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As a new technique for precisely controlling micro-/nanoparticles and fluids at the
microscale, microfluidics has been attracting increased interest in the fields of material
science, medical diagnosis, biological research, and even soft robotics. For use in biomedical
applications, microfluidics has been widely employed in areas including biosensing, sample
preparation, cell culture, and drug discovery. Some microfluidic products have already
been successfully commercialized and have reformed traditional techniques.

Our first Special Issue, “Microfluidics for Biomedical Applications”, was devoted to
the most exciting technical innovations in the area of microfluidics, particularly in relation
to biomedical applications. We successfully launched the second volume of this Special
Issue following the triumph of the first volume. A total of twelve outstanding papers
(including seven research articles and five reviews) are included in this Special Issue. We
will now briefly introduce these twelve papers.

Cell co-culture is a powerful tool for studying the communications and interactions
between cells involved in various cellular activities. Li et al. (contribution 1) review the
recent advances in three-dimensional (3D) cell co-culture using microfluidics. They of-
fer new insights into the design of 3D co-culture microfluidic devices and the detection
techniques utilized in 3D co-culture microfluidic devices. Finally, they introduce interest-
ing applications for these 3D co-culture microfluidic devices to address real biomedical
demands.

The traditional soft lithography technique used for fabricating microfluidic devices
is complex and time-consuming and requires a cleanroom environment. With 3D print-
ing, we can rapidly create microstructures or microchannels in bulk materials, and this
represents an important alternative for fabricating microfluidic devices. In their review,
Li et al. (contribution 2) present a comprehensive summary of the use of light-driven 3D
printing techniques to manufacture advanced microfluidic devices. More importantly, they
summarize three light-driven 3D printing strategies for creating microfluidic devices for
use in cell culture and tissue engineering.

The enrichment of rare circulating tumor cells (CTCs) from peripheral blood is a
challenge due to the rarity of CTCs (typically less than 50 CTCs in 1 mL blood) and their
large heterogeneity. Sen-Dogan et al. (contribution 3) designed a spiral inertial microfluidic
device with hydrofoil-shaped pillars for the high-throughput and label-free separation of
CTCs. Their results prove that the new spiral design performs significantly better than the
conventional spiral design in terms of the recovery ratio of tumor cells and the depletion
ratio of white blood cells. They also analytically validated the device performances using
three different tumor cell lines (A549, SKOV-3, and BT-474).

The accurate detection of micro-/nanomaterials (e.g., biomolecules, exosomes, and
cells) using resistive pulse sensors represents a promising enabling technology in microflu-
idics. However, the throughputs of most existing resistive pulse sensors are low. Xu et al.
(contribution 4) developed a bipolar pulse-width, multiplexing-based resistive pulse sensor
for the high-throughput detection of microparticles. Low errors—2.6% and 6.1%—were
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achieved for particle sizing and counting, respectively. The practicability of their device
was further demonstrated through the detection of HeLa cells.

Diabetes mellitus is an endocrine disease that is common globally and seriously
affects human health. Glutamic acid decarboxylase antibody (GADAD) is regarded as a
biomarker for the clinical diagnosis of type 1 diabetes. Tao et al. (contribution 5) developed
a glass capillary solid-state nanopore for the detection of glutamic acid decarboxylase
(GAD65), GADAD, and their antigen-antibody complexes. This glass capillary solid-state
nanopore could be employed without any modifications and thus was cost-effective and
easy to operate. Based on this nanopore system, the authors successfully achieved the
differentiation of GAD65, GADAb, and GADAb-GAD65 complexes.

Magnetic micro-/nanoparticles (MMPs or MNPs) are widely employed in many
biomedical applications, as they offer the advantages of high biocompatibility and diverse
expansibility. Ger et al. (contribution 6) developed a microfluidic device embedded with
a giant magnetoresistance sensor and successfully detected low-concentration MNPs at
a velocity of 20 mm/s. A high detection sensitivity of 10 ug/uL for MNPs was achieved
using a vertical magnetic field of 100 Oe and a horizontal magnetic field of 2 Oe.

Lunelli et al. (contribution 7) propose a microfluidic scheme using specifically func-
tionalized MMPs inserted in polymeric microchambers. MMPs were functionalized with
aptamers, antibodies, or small functional groups for coupling with specific antibiotics.
These three different functionalization strategies were carefully compared. The authors
found that the functionalization with aptamers allowed them to capture and release almost
all tetracycline and to deliver an enriched and simplified antibiotic solution.

Stable and uniform droplet generation at a high throughput is critical in the accurate
and efficient detection of digital nucleic acid. Luo et al. (contribution 8) developed a
step emulsification microfluidic device with the advantages of flexible droplet generation
capability, a small footprint, simple fabrication, low contamination, and high robustness. To
increase the uniformity of the generated droplets, a tree-shaped droplet generation nozzle
was designed by equating flow rates. Finally, the stable and uniform droplets generated by
the step emulsification microfluidic device were employed for nucleic acid amplification
and detection.

Intracellular delivery refers to the transportation of substances into cells and is a cru-
cial process in various cellular applications (e.g., drug delivery and gene editing). Among
the reported intracellular delivery technologies is mechanoporation, which employs me-
chanical forces to create temporary pores on cell membranes for delivering substances
into cells. Wang et al. (contribution 9) review recent advances in mechanoporation. First,
the authors review different mechanoporation technologies and highlight the applica-
tions of mechanoporation in stem cell research. They then discuss the integration of
mechanoporation into microfluidics for high-throughput intracellular delivery with en-
hanced transfection efficiency.

Paper microfluidics represents a promising tool for rapid diagnostics and on-site
analysis in resource-limited settings, offering the advantages of biodegradability and af-
fordability. Kumar et al. (contribution 10) present a concise overview of paper microfluidics.
Sustainable sensing applications of paper microfluidics in healthcare, environmental moni-
toring, and food safety are explored. Fabrication techniques, principles, and applications in
paper microfluidics are also discussed.

The fluidically loaded bi-material cantilever (B-MaC) is a key component of microflu-
idic paper-based analytical devices. Kumar et al. (contribution 11) studied the dynamics of
a B-MaC constructed from Scotch Tape and Whatman Grade 41 filter paper strips. They ex-
plored the stress—strain relationship to estimate the modulus of the B-MaC under different
saturation levels.

Traditional drug development based on animal experiments is expensive and time-
consuming. The organ-on-a-chip (OOC) simulates complex human organ microenviron-
ments and physiological responses in a microfluidic device and offers a promising tool
for cost-effective and efficient drug development. Yuan et al. (contribution 12) review the
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recent advances in OOC systems for drug discovery. Their review focuses on the design,
fabrication, sensing capabilities, and applications of OOC systems. Technical challenges in
this field are also discussed.

We strongly believe that microfluidics will lead to a revolution in biological research
and disease diagnosis in the near future.

Funding: This research was funded by the National Natural Science Foundation of China (52375562,
51875103, and 81727801) and the Natural Science Foundation of Jiangsu Province (BK20190064).

Acknowledgments: The authors are grateful for the valuable opportunity to serve as the Guest
Editors of this Special Issue, “Microfluidics for Biomedical Applications II”. We thank all the authors
for their contributions to this Special Issue. We also thank the editorial and publishing staff of
Biosensors for their support.

Conflicts of Interest: The authors declare no conflicts of interest.

List of Contributions

1. Li, C.; He, W,; Song, Y.; Zhang, X.; Sun, J.; Zhou, Z. Advances of 3D Cell Co-Culture Technology
Based on Microfluidic Chips. Biosensors 2024, 14, 336.

2. Li, X.; Wang, M.; Davis, T.P.; Zhang, L.; Qiao, R. Advancing Tissue Culture with Light-Driven
3D-Printed Microfluidic Devices. Biosensors 2024, 14, 301.

3. Sen-Dogan, B.; Demir, M. A ; Sahin, B.; Yildirim, E.; Karayalcin, G.; Sahin, S.; Mutlu, E.; Toral,
T.B.; Ozgur, E.; Zorlu, O.; et al. Analytical Validation of a Spiral Microfluidic Chip with
Hydrofoil-Shaped Pillars for the Enrichment of Circulating Tumor Cells. Biosensors 2023, 13, 938.

