonic
antigen (LOD = 6.2 pg/mL), and the detection limit of tumor exosomes was as low as
10 particles/mL, surpassing the performance of commercial immunoassay kits. When
performing dynamic detection on cells, to improve the accuracy of measurement data,
it is generally necessary to focus the cells. Zhu et al. [34] used a virtual sensing zone
using polyethylene glycol (PEG) as a sheath flow, which increased the detection sensitivity
and signal-to-noise ratio by 7.92 times and 1.42 times, respectively, significantly better
than the traditional contraction channels. Traditional microfluidic channels are prone to
clogging in the contracted part because their size cannot be changed. To address channel
clogging, Li et al. [21] developed an anti-clogging microfluidic impedance cytometer with
xanthan gum-based cell pretreatment, achieving 240 cells/s throughput and leveraging
the triphasic mechanical dynamics (creep, friction, and relaxation) of long constriction
channels to analyze the complex mechanical properties of single cells, thereby enhancing
the measurement accuracy of mechanical characteristic parameters, as shown in Figure 3a.
Additionally, Luan et al. [35] introduced a parallel physical fitting solver to analyze specific
membrane capacitance and cytoplasmic conductivity at a high speed of 1613 cells/s, which
is 27,000 times faster than traditional methods, as shown in Figure 3b.

However, when analyzing cell parameters and then classifying cells, a single mechani-
cal or electrical characteristic parameter is not sufficient to classify cells more accurately. To
solve this problem, by simultaneously analyzing the five-dimensional intrinsic parameters
of single cells, including Young’s modulus, fluidity, cell radius, cytoplasmic conductivity,
and specific membrane capacitance, Feng et al. [36] achieved a high-precision classification
rate of 93.4% for three cancer cell subtypes (HepG2/MCF-7/MDAS) and 95.1% for the
cytoskeleton perturbation model (fixed /treated with cytochalasin B), as shown in Figure 3c.
In pursuit of higher classification performance, Tang et al. [37] developed an asymmetric
serpentine microchannel chip and combined various dielectric parameters (cell diameter,
impedance amplitude, impedance phase shift and electrical opacity) with machine learning
classification models to identify cell types, achieving 96.2-99.6% accuracy in discriminating
human leukocytes from four tumor cell lines (A549, MCF7, H226, and H460). This work
demonstrated the data-mining potential of machine learning for uncovering subtle cellular
signatures hidden in multi-parameter dielectric datasets. To enable the rapid detection of
tumor cells in human blood for improving early cancer diagnosis rates or treatment effi-
cacy assessment, Zhu et al. [38] developed an automated liquid biopsy device integrating
inertial microfluidics and impedance sensing. Combined with a deep learning algorithm,
this system achieved the label-free detection of circulating tumor cells in peripheral blood
within 15 min. When analyzing a cell population, measuring the overall viability of the
cells is a difficult problem, Xie et al. [39] designed a microfluidic impedance system to
quantify the toxicity of pollutants to three-dimensional human liver cancer cell clusters
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(HepG2) through the cell clustering index, and proved that it can be used as a measurement

indicator of overall cell viability. In addition, mass spectrometry analysis technology based

on microfluidic chips has further improved the precision analysis of single cell internal

substances. For mass spectrometry analysis technology, it is usually necessary to purify and

desalt the samples. Zhu et al. [40] developed a one-step impedance flow cytometry protocol

integrating cell sorting and desalting (>99% efficiency), resolving pre-MS purification and

salt interference simultaneously, as shown in Figure 3d.
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Figure 3. Tumor detection: (a) microfluidic impedance flow cytometer featuring xanthan gum

pretreatment protocol to mitigate microchannel occlusion in constriction-based cellular interroga-

tion systems (reprinted with permission from [21], published by American Chemical Society, 2024);

(b) ultrahigh-throughput single-cell biophysical analyzer employing parallel physics-informed solver

architecture for concurrent quantification of specific membrane capacitance and cytoplasmic con-
ductivity (reprinted with permission from [35], published by Springer Nature, 2023); (c) multimodal
microfluidic system with integrated electromechanical sensing modules for concurrent mechanoelec-

trical phenotyping of cellular intrinsic properties (reprinted with permission from [36], published by
Wiley-VCH Verlag, 2023); (d) integrated microfluidic impedance cytometer implementing label-free
operation mode with single-step analytical process combining cellular characterization and on-chip
desalination (reprinted with permission from [40], published by Wiley-VCH Verlag, 2024).