4. Xu, R;Ouyang, L, Shaik, R.; Chen, H.; Zhang, G.; Zhe, J. Rapid Detection of Microparticles Us-
ing a Microfluidic Resistive Pulse Sensor Based on Bipolar Pulse-Width Multiplexing. Biosensors
2023, 13, 721.

5. Tao, C.; Bai, Y.; Chen, J.; Lu, J.; Bi, Y; Li, J. Detection of Glutamate Decarboxylase Antibodies
and Simultaneous Multi-Molecular Translocation Exploration by Glass Nanopores. Biosensors
2024, 14, 255.

6. Ger, T-R.; Wu, P-S.; Wang, W.-J.; Chen, C.-A.; Abu, PAR,; Chen, S.-L. Development of a
Microfluidic Chip System with Giant Magnetoresistance Sensor for High-Sensitivity Detection
of Magnetic Nanoparticles in Biomedical Applications. Biosensors 2023, 13, 807.

7. Lunelli, L.; Germanis, M.; Vanzetti, L.; Potrich, C. Different Strategies for the Microfluidic
Purification of Antibiotics from Food: A Comparative Study. Biosensors 2023, 13, 325.

8. Luo, G.; Zhang, Y.; Wang, S.; Lv, X.; Yang, T.; Wang, ]. Establishment and Validation of an
Integrated Microfluidic Step Emulsification Chip Supporting Droplet Digital Nucleic Acid
Analysis. Biosensors 2023, 13, 888.

9. Wang, R.; Wang, Z; Tong, L.; Wang, R.; Yao, S.; Chen, D.; Hu, H. Microfluidic Mechanoporation:
Current Progress and Applications in Stem Cells. Biosensors 2024, 14, 256.

10. Kumar, S.; Kaushal, ].B.; Lee, H.P. Sustainable Sensing with Paper Microfluidics: Applications
in Health, Environment, and Food Safety. Biosensors 2024, 14, 300.

11.  Kumar, A.; Heidari-Bafroui, H.; Rahmani, N.; Anagnostopoulos, C.; Faghri, M. Modeling
of Paper-Based Bi-Material Cantilever Actuator for Microfluidic Biosensors. Biosensors 2023,
13, 580.

12. Yuan, S.; Yuan, H.; Hay, D.C.; Hu, H.; Wang, C. Revolutionizing Drug Discovery: The Impact of
Distinct Designs and Biosensor Integration in Microfluidics-Based Organ-on-a-Chip Technology.
Biosensors 2024, 14, 425.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



biosensors

Review

Advances of 3D Cell Co-Culture Technology Based on
Microfluidic Chips

Can Li ', Wei He 2%, Yihua Song !, Xia Zhang !, Jianfei Sun 3* and Zuojian Zhou 1*

Citation: Li, C.; He, W,; Song, Y.;
Zhang, X.; Sun, J.; Zhou, Z. Advances
of 3D Cell Co-Culture Technology
Based on Microfluidic Chips.
Biosensors 2024, 14, 336. https://
doi.org/10.3390/bios14070336

Received: 16 April 2024
Revised: 30 June 2024
Accepted: 8 July 2024
Published: 10 July 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Engineering Research Center of TCM Intelligence Health Service, School of Artificial Intelligence and
Information Technology, Nanjing University of Chinese Medicine, Nanjing 210023, China;
lican@njucm.edu.cn (C.L.); yihua.song@njucm.edu.cn (Y.S.); zhangxia@njucm.edu.cn (X.Z.)

Department of Clinical Medical Engineering, The First Affiliated Hospital of Nanjing Medical University,
Nanjing 210029, China; hw66886688@126.com

State Key Laboratory of Bioelectronics and Jiangsu Key Laboratory of Biomaterials and Devices,

School of Biological Sciences & Medical Engineering, Southeast University, Nanjing 210009, China

*  Correspondence: sunzaghi@seu.edu.cn (J.S.); zhouzj@njucm.edu.cn (Z.2.); Tel.: +86-182-5195-5667 (Z2.Z.)
These authors contributed equally to this work.

Abstract: Cell co-culture technology aims to study the communication mechanism between cells and
to better reveal the interactions and regulatory mechanisms involved in processes such as cell growth,
differentiation, apoptosis, and other cellular activities. This is achieved by simulating the complex
organismic environment. Such studies are of great significance for understanding the physiological
and pathological processes of multicellular organisms. As an emerging cell cultivation technology,
3D cell co-culture technology, based on microfluidic chips, can efficiently, rapidly, and accurately
achieve cell co-culture. This is accomplished by leveraging the unique microchannel structures and
flow characteristics of microfluidic chips. The technology can simulate the native microenvironment
of cell growth, providing a new technical platform for studying intercellular communication. It has
been widely used in the research of oncology, immunology, neuroscience, and other fields. In this
review, we summarize and provide insights into the design of cell co-culture systems on microfluidic

chips, the detection methods employed in co-culture systems, and the applications of these models.

Keywords: microchip; co-culture; microfluidic technology; cell cultivation; intercellular communication

1. Introduction

Intercellular communication is a key characteristic of multicellular organisms [1].
Crucially, understanding the communication mechanisms between cells is essential for
unveiling the physiological and pathological processes of multicellular organisms, which
encompasses cell development and growth, immune interactions, cancer metastasis, cell
differentiation, as well as tissue and organ formation [2,3]. Hence, it is necessary to establish
a similar in vivo cultivation environment and system to research cell-cell interactions. Cell
co-culture technology, based on cell cultivation, has emerged [4]. By co-culturing different
types of cells in the same environment, researchers can simulate the in vivo environment
to the greatest extent, enabling cells to communicate and support each other for growth
and proliferation. Furthermore, this approach allows for the exploration of the mechanisms
underlying cell growth, differentiation, apoptosis, and other processes. Additionally,
researchers can investigate the mechanism of drug action and targets by detecting the
relationships between different cytokines [5]. The cell co-culture system can be applied to
many research areas [6], such as cell differentiation, the function and vitality of cells, cell
proliferation and migration, metabolic mechanisms, the development of various on-chip
organs for drug testing, disease modeling, and personalized medicine.

There are mainly two types of co-culture systems established based on cell co-culture
technology. One is the direct co-culture system, which involves physical contact among
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multiple cells in co-culture; the other is the indirect co-culture system, where co-cultured
cells share the same cultivation system without direct contact. The goal of cell co-culture
technology is to control parameters like cultivation conditions and cell proportions through
the cell co-culture system to promote cell interaction and growth. By constructing a cell
co-culture environment, researchers can simulate the complex physiological environment
in vivo. It helps researchers to induce cell differentiation, regulate cell proliferation, pro-
mote early embryonic development, and provide crucial support and assistance for research
in biomedical fields [7]. In native tissues and organs, the microenvironments of cells and
their interactions with the surrounding environment are crucial for maintaining the normal
structure and function of tissues and organs. In the two-dimensional (2D) cell cultivation
method [8,9], cells grow on a flat surface, which cannot simulate the growth state of cells in
a 3D environment in vivo, leading to significant differences in cell behavior. This limitation
hinders the accurate simulation of the true morphology of cells in in vivo tissues and pre-
vents the achievement of authentic intercellular communication or interaction between cells
and the extracellular matrix. Consequently, 2D culture exhibits limited accuracy in drug
screening and tissue engineering applications [10]. Moreover, the current understanding of
intercellular communication mechanisms is still limited, and intercellular communication
in multicellular systems is extremely complex. Traditional 2D cultivation methods fall short
of accurately simulating physiological microenvironments and effectively transmitting in-
tercellular communication signals [11,12]. To address these limitations and better simulate
the complex intercellular communication found in the real physiological microenviron-
ments, researchers have proposed a three-dimensional (3D) in vitro cultivation method.
This method enables cells to grow and differentiate in a 3D space. Compared with the
2D culture method, the 3D culture method [13] promotes cell aggregation and tissue forma-
tion through long-term cell cultivation. It also regulates cell morphology, behavior, and
function in a 3D physiological environment by manipulating gene and protein expression,
proliferation, differentiation, and migration.

Microfluidics technology is a micrometer-scale method designed for processing and
manipulating fluids in small channels. This technology operates on scales consistent with
mammalian cells, and its unique fluid dynamic manipulation system allows it to mimic
a physiological environment more similar to in vivo conditions. Microfluidic technology
can co-cultivate multiple cells, generate and control signal gradients, and perform dynamic
perfusion cultivation through spatially controllable methods. This enables the precise
manipulation of individual cells, the simulation of physiologically relevant microenviron-
ments, and high-throughput analysis under different conditions [14-16]. Moreover, it is
expected that this technology will contribute to better research on cell growth, cell differen-
tiation, and the effects of drugs on cells, providing a more precise and reliable experimental
platform for drug screening and tissue engineering applications. In a 3D microfluidic sys-
tem, diverse types of cells are cultivated in separate interconnected chambers. Microfluidic
devices allow cells to obtain nutrients and oxygen through fluid circulation, exposing them
to spatial cues or signal gradients required for cell differentiation, growth, vitality, and
proliferation [17,18]. Additionally, microfluidic platforms enable the analysis of dynamic
cell—cell interactions under reproducible in vitro cultivation conditions [19]. In recent years,
microfluidic systems have been developed and widely used in many areas, such as cancer
research [20,21], drug screening [22,23], vascular modeling [24,25], and neuroscience [26], to
better evaluate drug efficacy and the feasibility of tissue engineering applications. The cell
co-culture technology based on microfluidic chips has become a research hotspot and has
been widely applied in fields such as tumor metastasis and analysis [8,27,28], anti-cancer
drug screening [29-33], drug absorption, and drug metabolism [29,34,35]. It is expected to
be developed into a 3D cultivation model for in vitro physiological research. This article
reviews and summarizes the design of cell co-culture system on-chip, the detection of an on-
chip cell co-culture system, as well as current applications extended through microfluidic
features. And finally, the potential value and future development trends of 3D microfluidic
cell culture technology are discussed.
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2. Design of Cell Co-Culture System On-Chip

A microfluidic system is an experimental platform that integrates functions such as
actuation, manipulation, monitoring, reaction, detection, and analysis [14]. Microfluidic
chips serve as the core components of the microfluidic system [36]. The effective structure
contains fluid at the micrometer scale in at least one dimension. Due to its micrometer-scale
structure, fluids exhibit specific properties distinct from macroscopic scales [37-39]. Addi-
tionally, they are compatible with 3D cell cultivation, which opens up new avenues for
establishing disease models [17]. The cell co-culture model can be used to observe inter-
actions between cells or cells and their surrounding microenvironment [40-42]. Different
types of cells can be placed on the same interface [43], and different types of cells can also be
placed on separate interfaces to study the effects of certain chemical factors that regulate cell
behavior [44]. These two models are named the direct contact co-culture model and indirect
contact co-culture model [42,45,46], respectively (see Figure 1). In the direct co-culture
model (Figure 1a), communication between cells takes place via direct cell contact, as well
as autocrine and paracrine signaling pathways (illustrated by black arrows). On the other
hand, in the indirect co-culture system (Figure 1b), there is no physical interaction between
cells, and communication occurs solely through autocrine and paracrine mechanisms.

Figure 1. Schematic representation of the interactions in the co-culture systems. (a) Direct co-culture
system; (b) indirect co-culture system.

2.1. Direct Co-Culture of Cells

The direct contact co-culture of cells on microfluidic chips [47] typically involves
the use of droplet technology, trap capture technology, and bioprinting technology to
control different cells in the same confined space. Microdroplet technology is a micro
technique that utilizes the interaction between flow shear force and surface tension to
divide a continuous fluid into discrete microliters/nanoliters or smaller-volume droplets in
micrometer-scale channels [48]. During the generation of droplets, two immiscible liquids
act as continuous and discrete phases, respectively, and enter different microchannels
under the drive of an injection pump with fixed volume flow rate. When the two fluids
meet at the intersection, the discrete phase fluid continues to extend to form a “plug like”
or “jet like” liquid column. Under the shear and compression of the continuous phase
fluid, it fractures due to the instability of the free interface, and the “plug like” or “jet
like” liquid column is sandwiched and dispersed in the continuous phase in the form
of small-volume units to form droplets. Microdroplets have the characteristics of small
volume, large surface area, fast speed, large flow rate, uniform size, closed system, and
internal stability. A large number of uniform droplets with picoliter volume can separate
the solution to various levels, and individual cells and molecules in each droplet can
be visualized, barcoded, and analyzed. By adjusting the geometric structure, two-phase
viscosity, flow rate, wettability, and interfacial tension of microfluidic channels, precise
control of droplet size, morphology, uniformity, and other parameters can be achieved.
Cell capture with microfluidic devices can be divided into contact capture and non-contact
capture [49]. Contact capture refers to the direct contact between cells and the trap area
during the capture process. This method does not require external energy, but relies on
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fluid dynamics. On the other hand, non-contact capture refers to the process in which
cells do not come into contact with the trap area. However, this method requires external
energy, such as electric and magnetic fields. Bioprinting technology can precisely control
the arrangement of cells in three-dimensional space and has become the core technology for
the fabrication of artificial tissues. Bioprinting works by depositing cells captured in bioink
fluids through the use of an automated printhead [50]. In the past few years, microfluidics
has been used to enhance droplet-based bioprinting, achieving higher printing accuracy and
precision in cell deposition, enhancing the complexity of printed tissues, and promoting new
biological applications. The setup with direct contact co-culture of cells allows for direct
contact, making it suitable for studying interactions among all cells. The common methods
for cell contact include using a shared chamber, where cell suspensions are mixed for
culture, or employing a cell-stratified contact culture. In the cell suspension mixed culture
approach, more than one cell suspension is directly mixed, and the combined solution is
then inoculated into the chip cell culture chamber for co-culture. In the contact culture
method, one type of cell is typically aggregated first to form a cell layer. Subsequently,
other types of cells are inoculated to adhere to the surface of the initial layer, enabling direct
intercellular cross-layer interaction and communication.

Dura et al. ([47], see Figure 2a) developed a microfluidic device featuring a trap cup
array with a scanning electron micrograph image of the trap array for strategically cap-
turing and pairing cells. Each cell trap consists of a single-cell capture cup (the back-side
trap) and a double cell capture cup (the front-side trap). The support pillars on each side
of the capture cups allow fluid to flow through the cups to guide cells into the traps. This
system facilitates the efficient and definitive matching of lymphocytes within a specified
duration of interaction, enabling precise evaluation of initial activation occurrences for
every pair in controlled microenvironments. Additionally, the platform allows for the
simultaneous capture of dynamic processes and static parameters from both partners,
facilitating the profiling of lymphocyte interactions over hundreds of pairs in a single
experiment with pairwise-correlated multi-parametric analysis. Chen et al. [51] presented
a novel microfluidic device with two layers and multiple channels, specifically engineered
for the co-culture of cells in direct contact with vessels. The microfluidic device used in
the study has one upper microchannel and multiple lower microchannels, separated by a
porous membrane of polyethylene terephthalate (PET) with a diameter of 8 um (Figure 2b).
With this apparatus, a co-culture model of the outer blood-retina barrier (0BRB) was de-
veloped to replicate the in vivo interaction among retinal pigment epithelial cells, Bruch
membrane, and fenestrated choroids. The possibility of evaluating the integrity of the
epithelial barrier on a microchip was proven by incorporating platinum electrodes to
measure transepithelial electrical resistance (TEER). The design permits the co-culture of
cells in direct contact, either between cells or between cells and vessels. Additionally, it
can be customized to enable real-time assessment of the state of epithelial monolayers.
Dudman et al. [52] employed microvalve technology for bioprinting (as shown in Figure 2c)
to generate co-cultures of laminar mesenchymal stromal cells (MSCs) and chondrocytes.
The aim was to examine if the addition of MSCs in autologous chondrocyte implantation
(ACI) procedures could potentially promote increased synthesis of extracellular matrix
(ECM) by chondrocytes. Bioprinting utilizing microvalves employs small-scale solenoid
valves (microvalves) to consistently and repeatedly place cells suspended in media. In
this research, a laminar co-culture was established by printing MSCs and chondrocytes
sequentially into an insert-based transwell system. Revisions were made to the ratios of
cell types in order to investigate the capacity of MSCs in promoting ECM production. His-
tological analysis and indirect immunofluorescence staining demonstrated the formation
of dense tissue structures within the chondrocyte and MSC-chondrocyte cell co-cultures,
along with the establishment of a proliferative region at the bottom of the tissue. This
research presents an innovative approach that facilitates the efficient manufacturing of
therapeutically relevant micro-tissue models. These models can be employed in in vitro
research for ACI procedure optimization.
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Figure 2. Schematic illustration of the direct co-culture of cell chips. (a) Image of the microfluidic
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cell pairing device with a scanning electron micrograph image of the trap array. Reproduced with
permission from [47]. (b) Configuration of the multi-channel microfluidic device: exploded view;
medium reservoirs are marked with asterisks (** as inlets, * as outlets when loading cells or media).
Reproduced with permission from [51]. (c) Ilustration of the co-culture cell printing platform.
Reproduced with permission from [52].