3.2. Blood Detection

Blood detection employs microfluidic impedance sensing technology to identify, clas-

sify, and analyze blood components (e.g., red/white blood cells, proteins, biomarkers),

enabling the assessment of individual health status, disease diagnosis, or therapeutic effi-

cacy monitoring. Its clinical significance lies in the early detection of conditions such as

anemia, infection, diabetes, and hepatic/renal dysfunction while tracking chronic disease

progression or treatment outcomes to guide therapeutic adjustments; the dynamic monitor-
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ing of blood parameters also identifies latent health risks, supporting disease prevention
and health management. As an indispensable core tool in clinical diagnostics and pop-
ulation screening, it integrates precision, non-invasiveness, and real-time capabilities to
advance personalized healthcare.

Innovations in single-cell and blood parameter detection have driven progressive
breakthroughs across research teams. Caselli et al. [41] pioneered neural network-based
raw impedance data parsing to extract intrinsic dielectric properties (cell radius, mem-
brane capacitance, and cytoplasmic permittivity /conductivity) at millisecond resolution,
resolving signal overlap distortions in high-throughput single-cell analysis while captur-
ing hidden single-cell signals, as shown in Figure 4a. Advancing multi-parameter blood
analysis, Zhbanov et al. [42] developed a flow-mode microfluidic dielectric spectroscopy
sensor, combining effective medium theory to simultaneously quantify six parameters
(RBC count, hemoglobin, etc.) with <3.5% clinical error, suppressing RBC aggregation via
flow impedance and introducing an orientation factor to quantify RBC alignment.

In the pursuit of optimizing blood cell detection performance, research teams have
propelled progress by breaking through the limitations of traditional methods through
multidimensional innovations. Huang et al. [43], through dielectrophoretic (DEP) force
manipulation and a uniquely engineered structural design, achieved high mixing effi-
ciency, enabling the real-time measurement of dynamic permeability changes in single red
blood cells within 0.19 s. Zhong et al. [25] eliminated the dependence of sensitivity on cell
height via a novel coplanar electrode configuration, achieving high-throughput detection at
1000 cells/s. The position-insensitive characteristics of this design not only enabled the
precise classification of three leukocyte subtypes, but also simultaneously acquired red
blood cell indices while avoiding traditional hemolysis steps, as shown in Figure 4b. To fur-
ther enhance classification accuracy, Wang et al. [22] constructed a dynamic detection zone
via sheath flow crossover and achieved 99.8% classification accuracy for three leukemia
cell types (K562, Jurkat, and HL-60) and >99.2% recognition precision for four leukocyte
subtypes (NEU/EOS/MON/LYM) using a recurrent neural network.

In the development of integrated microfluidic devices, research teams are progressively
advancing the practicality and scenario adaptability of detection technologies through
modular design and functional integration. Oshabaheebwa et al. [44] developed a fully
miniaturized, portable, and wash-free microfluidic impedance detection platform capable
of generating an erythrocyte occlusion index within 15 min, enabling the rapid assessment
of red blood cell health, functional status, and therapeutic efficacy, as shown in Figure 4c.
Fu et al. [45] developed an origami-inspired electrochemical microfluidic paper-based de-
vice that integrates plasma separation, buffer absorption, and three-channel EIS detection.
This system achieved the simultaneous detection of three cardiac protein markers (LODs:
4.6/1.2/146 pg/mL) in fingerprick whole blood, delivering rapid analysis within 46 min—a
performance comparable to commercial ELISA kits, as shown in Figure 4d. To address the
challenge of stroke subtyping, Sayad et al. [46] designed a magneto-impedance biosensor
combined with a microfluidic chip for glial fibrillary acidic protein (GFAP) extraction
from plasma. By leveraging Dynabeads magnetic labels, the system achieved a detection
sensitivity of 1.0 ng/mL for GFAP in acute stroke patient blood samples, fulfilling the
clinical need for subtype differentiation. To address the issues of time-consuming diag-
nostics and frequent false positives in urinary tract infection (UTI) detection, Petchakup
et al. [47] developed a microfluidic inertial impedance sensing platform. This system
enables the label-free sorting of neutrophils directly from urine samples in 5 min, followed
by impedance spectroscopy analysis, thus facilitating rapid, culture-free urine screening
for infection biomarkers.
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Figure 4. Blood detection: (a) neural network-based decoding of raw impedance data streams
enabling extraction of single-cell signatures hidden within overlapping cellular measurements
(reprinted with permission from [41], published by Royal Society of Chemistry, 2022); (b) microfluidic
chip with unique coplanar electrode configuration achieving concentration-independent sensitivity
through elimination of high-concentration dependency (reprinted with permission from [25], pub-
lished by Elsevier, 2022); (¢) portable, wash-free microfluidic platform for multiplex assessment of
erythrocyte health, functional characterization and therapeutic efficacy monitoring within 15 min
(reprinted with permission from [44], published by Elsevier, 2024); (d) origami-inspired electrochemi-
cal microfluidic paper-based device for simultaneous quantitation of three cardiac protein biomarkers
in fingerprick whole blood without pretreatment (reprinted with permission from [45], published by
American Chemical Society, 2023).

3.3. Organ on a Chip

Organ on a chip (OOC) is a biomimetic microfluidic platform that replicates the
physiological functions and microenvironment of human organs, providing an efficient
and cost-effective experimental tool for drug screening, toxicology studies, and disease
modeling. Traditional in vitro models fail to simulate the complex structures and dynamic
interactions of organs, while animal studies face ethical constraints and interspecies differ-
ences. To bridge these gaps, OOC technology integrates microfluidics to precisely regulate
fluid flow, mechanical forces, and biochemical signals and incorporates impedance sensing
to monitor cellular dynamics and functional responses in real time, enabling a paradigm-
changing approach to organ-level physiological and pathological studies. In recent years,
OOC systems that integrate microfluidic and impedance analysis technologies have been
widely used in vascular, brain, liver, kidney, and intestinal models, establishing high-
fidelity in vitro platforms for precision medicine and personalized drug development. The
convergence of microfluidic and impedance technologies highlights their transformative
potential to advance biomedical research and therapeutic innovation.

The core design of OOC systems lies in the deep integration of impedance sensing and
microenvironmental regulation. Such architecture provides a high-fidelity in vitro platform
for advancing precision medicine and personalized drug development by recapitulating
tissue-specific physiological and pathological dynamics. As the body’s central transport
network, vascularization on a chip further enables the interconnection of multi-organ chips,
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thereby reconstructing a more physiologically complete in vitro system. Na et al. [48]
proposed a hemodynamic similarity principle that enables the rapid derivation of the input
impedance for in vitro microgravitational systems derived from in vivo arterial systems,
thereby accurately replicating the desired endothelial hemodynamic microenvironment. To
address the challenge of the dynamic monitoring of tumor angiogenesis, Huang et al. [49]
developed a 3D biomimetic model based on matrix gel microchannels. By integrating mi-
croelectrodes to quantify impedance changes during vascular extension, they demonstrated
a linear relationship between the vascular growth rate and vascular endothelial growth
factor concentration and revealed the regulatory role of cancer cell count in angiogenesis,
as shown in Figure 5a.