The most obvious advantage of the direct contact co-culture method is its ability
to demonstrate interactions among cells. For instance, when neural stem cells (NSCs)
are co-cultured with microglia, factors secreted by microglia enhance the dopaminergic
differentiation of human NSCs [53]. Similarly, co-cultured astrocytes promote neuronal
differentiation of NSCs [54]. Moreover, other regulatory factors such as immune cytokines
can be added to the co-culture system for cell—cell interaction research. For example, adding
interleukin-33 (IL-33) to a mixed culture system containing primary mouse cortical neurons
and glial cells revealed that IL-33 induces glial cells to release inflammatory mediators,
thereby reducing neuronal mortality in the co-culture system [55].

Additionally, the co-culture system involving feeder cells is also considered a form
of direct contact co-culture. In this system, other cells are plated on a monolayer of
specific cells, such as granulosa cells, fibroblasts, or fallopian tube epithelial cells [56,57].
These feeder cells are treated with mitotic inhibitors, commonly known as mitomycin,
to suppress cell division while preserving their ability to secrete growth factors. The
survival and proliferation of other cells depend on the growth factors secreted by the
feeder cells. In cell culture processes, the feeder cell layer acts as a promoter of growth
and proliferation and an inhibitor of differentiation. This role is particularly important
in the cultivation of embryonic stem cells (ESCs) [58,59]. Furthermore, this method often
facilitates the formation of cell junctions among multiple cell types. For instance, by
extending the co-culture of two cell types, a multicellular system comprising neurons,
astrocytes, and microglia has been established. This system more realistically simulates the
neuroinflammatory response in the body, providing a better understanding of the impact
of cell crosstalk on neuroinflammation [5].

2.2. Indirect Co-Culture of Cells

The interaction or regulation among cells can occur not only through direct cell contact
but also via chemical signals released in the microenvironment. In the latter case, where
direct contact is to be avoided, an indirect co-culture system is required. Indirect contact
co-culture of cells involves cultivating multiple cell types through chemical interactions
within the culture medium, without direct contact. This method utilizes microvalves,
hydrogel, semipermeable membranes, and narrow channels [60-63] to culture different
types of cells in distinct areas of the chip. This indirect co-culture method eliminates the in-
fluence of direct cell contact and is suitable for paracrine and endocrine signal transduction
research. On microfluidic chips, indirect co-culture of cells can be achieved through both
co-chamber [64] and independent chamber [38,39,62,63] setups, mainly realized through
microvalve isolation [45,65], channel isolation [38,39,66], and membrane isolation [67].
Microvalve isolation is primarily achieved through a pneumatic drive system that controls
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the microvalve to form a raised compartment, thereby connecting and isolating cham-
bers [67]. Shi et al. [45] developed a vertically layered setup and a four-chamber setup
for co-culturing central nervous system (CNS) neurons and glia (see Figure 3a). The cell
compartments in the apparatus were separated by valve barriers that could be activated by
pressure, facilitating regulated interaction between the two types of cells. This distinctive
design enabled the close co-culturing of glial cells and neurons, the selective transfection of
specific neuronal groups, and the real-time observation of neuronal interactions, including
the growth of synapses. De et al. (see Figure 3b) reported a microfluidic device with
multiple compartments [68], enabling the cultivation of three distinct cell populations in
separate fluidic circuits. The chip consists of three perfusable compartments (500 um wide,
either 100 or 250 pm high, and 6 mm long) with distinct inlets and outlets (diameter of
2 mm), interconnected through a series of narrow and parallel microgrooves (either 2.5, 5,
or 10 pm wide, 2.5 pm high, and 250 pm long) that can allow the separation between soma
and neurites and promote unidirectional neurite elongation from one cell compartment
to the adjacent one. The chip setups for cell culture contain the tube system (TS), the steel
connector system (SCS) and the reservoir system (RS). The device permits cell migration
across the compartments and their differentiation. The researchers showed that optimizing
the device’s geometric characteristics and cell culture parameters can enhance the attach-
ment and growth of neuron-like human cells (SH-SY5Y cells), regulate the migration of
neurons and Schwann cells between compartments, and facilitate prolonged studies on cell
cultures. These discoveries present opportunities for plenty of in vitro co-culture research
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Figure 3. Schematic illustration of the indirect co-culture of cells chips. (a) The vertically layered
microfluidic platforms with glia (orange spheres) and neuron (red spheres) indirect co-culture.
Reproduced with permission from [45]. (b) A microfluidic device with multiple compartments for
the cultivation of multi-cell populations. Reproduced with permission from [68].

Channel isolation in microfluidic cell co-culture systems can be categorized into inde-
pendent chamber isolation [38,62,65,68] and shared chamber isolation [39,60]. Currently,
the preferred method for studying intercellular communication in microfluidic cell co-
culture systems relies on independent chamber isolation. Multiple chambers are isolated
using techniques such as microvalves, microarray columns [60], or fluid dynamics [61]. The
combination of microfluidic technology and fluid dynamics achieves co-culture of cells in a
shared chamber by controlling the liquid flow rate and cell contact with the medium. Vari-
ous cell co-culture models based on channel isolation have been developed, and research
on intercellular communication on microfluidic chips has transitioned from cell population
studies to single-cell analyses [69]. Utilizing precise laminar flow control, microfluidic chips
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with independent chambers and fluid mechanics can automatically and stably move along
both sides of the main channel, being introduced into adjacent separation areas to form a
non-contact co-culture model. This design is convenient for real-time observations of cell
behavior [61,70]. Microfluidic chips combined with shared chambers and fluid dynamics
typically consist of two parallel side channels and an intermediate channel [67,71]. The
interface of the intermediate channel connects the left and right channels, and the edges
of the different compartments are neat and free of cell debris or substances that adversely
affect cell migration. Apart from cell population research, shared chamber heart-shaped
flute designs [69-74] can be used for single-cell capture and analysis. The unique heart-
shaped depression design allows effective pairing of different types of cells at the single-cell
level, minimizing spatial constraints on cells. By adjusting the number and position of
heart-shaped flutes, various functions can be achieved, such as cell pairing ratio control,
cell pairing spacing, and the formation of various single-cell arrays.

Using porous membrane isolation, the two channels are connected by substrate mem-
branes of different materials, such as polycarbonate membrane, polyethylene (PE) mem-
brane, etc. In this setup, one type of cell is cultured at the bottom of the chip, while the
other type of cell is cultured at the top of the membrane [75]. Alternatively, the microfluidic
characteristics can be leveraged to inoculate cells on both sides of the membrane [76,77].
The layered structure on the chip supports long-term co-culture of cells. However, the
single-channel layered co-culture model based on membrane isolation faces challenges in
maintaining long-term stable stratification among cells. Over time, it may evolve into a
random co-culture monolayer. Cells often tend to aggregate at the entrance and exit of
microchannels, limiting its application in more physiologically relevant research. On the
other hand, the dual-channel co-culture model based on membrane isolation addresses
these issues by increasing the channel height, resulting in a more uniform cell layer and
stable cell morphology.