The brain, serving as the central control hub for the entire body’s functions, plays
a critically important role in regulating human physiological activities. Liang et al. [50]
developed a bioinspired brain microenvironment chip by integrating interstitial flow reg-
ulation and real-time neural circuit monitoring. This system deciphered the dynamic
characteristics of synaptic connection/disconnection processes and established a highly
biomimetic model for studying the mechanisms of neurodegenerative diseases, as shown
in Figure 5b. In addition, Ceccarelli et al. [51] designed a blood—brain barrier (BBB) chip
integrated with thin-film electrodes, utilizing EIS to track the integrity and maturation of
the BBB in real time. This innovation provides a highly efficient in vitro platform for inves-
tigating drug permeation mechanisms in neurological disorders. As the central metabolic
hub for both catabolism and anabolism, the liver plays a pivotal role in detoxification and
biosynthesis, and studying its function is essential for elucidating disease mechanisms such
as metabolic disorders, fibrosis, and hepatocellular carcinoma. Dhwaj et al. [52] developed
a liver-on-a-chip system powered by a low-power impedance micropump to enable contin-
uous nutrient perfusion, mimicking cardiac pulsation-driven medium circulation for the
real-time monitoring of healthy cell growth over 14 days. The compact design (compatible
with standard Petri dishes) eliminates contamination risks associated with conventional
perfusion systems.

As the central filtration hub of the blood, the kidneys are pivotal for maintaining
systemic homeostasis. The development of in vitro renal models is critical for advancing
therapies for uremia and other renal pathologies. Liang et al. [53] developed a microfluidic
impedance sensing system to dynamically track the formation and drug response of renal
tubular epithelial barriers. They demonstrated that basement membrane matrix (ABM)-
supported barriers exhibited significantly superior monolayer stability and growth rates
compared to Transwell membrane scaffolds. The platform validated its high sensitivity
to biochemical stimuli through calcium switch assays and employed equivalent circuit
modeling to correlate barrier impedance with cellular density and junctional tightness, as
shown in Figure 5c. As the terminal site for nutrient absorption, intestinal dysfunction
has garnered significant attention due to the growing prominence of modern food safety
issues (e.g., chemical additives, microbial contamination). Fernandes et al. [54] developed
a multi-channel microfluidic system that monitored the growth and polarization processes
of human epithelial cells by conducting continuous impedance measurements over five
consecutive days, enabling the real-time tracking of epithelial barrier integrity, as shown
in Figure 5d. To address the limitations of traditional models in simulating microenviron-
ments with varying oxygen concentrations, Khalid et al. [55] proposed a method using
inkjet-printed embedded dissolved oxygen (DO) and reactive oxygen species (ROS) elec-
trochemical sensors. This approach was implemented on a custom-developed bilayer
gut-on-a-chip platform to monitor both developmental phases (initially normoxic) and
induced hypoxia over 6 days.
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Figure 5. Organ on a chip: (a) a 3D biomimetic model based on matrix gel microchannels for the
dynamic monitoring of tumor angiogenesis (reprinted with permission from [49], published by
Elsevier, 2022); (b) a brain-on-chip biomimetic microenvironment with interstitial flow regulation
and neural network analysis for the dynamic characterization of synaptic connection/disconnection
kinetics (reprinted with permission from [50], published by the Royal Society of Chemistry, 2024);
(c) a microfluidic platform for the spatiotemporal tracking of renal tubular epithelial barrier formation
and pharmacodynamic evaluation (reprinted with permission from [53], published by Elsevier, 2023);
(d) a multi-channel microfluidic array for the real-time assessment of epithelial barrier integrity
(reprinted with permission from [54], published by the Royal Society of Chemistry, 2022).

3.4. Microbial Detection

Microbial detection is defined as the process of qualitative and quantitative analysis
for microorganisms (viruses, bacteria, fungi, and algae) using microfluidic impedance
sensing technology. Its principal value lies in providing critical data support for disease
control, food safety, and environmental protection through the precise identification of
microbial characteristics. In healthcare applications, pathogens can be rapidly localized us-
ing this technique, enabling the rational guidance of antibiotic usage and the containment
of infectious disease transmission. Within the food industry, microbial contamination-
induced foodborne illnesses are effectively prevented, thereby ensuring food safety. For
environmental monitoring, specific marine algae species are monitored to provide early
warnings of ecological imbalance and environmental pollution risks. Furthermore, in
biopharmaceutical and agricultural sectors, the dynamic monitoring of microbial variations
is implemented through this technology, facilitating process optimization and risk manage-
ment. These multidimensional capabilities establish it as a pivotal tool for safeguarding
human health and achieving sustainable development.

In microbial detection, the detectability of microbial throughput or concentration is
recognized as a pivotal performance metric. Regarding throughput metrics, advancements
have been systematically pursued. Chen et al. [56] constructed a 3D detection zone with
cylindrical electrodes and microchannels, achieving a throughput of 1800 Haematococcus
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pluvialis cells per second, as shown in Figure 6a. For concentration range optimization,
expanding the detectable dynamic range becomes imperative to enhance analytical ver-
satility. Chen et al. [57] developed a microfluidic system with an ultra-wide detection
range (615-2.7 x 10% cells/mL), simultaneously differentiating bacterial viability and Gram
types (LOD = 102 cells/mL). Microfluidic impedance sensing technology enables not only
single-bacterium detection but also concurrent multi-pathogen discrimination. Muhsin
et al. [58] optimized microfluidic layouts to concurrently detect Salmonella, Legionella,
and E.coliO157:H7 (LOD = 3 cells/mL, 30—40 min detection, no pre-enrichment). For
rapid bacterial antibiotic resistance testing, Chen et al. [59] created a single-bacterium
impedance detection platform. Antibiotic susceptibility tests were completed within
32 min (30 min antibiotic exposure added to 2 min impedance analysis), significantly
accelerating detection cycles, as shown in Figure 6b. However, the discrimination between
common bacteria and drug-resistant bacteria is recognized as a significant technical chal-
lenge. Tang et al. [60] developed parallel impedance cytometers with dual microchannels,
where opposing impedance signals in synchronized time sequences enabled high-precision
identification. Bacterial classification is recognized as a technically demanding process
due to submicron dimensions, presenting greater technical challenges compared to con-
ventional eukaryotic cell analysis. Convolutional neural networks were employed by
Zhang et al. [61] to analyze impedance flow cytometry data, achieving >96% accuracy in
bacillus/coccus/ vibrio classification and >95% precision in Escherichia coli vs. Salmonella
enteritidis discrimination, as shown in Figure 6¢c. However, current methodologies that
constrain idealized sample validation, without addressing the complexity of real-sample
matrices, may pose critical technical barriers for clinical translation. Piedimonte et al. [62]
created a differential impedance system with gold microelectrodes and nanoadsorbed
antibodies, achieving 88 pg/mL anti-dengue antibody sensitivity (superior to commercial
ELISA). The reconfigurable probe design further enabled the rapid screening of other
pathogens and diseases, as shown in Figure 6d. Almalaysha et al. [63] demonstrated
1-2 cells/mL Salmonella typhimurium detection in raw chicken, validating real-sample
reliability. Animpedance spectroscopy-based electronic tongue was engineered by Coatrini-
Soares et al. [64], where optimized sensing units fabricated through layer-by-layer thin
films were combined with machine learning algorithms employing decision tree models
to process capacitive data, achieving the sensitive detection of Staphylococcus aureus in
milk (LOD = 2.01 CFU/mL). Dowdell et al. [65] integrated online flow cytometry into
water ozonation systems, successfully predicting microbial anomalies through the 40-day
continuous monitoring of total/intact cell counts.

Beyond the detection targets, microfluidic impedance sensing technology enables the
high-sensitivity and non-invasive analysis of other microscopic biological samples (e.g.,
stem cells, oocytes, sweat, and microplastics). Stem cell and oocyte detection is utilized
to assess cellular viability and quality in regenerative medicine or assisted reproduction,
thereby optimizing therapeutic outcomes. Cam et al. [66] quantified the therapeutic win-
dow of bone marrow mesenchymal stem cell exosomes through real-time impedance
analysis, with their repair efficacy and functional recovery capabilities for ischemic acute
kidney injury structures being precisely evaluated. Due to long-standing limitations in
oocyte quality assessment caused by the subjectivity of zona pellucida hardening detection,
Cao et al. [19] developed a microfluidic cell capture technique where impedance variations
were correlated with zona pellucida aspiration lengths. This approach allowed the calcula-
tion of the zona pellucida’s Young’s modulus and the quantitative characterization of its
aspiration process at the opening.
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Figure 6. Microbial detection: (a) 3D-architected microfluidic impedance cytometer with dual cylin-
drical electrodes and embedded microchannels for enhanced cellular interrogation (reprinted with
permission from [56], published by Royal Society of Chemistry, 2024); (b) single-bacterium-resolution
impedance cytometry platform enabling rapid antimicrobial susceptibility testing via electrophys-
iological profiling (reprinted with permission from [59], published by Wiley-VCH Verlag, 2024);
(c) microfluidic device integrated with convolutional neural network-based deep learning frame-
work for automated interpretation of impedance flow cytometry data to achieve precision bacterial
classification (reprinted with permission from [61], published by American Chemical Society, 2024);
(d) differential impedance biosensing system implementing phase-sensitive signal demodulation
for label-free detection of anti-dengue viral antibodies in low-concentration sera (reprinted with
permission from [62], published by Elsevier, 2022).