In general, the direct co-culture method of cells is simple, usually requiring the place-
ment of two or more types of cells in the same culture dish in specific proportions for direct
interaction between cells. Due to the direct interaction between cells, this method can better
retain the connection information between cells and make the cultured cells more similar
to their in vivo state. It is suitable for studying the interaction between adjacent tissue cells,
cellular interactions, and the induction of cell differentiation. However, due to the direct
interaction between cells, separating the two types of cells becomes more difficult, making
observation and subsequent detection inconvenient. Additionally, during direct co-culture,
different cells may influence each other, affecting the analysis of experimental results. In
indirect co-culture, cells do not directly interact but communicate through cell-secreted
factors, facilitating subsequent cell separation and detection. Indirect co-culture can be
used for studies on cytokine-induced cell differentiation and proliferation, simulating the
liquid circulation environment in the body, and studying intracellular (autocrine) and
intercellular (paracrine) interactions. However, due to the lack of direct contact, direct
interactions between cells may not be observed. Special culture plates and chambers are
required, which can be costly. Using microfluidic cell chips requires relatively complex
operations, high technical expertise, and specialized equipment.

3. Detection of Cell Co-Culture System by Microfluidics

After constructing an on-chip cell co-culture system, it is crucial to evaluate the system
or barrier to determine its suitability for studying intercellular communication mechanisms.
This evaluation involves assessing both system or barrier permeability and intercellular
interactions, as illustrated in Table 1.
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Table 1. Detection of co-culture system.

Detection Classification Detection Target Detection Method or Marking Ref.
- Glucose [78]
The permeability of molecules Rhodamine [79]
Colorimetry [80,81]
Cell viability Staining of live/dead cells [82]
System or barrier permeability Lactic dehydrogenase (LDH) Activity assay [83,84]
t
assessmen Electrophysiological activity Transendothelial electrical resistance (TEER) [85-87]
Immunofluorescence of cellular Actin [88]
marker substances Green fluorescence protein (GFP) [45,89,90]
Formation of spherical bodies Electron microscope [91-93]
Cell migration M lvsi [80,81,88,89,94]
I lular i . Cell differentiation Pzg;spectrometry analysis, [95-98]
ntercellular interaction Cellular fibrosis ;1 o [70,99-101]
Cytotoxicity testing mmunotiuorescence [102,103]

In existing research, the assessment of system or barrier permeability primarily in-
volves detecting the permeability of molecules, evaluating cell viability, measuring electro-
physiological activity, identifying cell markers, and observing cell morphogenesis using
electron microscopy. Detection of permeability molecules, such as glucose [78] and rho-
damine [79], enables the assessment of the hydrogel penetrability within the system. Cell
viability is determined through methods like trypan blue colorimetry/thiazolyl blue col-
orimetry [80,81], live or dead cell staining [82], and lactic dehydrogenase (LDH) activity
assay [83,84], providing insights into whether the system offers a conducive environment
for cell co-culture. Electrophysiological activity detection, often applied to neural cells
and neurons, utilizes techniques like patch clamp technology [61] and transmembrane
resistance (TEER) [85-87] to measure and quantitatively evaluate barrier permeability. Cell
markers [45,88-90] and cell morphology [91-93] are utilized for detecting the formation of
a co-cultured 3D culture pattern. After verifying the feasibility of the cell co-culture system,
the simulation of the native microenvironment enables further research on intercellular in-
teractions. This includes studying cell migration [80,81,89,90,94], cell differentiation [95-98],
cell fibrosis [70,99-101], and cell toxicity testing [102,103]. On-chip cell migration refers to
movement influenced by signals from other cells, involving processes like angiogenesis
and cancer metastasis. Migration distance is mainly observed through microscopy. Cell
differentiation and fibrosis are marked by specific cells using immunofluorescence staining
methods [45], and confocal microscopy is employed to observe and analyze the selective
expression of cells in time and space, including changes in cell morphology and group
dynamics. Toxicity testing involves detecting changes in signaling factors related to in-
teractions, allowing the study of the impact of targeted drugs on the system. Jeong [104]
analyzed the migration ability of fibroblasts towards the 3D tumor chamber by measuring
the migration distance of the nucleus of fibroblasts in the culture medium channel. In this
co-culture system, the sensitivity differences of paclitaxel drug therapy were studied by
comparing the changes in the proportion of live and dead cells.

After building the on-chip cell co-culture system, it is crucial to evaluate the system’s
applicability or barrier function to ensure the accuracy and reliability of experimental
results. During the evaluation process, key points such as cell growth and differentiation,
intercellular interactions, simulation of the internal environment, barrier function, stability,
and repeatability need to be focused on.

4. Application

In on-chip cell co-culture models, the most common studied system is the vascu-
lar system, followed by blood-brain barrier chips, gas-blood barrier chips, and other
organoid chips. Let us explore the applications of microfluidic cell co-culture technology in
angiogenesis chips, blood-brain barrier chips, gas-blood barrier chips, and organoid chips.

11
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4.1. Angiogenesis

Angiogenesis chips are typically designed with microgaps, often combined with a 3D
gel to serve as a scaffold for angiogenesis. This chip structure facilitates cell connectivity,
promotes the formation of vascular networks, and creates a reliable three-dimensional
microenvironment. Such designs offer valuable insights for clinical medicine and tissue
engineering. In cardiovascular model establishment, simulating and studying fluid stress
often involves inserting a membrane to replicate the three-dimensional cardiovascular
environment. Sometimes, the inserted membrane becomes a key component for studying
the biological mechanisms of blood vessels and heart valves. Co-culture systems on
these chips have also been used to study the impact of certain types of cancer cells on
angiogenesis [105-107]. Such studies have revealed a close relationship between vascular
networks and the occurrence and development of tumors [108].

Liu et al. [79] conducted a study using a microfluidic chip to simulate the three-
dimensional tumor microvascular structure and investigated the impact of antioxidants
on malignant glioma cells in vitro. They utilized hydrogel to construct a 3D chamber for
co-culturing endothelial cells and glioma cells, creating a simulated environment for tumor
microvasculature (see Figure 4a). A macroporous gelatin transglutaminase hydrogel with
favorable biomechanical properties for cell culture and nutrient renewal was employed
in the study. In another investigation, Kim et al. [109] (see Figure 4b) observed that the
angiogenesis of human umbilical vein endothelial cells (HUVECS) relies on co-culturing
with human lung fibroblasts (LFs), as the formation of an interconnected vascular network
was not observed in the HUVEC system not co-cultured with LFs. Ibrahim et al. [105]
investigated the influence of stromal cell effects on the attachment and proliferation of
tumor cells, along with the reciprocal consequences of tumor cells on vascular and mesothe-
lial permeability. They employed an in vitro model of the vascularized human peritoneal
omentum and ovarian tumor microenvironment (TME) to investigate metastases at both
early and advanced stages. The results indicated that the growth of tumors resulted in a
reduction in microvascular permeability through physical mechanisms, while simultane-
ously inducing an elevation in microvascular permeability via cytokine signaling. This
emphasizes the sophistication and potential conflicting roles of tumor cells in the devel-
opment of ascites. The developed system functions as a sturdy platform for investigating
the interactions between tumor cells and stromal cells during the spread of ovarian cancer
within the peritoneal cavity, presenting a novel in vitro vascularized model of the human
peritoneum and ovarian cancer TME, which is shown in Figure 4c.
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Figure 4. Angiogenesis chips. (a) The three-dimensional tumor microvascular structure simulated
on a microfluidic chip for study of antioxidant effects on malignant glioma cells in vitro. Reproduced
with permission from [79]. (b) Microfluidic chip design and confocal micrographs showing the overall
architectures of vascular networks established by vasculogenic and angiogenic processes at day 4
(scale bars, 100 mm), as well as angiogenic sprouts grown for 2 days (scale bar, 50 mm). Reproduced
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with permission from [109]. (¢) In vitro microvascular network model of the peritoneum produced
with polydimethylsiloxane (PDMS) employing the technique of soft lithography. Reproduced with
permission from [105].