Sweat analysis not only achieves the dynamic monitoring of electrolytes, metabolites,
and inflammatory factors but also provides real-time data for sports medicine, dermato-
logical disorders, and chronic disease management. In wearable device research, human
sweat analysis is predominantly conducted. Wang et al. [67] engineered a self-powered
multifunctional microfluidic sweat analysis system where spontaneous sweat transport
was driven by wettability gradient design. By integrating impedance—colorimetric dual-
mode sensing, the simultaneous detection of sweat flow rate, electrolyte concentration,
glucose, and pH was accomplished with the response time reduced to 100 ms. To en-
hance wearable system practicality, Zahed et al. [68] constructed a wireless monitoring
patch system using flexible materials, integrating microfluidic channels with multimodal
sensing. The reduced graphene oxide glucose sensor exhibited an enhanced sensitivity of
19.97 uA/mM/cm? (2.3-fold improvement versus non-microfluidic designs) under mi-
crofluidic assistance, achieving the synchronous dynamic monitoring of sweat glucose
and ECG signals during exercise while validating stability and bend resistance in complex
scenarios. With increasing demands for marine pollution monitoring, microplastic identifi-
cation in seawater has emerged as a critical challenge. Butement et al. [69] implemented
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an impedance-based cytometer combined with machine learning algorithms, enabling the
direct recognition and counting of microplastic particles within phytoplankton mixtures
(1.5-10 pm) in seawater-mimicking media. For practical sample detection, Silva et al. [70]
developed an impedance-based microfluidic electronic tongue. Multi-sensing units coated
with nanostructured thin films were integrated, and chemometric methods including prin-
cipal component analysis and partial least squares-discriminant analysis were employed.
The accurate discrimination of authentic coconut water samples (classification accuracy
>90%) was achieved, along with the high-precision prediction of physicochemical param-
eters such as soluble solid content and total titratable acidity. Xue et al. [71] developed a
copper nanoparticle-enhanced microfluidic flow injection analysis system. Electrochemical
impedance spectroscopy was employed to reveal a 20-fold lower charge transfer resistance
at copper nanoparticle-modified multi-walled carbon nanotube screen-printed carbon elec-
trodes versus standard counterparts. Microfluidic parameters were optimized and this
modified electrode was utilized to achieve highly sensitive dopamine (DA) detection (LOD
= 0.33 nM). Across three authentic sample matrices—artificial cerebrospinal fluid, fetal
bovine serum, and human urine—recovery rates of 96.5% to 103.8% were demonstrated,
proving its practical utility. These technological advancements not only expand conven-
tional detection dimensions but also demonstrate precision and operational efficiency,
significantly accelerating the translation of fundamental research into clinical applications.

Notwithstanding the multi-domain application potential demonstrated by microflu-
idic impedance sensing technology, the following critical bottlenecks persist: Practical
application validations remain insufficient for most current technologies. High-sensitivity
and high-classification-accuracy performance metrics are predominantly validated under
laboratory-standardized conditions using simplified models (e.g., single-cell lines or puri-
fied samples). However, in complex biological fluids (e.g., whole blood, interstitial fluid, or
clinical samples with high background interference), performance robustness and reliabil-
ity are compromised by non-target component interference, matrix effects, and dynamic
physiological environmental factors. Although machine learning significantly enhances
classification efficiency, models exhibit pronounced dataset-specific dependency and lim-
ited generalization capability for unknown sample types. The opacity of black-box models
hinders biologically interpretable explanations, undermining clinical decision-making
credibility. Practical implementation is hindered by complex structural dependencies (e.g.,
virtual contraction channels, or sheath flow control), resulting in difficulties in device minia-
turization, elevated manufacturing costs, and operational complexity. These constraints
conflict with the portability and user-friendliness requirements of POCT; Despite advance-
ments in simultaneous multidimensional physical/electrical characterization, accuracy
is affected by parameter coupling effects. The absence of unified data fusion standards
and cross-platform comparability further impedes large-scale technological deployment.
These challenges collectively emphasize the necessity for future research to prioritize clin-
ical translation, technical simplification, multimodal data standardization, and system
stability optimization.

4. Conclusions and Outlook

In summary, this review systematically examines recent advancements in the integra-
tion of microfluidic and impedance sensing technologies, along with their technological
evolution in biosensing applications. Starting from the fundamental principles of microflu-
idic technology and impedance spectrum analysis, the detection mechanisms based on
fluidic characteristics and impedance analysis were introduced, with particular empha-
sis on the construction logic of cellular impedance equivalent circuit models. Detection
systems were classified into static and dynamic categories according to cellular motion
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states, with their design principles and critical factors for enhancing detection accuracy
being elucidated, respectively. Finally, the innovative applications were systematically
categorized into four domains: tumor detection, blood detection, OOC, and microbial
detection based on biological target dimensions.

Despite critical progress achieved through microstructural and electrode design opti-

mizations, several challenges remain (Figure 7).
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Figure 7. Conceptual map of prevailing challenges in microfluidic impedance detection technology.

@

Signal Noise and Interference Suppression: Signal noise represents a critical chal-
lenge affecting data accuracy and system reliability during microfluidic impedance
measurements. Due to the compact size and high sensitivity of microfluidic devices,
susceptibility to external electromagnetic interference exists, particularly in open
measurement environments. Furthermore, device-intrinsic parasitic capacitance, poor
contacts, and electrode contamination introduce additional noise, degrading signal
quality. Differential measurement techniques are typically employed to effectively
suppress common-mode noise through differential signal extraction for automatic
noise balancing. Shielding materials and electromagnetic isolation methods, such as
copper foil tapes, are utilized to minimize external interference. Signal processing
approaches including filtering algorithms and adaptive noise cancelation algorithms
have been implemented for post-processing raw signals to enhance signal quality
and stability. Although numerous studies attempt to model and analyze impedance
data using statistical methods and machine learning techniques, limitations persist in
generalization capabilities and practical applicability due to insufficient data volume
and sample imbalance. Particularly, machine learning algorithms require extensive
annotated datasets for training, which are often unavailable in real-world scenarios.
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)

®)

Device Miniaturization and Standardization: While microfluidic technology inher-
ently offers miniaturization advantages, achieving further size reduction becomes
complex when integrating multi-channel, multi-parametric detection systems. Con-
ventional microfluidic systems typically rely on single electrode arrays for impedance
measurements, whereas practical applications necessitate integrated multiple elec-
trodes and intricate microchannel designs to accommodate diverse detection needs.
The miniaturization of impedance analyzers remains challenging, impeding portable
system development. Additionally, standardization deficiencies exist since most mi-
crofluidic chips are laboratory-customized via photolithography without uniform
specifications for electrode dimensions/materials. This variability hinders standard-
ized performance evaluation across methodologies.

Biological Sample Pre-processing: Microfluidic impedance technology has significant
applications in biomedical detection, particularly for the rapid analysis of biological
samples like blood and urine. However, the inherent heterogeneity of biological
samples, including cell density, protein concentration, and ionic strength, directly
affects impedance measurements. Sample pre-processing is crucial in practice. For
instance, whole blood contains abundant cellular components and solutes; direct
measurement may cause signal confusion due to conductivity differences between cell
membranes and solutions. Accuracy enhancement often requires pre-processing steps
such as dilution, centrifugation, or filtration. Consequently, designing integrated
pre-processing zones (e.g., filtration/separation units) within microfluidic chips
is essential.