4.2. Blood—Brain Barrier

The blood-brain barrier is a dense barrier structure composed of vascular endothelial
cells, astrocytes, pericytes, and basement membrane in the brain, playing a crucial role
in maintaining the stability of the central nervous system environment [110,111]. The
most common co-culture model for the nervous system and blood-brain barrier involves
astrocytes and endothelial cells, with chip designs often incorporating microchannel con-
nections to simulate axonal guidance function [37,112,113]. Microfluidic structures for the
blood-brain barrier on the chip come in two main types: planar and vertical. The planar
model typically utilizes microcolumns or microchannel arrays as the boundary between
the blood and lateral brain cavities (such as Figure 5a). These microstructures have gaps
small enough to capture cells on either side, enabling co-culturing of both cell types on
their respective sides, similar to vertically placed porous membranes.
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Figure 5. Blood-brain barrier (BBB)-on-a-chip. (a) Microfluidic BBB-on-a-chip with the cross-sectional
view. Reproduced with permission from [110]. (b) Structure and design of the multi-layered microflu-
idic device (uBBB). Reproduced with permission from [114].

The vertical model utilizes a porous membrane as the boundary between blood
vessels and brain tissue ([114], see Figure 5b). In Figure 5b, the top channel contains brain
microvascular endothelial cells (BMECs) and the bottom channel contains astrocytes and a
media pool. A porous membrane is sandwiched in between these two channels. Positioned
between these two microfluidic structures, one side accommodates blood vessels, while
the other supports brain tissue. Chip designs for the blood-brain barrier often incorporate
microchannel connections due to their ability to simulate axonal guidance functions. To
establish an optimal in vitro model of the blood-brain barrier, it is crucial to replicate key
physical characteristics of the cerebral capillary microenvironment including fluid flow,
extracellular matrix, and the cylindrical geometric structure of normal brain microvessels.
Astrocytes play a vital role in promoting the formation of the blood-brain barrier, assisting
in the maturation of neurovascular endothelial cells, and facilitating a tighter connection
for barrier integrity. Jeong et al. [83] introduced a multi-chamber microfluidic blood-brain
barrier chip designed to recapitulate the key functions of the blood-brain barrier at the
astrocyte capillary interface. The chip optimizes physiological shear stress and extracellular
matrix conditions to enhance the formation of tight cell junctions. Notably, this design
allows for the simultaneous conduct of up to 16 different tests on a single chip.

4.3. Blood—Gas Barrier

The blood—gas barrier is a complex tissue structure crucial for facilitating normal gas
exchange in the body. It comprises the liquid layer on the surface of alveoli, type I alveolar
cells, basement membrane, a thin layer of connective tissue, capillary basement membrane,
and endothelium of pulmonary capillaries [115]. The formation of the blood-gas barrier
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is intricately linked to the construction of the alveolar—capillary interface. To recreate
the connection between alveoli and blood vessels, alveolar cells and vascular endothe-
lial cells are co-cultured, and the essential function of alveolar capillaries is simulated
through gas-liquid exposure [116]. The membrane-based separation channel structure
allows independent manipulation of fluid flow, as well as the transfer of cells and nutri-
ents. Additionally, lung function involves cell stretching during respiratory movement,
necessitating the application of mechanical forces on the chip to mimic the dynamic me-
chanical deformation of the alveolar—capillary interface caused by respiratory movement.
Hubh et al. [117] constructed a chip model of alveolar pulmonary capillary units (see
Figure 6a), successfully replicating the dynamic mechanical deformation of the alveolar—
capillary interface caused by respiratory movement. Human alveolar epithelial cells and
human pulmonary microvascular endothelial cells are cultured on both sides of the mem-
brane. As cells form layers, air is introduced into the epithelial compartment, creating a
gas-liquid interface that more accurately simulates the inner layer of alveolar air space.
To model the human small airway-on-a-chip, Benam et al. ([118]) used soft lithography
to create a microfluidic device made of PDMS containing an upper channel with a height
and width (both 1 mm) similar to the radius of a human bronchiole separated from a
parallel lower microvascular channel (0.2 mm high, 1 mm wide) by a thin, porous (0.4 um),
polyester membrane coated on both sides with type I collagen (see Figure 6b). The primary
human airway epithelial cells (hAECs) isolated from healthy donors or COPD patients
were cultured on top of the membrane until confluent with medium flowing (60 uL/h) in
both channels. To trigger lung airway epithelial differentiation, the apical medium was
removed after five days and air was introduced to create an air-liquid interface (ALI), while
retinoic acid (3 pg/ mL) was added to the medium flowing in the lower channel to prevent
the development of a squamous phenotype. Three to five weeks later, primary human
lung microvascular endothelial cells were seeded on the opposite side of the porous mem-
brane and cultured at the same flow rate until confluent to create a tissue-tissue interface.
Immunofluorescence confocal microscopic analysis revealed that these culture conditions
resulted in the formation of a pseudo-stratified, mucociliary, airway epithelium and a
planar microvascular endothelium on opposite sides of the same ECM-coated membrane.

Immunofluorescence confocal microscopy image of the pseudo-stratified,
mucociliary, airway epithelium and planar microvascular endothelium
on opposite sides of the same ECM-coated membrane

(@) (b)

Vacuum

Vacuum

Figure 6. The design of blood—-gas barrier by microdevice. (a) The microfabricated lung mimic device
utilizes compartmentalized PDMS microchannels to form an alveolar—capillary barrier on a thin
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porous flexible PDMS membrane coated with ECM. Reproduced with permission from [117]. (b) The
human small airway-on-a-chip. Reproduced with permission from [118].

4.4. Other Organoid Chips

The organoid chip is an innovative biomedical technology designed to replicate the
physiological processes of various organs in the human body by cultivating human tis-
sues or organ cells on the chip. This approach offers a more realistic, rapid, and accurate
model for disease treatment and the development of new drugs [23,30,118-120]. Initially
proposed by Sin et al. [121], the organoid chip aims to construct and simulate the microenvi-
ronment of different tissues and organs in the human body, with continuous advancements
and developments. In addition to the organoid chips mentioned earlier, recent progress
has expanded the repertoire to include kidney chips [122], liver chips [123], intestinal
chips [124,125], bone chips [126], tumor chips [127], and multi-organ chip [128], broadening
the applications of these human organoid chips.

The liver sinusoid wave chip is a common model for the liver, primarily utilizing
the co-culture of liver cells and endothelial cells to simulate the structure of liver sinu-
soids [129]. The microfluidic structure of the liver model on the chip mainly involves
membrane-isolated indirect co-culture. This model can be extended to various liver biology
research and liver-related disease studies, such as drug-induced liver toxicology, cancer
research, and the pathological effects of various hepatophilic infectious factors. Research
has indicated that the flow of mediators in liver cell secretions and the dynamic interac-
tion with collagen play a crucial role in maintaining primary liver cell function [129-131].
Therefore, liver cells were cultured on a microfluidic platform under the condition of flow
perfusion of the culture medium and covered with collagen to investigate the interaction
between medium flow, collagen production, and liver cell function. Ya et al. ([130], see
Figure 7a) developed a lifelike bionic liver lobule chip (LLC), on which perfusable hepatic
sinusoid networks were achieved using a microflow-guided angiogenesis methodology.
To accurately replicate the structure of liver sinusoids, Du et al. ([132], see Figure 7b)
developed an in vitro three-dimensional liver chip comprising four primary liver cell
types under shear flow, aiming to mimic the liver microenvironment with precise cell
composition and quantified physical interactions. Busche et al. ([133], see Figure 7c) estab-
lished a novel, parallelized, and scalable microfluidic in vitro liver model demonstrating
hepatocyte function. This model showcased fully automated cell culture preparation in
the HepaChip microplate (HepaChip-MP) using a pipetting robot. The HepaChip-MP
consists of 24 independent culture chambers. An automated dielectrophoresis process
selectively assembles viable cells into elongated microtissues. Freshly isolated primary
human hepatocytes (PHHs) and primary human liver endothelial cells (HuLECs) were
successfully assembled as co-cultures, mimicking the liver sinusoid. The establishment of
microtissues using the HepaChip-MP necessitates only small amounts of primary human
cells. The system is expected to be integrated into routine procedures in cell culture labs,
enabling comprehensive investigations on liver biology and its potential applications in
preclinical drug development. Zheng et al. [134] developed a 3D dynamic multi-cellular
liver-on-a-chip device (3D-DMLoC) to replicate the microenvironment of liver tissue in vivo
(see Figure 7d). The device incorporated functionalities like simulated hepatic sinusoid,
perisinusoidal space, and continuous liquid perfusion, resulting in the formation of 3D
cell spheroids. The HepaRG cells and HUVECs were co-cultured for 7 days within this
chip. The observed liver toxicity was correlated with acute hepatocyte injury, which was
indicated by the ratios of secreted AST/ALT contents. The liver-on-a-chip device demon-
strated successful development and validation, providing a more accurate reproduction of
the in vivo physiological microenvironment of the liver. This platform holds promise for
the easy, efficient, and accurate screening of potential hepatotoxic chemicals in the future.
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Figure 7. Schematic components of the liver lobule chip (LLC). (a) Schematic, design, and charac-