Based on our discussion, the future development of microfluidic impedance sensing

technology will focus on two core objectives: “practicality optimization” and “clinical

adaptability enhancement”.

@)

@

®)

Standardization and manufacturing simplification must be prioritized: Unified chip
design specifications (the electrode layout and channel dimensions) and detection
protocols should be established to facilitate laboratory-to-industry translation. Cost-
effective microfabrication techniques (e.g., lithography injection molding scale pro-
duction) and novel electrode materials (flexible conductive polymers, carbon-based
composites) require development to reduce precious metal dependency while improv-
ing batch consistency and mechanical stability.

Anti-interference capability and portability require targeted improvements: Integrated
pretreatment modules (e.g., embedded filtration membranes) should be optimized to
minimize matrix interference in complex samples (whole blood and saliva). Miniatur-
ized signal processing units combined with low-power circuits must evolve toward
handheld /wearable formats to meet POCT demands. Bioresorbable material innova-
tions enabling implantable monitoring devices demand breakthroughs in long-term
signal drift correction and biosafety evaluation through fundamental studies on
material-biological interface dynamics.

Artificial intelligence (Al) systems and data processing strategies: Al and machine
learning (ML) are increasingly being used in the data analysis and processing of mi-
crofluidic impedance chip systems [72-74]: Convolutional Neural Networks (CNNis)
automatically extract spatial features (e.g., cellular morphology, impedance distribu-
tion), where local patterns are captured through convolutional layers while dimen-
sionality reduction and noise resistance are achieved via pooling layers. Raw im-
ages/signals are directly processed to identify cell-type differences, and multi-source
parameters (temperature/pH) are fused to enable real-time sensor drift correction.
Recurrent neural network variants (GRU/LSTM) model temporal dynamics (e.g.,
impedance changes during cell division, biomarker fluctuations in sweat) through

217



Micromachines 2025, 16, 683

gating mechanisms, with long-term dependencies captured to predict physiological
trends. These are combined with CNNs to form hybrid architectures (CNN-GRU)
for spatiotemporal feature co-analysis. These methods further enhance the ability of
impedance signals to predict cell behavior and response, accurately predict future
dynamic changes in cells through real-time and historical data and greatly enhance
the diagnostic performance of microfluidic impedance analysis technology. In addi-
tion, Al algorithms can also be used to control microfluidic impedance systems, form
intelligent feedback mechanisms, adjust experimental conditions (such as the flow
rate, measurement frequency, etc.) in real time, perform high-precision measurements
of biological samples of different sizes and types, and achieve closed-loop control
and adaptive adjustment. Furthermore, the Al method of integrating impedance
analysis with multimodal data fusion such as optical imaging, biosensors, and Raman
spectroscopy analysis is expected to further improve the sensitivity and specificity of
microfluidic chips in diagnosis and detection.

(4) Al-driven impedance microfluidic chip design: With the development of Al intelligent
design microfluidic chips, as well as artificial intelligence expert models based on
large language models such as ChatGPT [73,75], the development of impedance
microfluidic technology chip design Al and expert models will become the key to
the next generation of impedance microfluidic technology. This will greatly lower
the threshold for the application of impedance microfluidic chips and make the
technology accessible to a wider range of biological research fields.

(5) Multimodal integration: Synergistic combinations with acoustic, magnetoelastic, and
Raman spectroscopic techniques should create complementary multidimensional
sensing. Self-powered systems, surface functionalization, self-cleaning microstruc-
tures, and modular replaceable electrodes require integration to extend chip lifespan
and reduce maintenance costs.

These pragmatic improvements will propel microfluidic impedance sensing technol-
ogy from laboratories into clinical, household, and industrial settings, ultimately establish-
ing it as a practical tool for precision medicine and health monitoring with global health
impacts. This review adheres to the PRISMA (Preferred Reporting Items for Systematic
Reviews and Meta-Analyses) standards (Supplementary Materials).

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/mi16060683/s1, PRISMA 2020 checklist. Reference [76] are cited
in the supplementary materials.
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