terization of the multiple hepatic lobules with portalveins (PVs), hepatic arteries (HAs), and central
veins (CVs). Reproduced with permission from [130], (b) Schematic of the in vitro 3D liver sinusoid
liver chip. Reproduced with permission from [132]. (c) The HepaChip-MP design. Reproduced with
permission from [133]. (d) The 3D-DMLoC system. Reproduced with permission from [134].

Since 2019, Jalili-Firoozinezhad et al. [124] and Puschhof et al. [125] have explored the
development of intestinal chips, emphasizing the interaction between the gut and microor-
ganisms. The former employed stretchable materials to replicate the rhythmic peristalsis
and contraction of the intestine, as depicted in Figure 8a. The latter focused on the interac-
tion between intestinal epithelium and microorganisms to investigate the influence of gut
microbiota on health and disease. Shah et al. [135] presented a modular, microfluidics-based
model (HuMiX, human-microbial crosstalk), which allows co-culture of human and micro-
bial cells under conditions representative of the gastrointestinal human—microbe interface.
The model integrates oxygen sensors (optodes) for the real-time monitoring of the dis-
solved oxygen concentrations within the device. In addition, they also fabricated a specially
designed version of HuMiX, which allows the insertion of a commercial chopstick-style
electrode to monitor TEER for the characterization of cell growth and differentiation within
the device (see Figure 8b). In 2021, Ao et al. [131] engineered a brain chip (see Figure 9a) by
co-culturing glial cells and immune cells, aiming to simulate the tissue structure and func-
tion and offering novel research perspectives for brain diseases. Pediaditakis et al. ([136],
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see Figure 9b) leveraged the Organs-on-Chips technology to develop a human brain chip
representative of the substantia nigra area of the brain containing dopaminergic neurons,
astrocytes, microglia, pericytes, and microvascular brain endothelial cells, cultured under
fluid flow. The «Syn fibril-induced model was capable of reproducing several key aspects
of Parkinson’s disease, including accumulation of phosphorylated «Syn (pSer129-«Syn),
mitochondrial impairment, neuroinflammation, and compromised barrier function. This
model may enable research into the dynamics of cell-cell interactions in human synucle-
inopathies and serve as a testing platform for target identification and validation of novel
therapeutics. Chou et al. [137] showed a vascularized human bone-marrow-on-a-chip (see
Figure 10a) that supports the differentiation and maturation of multiple blood cell lineages
over 4 weeks while improving CD34+ cell maintenance, and it recapitulates aspects of
marrow injury, including myeloerythroid toxicity after clinically relevant exposures to
chemotherapeutic drugs and ionizing radiation as well as marrow recovery after drug-
induced myelosuppression. The chip comprises a fluidic channel filled with a fibrin gel
in which CD34+ cells and bone-marrow-derived stromal cells are co-cultured, a parallel
channel lined by human vascular endothelium and perfused with culture medium, and
a porous membrane separating the two channels. As an in vitro model of hematopoietic
dysfunction, the bone-marrow-on-a-chip may serve as a human-specific alternative to
animal testing for the study of bone marrow pathophysiology. Subsequently, in 2022,
Glaser et al. constructed a vascularized bone marrow chip [126], illustrated in Figure 10b.
They established an in vitro simulated vascularized bone marrow microenvironment using
microfluidics and stem cell technology. This model features a dynamic and permeable
vascular network, faithfully reproducing bone marrow function and providing a novel
platform for understanding human bone marrow function and the mechanisms of action of

related drugs.
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Figure 10. Bone chips based on microfluidics. (a) Primary human bone marrow chip supports in vitro
hematopoiesis over 4 weeks in culture and improves CD34+ progenitor survival and colony forming
capacity. Reproduced with permission from [137]. (b) Vascularized bone marrow chip. Reproduced

with permission from [126].

A single-organ chip can replicate the physiological and pathological processes of a
specific organ in the human body. However, a true biological system emerges from the inter-
action of multiple organs. Therefore, the development of multiple-organ chips is considered
a crucial direction for future advancements. In recent years, scientists have created various
organ chips combined to form human chips (Human-on-a-Chip) [132,133,136] ([138], see
Figure 11a). Maschmeyer et al. [139] first introduced a microphysiological four-organ chip
system that enables a reproducible 28-day co-culture of four tissues (intestine, liver, skin,
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and kidney tissue). Barrier integrity, continuous molecular transport against gradients,
and metabolic activity could be demonstrated for the four-organ chip (4OC) co-cultures,
thus making it a perfect platform for further in vitro ADME (absorption, distribution,
metabolism, and excretion) and repeated dose toxicity testing. It enhances the simulation
of interactions and complex physiological and pathological processes between multiple
organs in the human body, thereby improving the efficiency and accuracy of drug screening
and evaluation. Table 2 summarizes the typical applications of microfluidic chips and their
co-cultured cell/organ types in this review.

A simple fluidic coupling between multiple chambers lined by different organoty pic cell types
and a common flow chamber in two-chamber organ chip designs.
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Figure 11. Human chips. (a) Schematics showing different multi-organ human body-on-chip formats.
Reproduced with permission from [138]. (b) The microfluidic four-organ chip device. Reproduced
with permission from [139].
Table 2. Application of microchips.
Application Co-Culture Type Ref.
Endothelial cells, Glioma cells [79]
Angiogenesis HUVECs, LFs [109]
Endothelial cells, Adipocytes, Mesothelial cells, Tumor cells [105]
Blood-brain Barrier Astrocytes, Endothelial cells [110,114]
Human alveolar epithelial cells, Human pulmonary [117]
Blood-gas Barrier microvascular endothelial cells
HAECs, primary human lung microvascular endothelial cells  [118]
liver chips liver cells, endothelial cells [130,132-134]
intestinal chips intestinal epithelium, microorganisms [125,135]
. CD34+cells, bone-marrow-derived stromal cells, human
bone chips . [137]
Other Organoid Chips vascular endothelium
. . glial cells and immune cells [131]
brain chips - . . . .
dopaminergic neurons, astrocytes, microglia, pericytes, and
. . ; [136]
microvascular brain endothelial cells
multi-organ chip intestine, liver, skin, and kidney tissue [139]
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Organ chips are extensively applied in drug screening and toxicity assessment [140,141].
In drug development, these chips provide a rapid and accurate method to evaluate drug
toxicity and efficacy, offering a more reliable and efficient screening approach for new
drug development. Concerning toxicity assessment, organ chips better emulate the human
body’s responses to various chemical substances, enhancing the precision and efficiency of
drug toxicity evaluation. This contributes to a more scientific and reliable method for safety
assessments of chemical substances. Moreover, artificial intelligence technology [142] is
employed to design and optimize the structure and function of organ chips, improving
their simulation effectiveness and accuracy. This technology allows precise regulation of
cell activity in organ chips, enabling advancements in drug screening, toxicity testing, and
research on disease pathogenesis [143]. As human chip technology continues to develop,
organ chips will increasingly play a vital role in fields such as life sciences, medicine, and
drug research.

5. Conclusions

Cell co-culture technology based on microfluidic chips can replicate the native mi-
croenvironment, capturing the complexity of metabolism and regulation. This technology
serves as a novel platform for studying cell-cell communication and holds significant value
in uncovering the physiological and pathological processes of multicellular organisms. Cur-
rently, the design of cell co-culture systems on microfluidic chips predominantly involves
two approaches: direct contact co-culture and indirect contact co-culture. The direct co-
culture method typically adopts a co-chamber design, while the indirect contact co-culture
employs both co-chambers and independent chambers that utilize microvalve isolation,
channel isolation, and membrane isolation. After constructing a cell co-culture system on
the chip, the functionality of the co-culture system or barriers can be evaluated through
various methods, including permeability molecule detection, cell viability assessment,
electrophysiological activity detection, cell marker detection, and electron microscopy
observation of cell morphology. These evaluations help determine the system’s suitability
for studying intercellular communication mechanisms. Once the feasibility of the co-culture
system is confirmed, it becomes a valuable tool for simulating the native microenvironment
and conducting subsequent research on cell communication mechanisms. This includes
investigating processes such as cell migration, differentiation, fibrosis, and toxicity detec-
tion. With advancements in microfluidic cell co-culture technology, diverse chip models
have been constructed. Notably, the vascular system has been the most modeled tissue,
closely followed by the blood-brain barrier, blood—gas barrier, and other organoid models.
The establishment of co-culture models on microfluidic chips creates structures similar to
in vivo tissues or organs, addressing limitations of traditional two-dimensional cell culture.
These models find applications in basic in vitro research and various fields such as targeted
drug screening and toxicity detection.

As technology progresses, on-chip cell co culture technology is evolving from simple
multicellular models towards organoids. This shift aims to fully simulate organ-level
functions necessary for physiological homeostasis and complex disease processes. How-
ever, organoid models are the latest technology in human tissue experimental research.
Compared to traditional models, they are still in the exploratory stage. The stability, re-
peatability, scalability, and precise control of microenvironmental conditions have become
issues that need to be overcome in the development of organoid co-culture technology. To
create relevant co-culture systems for cell interaction research, it is necessary to integrate
organoid models with standardized microdevices. Looking ahead, the development of
the organoid chip model paves the way for constructing a human system on-chip through
fluid connections. This advanced model has the potential to simulate interactions and
physiological reactions of multiple organs at the system level, proving effective in diverse
fields including medicine, life sciences, and environmental sciences.
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Abstract: Three-dimensional (3D) printing presents a compelling alternative for fabricating microflu-
idic devices, circumventing certain limitations associated with traditional soft lithography methods.
Microfluidics play a crucial role in the biomedical sciences, particularly in the creation of tissue
spheroids and pharmaceutical research. Among the various 3D printing techniques, light-driven
methods such as stereolithography (SLA), digital light processing (DLP), and photopolymer inkjet
printing have gained prominence in microfluidics due to their rapid prototyping capabilities, high-
resolution printing, and low processing temperatures. This review offers a comprehensive overview
of light-driven 3D printing techniques used in the fabrication of advanced microfluidic devices. It ex-
plores biomedical applications for 3D-printed microfluidics and provides insights into their potential
impact and functionality within the biomedical field. We further summarize three light-driven 3D
printing strategies for producing biomedical microfluidic systems: direct construction of microfluidic
devices for cell culture, PDMS-based microfluidic devices for tissue engineering, and a modular
SLA-printed microfluidic chip to co-culture and monitor cells.

Keywords: microfluidics; 3D printing; tissue culture

1. Introduction

Microfluidic systems, which enable the manipulation of minute fluid volumes (10~ to
108 L) within channels sized from tens to hundreds of microns, have garnered consider-
able attention in scientific research and application [1]. Microfluidics offers several distinct
advantages. Microfluidics can reduce sample and reagent quantities for cost savings and
provide exceptional resolution and sensitivity for precise control of microemulsion gen-
eration [2]. The diminutive dimensions of microfluidic channels, characterized by high
surface-area-to-volume ratios, promote enhanced thermal homogeneity at the reaction
site, facilitating swift heat transfer [3]. These benefits allow microfluidics to be applied in
biomedical applications such as tissue engineering, DNA purification, PCR activity, and
medical diagnostics including pregnancy monitoring and glucose measurement [4].

Microfluidic devices have significant advantages over traditional batch methods in
tissue culture. Traditional methods usually suffer from low throughput, high reagent
consumption, and limited microenvironment control. By contrast, microfluidic devices
can reduce reagent usage, enhance control of the cellular microenvironment, and perform
high-throughput experiments [5]. First, microfluidic devices allow precise control of
various environmental parameters, such as nutrient delivery, oxygen content, pH, and shear
stress [6]. These advantages allow researchers to design customized microenvironments
that closely resemble specific tissues or organs in the body. With this precise control,
researchers can better simulate physiological conditions and, thus, obtain more biologically
meaningful experimental results. Second, microfluidic devices offer unique advantages for
high-throughput screening, as they can construct multiple chambers or channels. These
capabilities allow for parallel experiments and high-throughput screening of multiple
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conditions or samples [7], significantly increasing experimental efficiency and accelerating
the process of research and drug development. In addition, microfluidic devices are
conveniently miniaturized and automated. Due to their compact structure, experiments
can be greatly scaled down, reducing the amount of reagents and samples used [8]. At
the same time, these devices can be connected to an automation system to improve fluid
handling, sample and data collection operations, and experiment repeatability. Microfluidic
devices can also be integrated with sensors, imaging systems, and other analysis tools
to achieve real-time monitoring and analysis of cell reactions and behaviors [9]. This
integration allows researchers to collect dynamic and time-resolved data that can reveal
important insights into complex biological phenomena, including precise spatial and
temporal control of the delivery of signaling molecules, drugs, and other stimuli to cells
and tissues as well as gradient effects, cell-to-cell interactions, and dynamic biological
responses [10]. By creating physiologically relevant models that closely mimic in vivo
conditions, these benefits allow for the study of cellular behavior, drug responses, and
disease mechanisms in a controlled environment [11]. As such, microfluidic devices play
a crucial role in advancing biomedical research and fostering innovation in tissue culture
methodologies. However, persistent challenges impede microfluidics integration across
diverse fields, such as complex sample preparation, external high-tech equipment, and high-
resolution requirements [12,13]. These complexities collectively pose significant hurdles to
attaining large-scale commercial production.

Three-dimensional printing, also known as additive manufacturing, refers to the pro-
cess of creating three-dimensional objects by adding materials layer by layer based on a
digital model. Recent advancements in three-dimensional (3D) printing have profoundly
impacted microfabrication, tissue engineering, drug delivery, and medical device develop-
ment [14,15]. Notably, 3D printing techniques have been applied to manufacturing complex
microfluidic devices. They offer a cost-effective alternative to the time-consuming molding
process and cleanroom facility requirements.

However, traditional 3D printing techniques such as Fused Deposition Modeling
(FDM), which extrude thermoplastic filaments layer by layer to create objects, often involve
elevated processing temperatures, presenting challenges in using sensitive materials and
biocompatible substances. Since FDM printing has a relatively lower resolution than other
3D printing methods, it inevitably reduces precision in microfluidic structure fabrication.
Additionally, printed objects by Selective Laser Sintering and Selective Laser Melting
(SLM) exhibit surface roughness, which impacts microfluidic devices’ fluidic behavior [16].
Addressing these challenges is essential for broadening the potential uses and capabilities
of 3D printing technologies in the field of microfluidics.

Light-driven 3D printing methods, which employ photocuring to solidify liquid resins,
have emerged as a promising solution for fabricating microfluidic systems [17]. These
techniques, including Stereolithography (SLA), Digital Light Processing (DLP), and Inkjet
printing, offer high resolutions, mild operational conditions, rapid production rates, rela-
tively smooth surfaces, and a wide selection of resins. These benefits make light-driven 3D
printing particularly well-suited to fabricating microfluidic devices, which are expected to
have high-resolution channels, optical transparency, smooth internal channel surfaces, and
robust mechanical stability to tolerate high pressure [18,19]. The emergence of new technol-
ogy has significantly enhanced 3D-printed microfluidic devices’ research and applications
in the field of biomedicine, opening new pathways for innovation and practicality.

In this review, we introduce the current progress of light-based 3D-printed microflu-
idics and discuss their implications for pivotal areas such as cell culture, tissue engineering,
as well as the co-culturing and monitoring of cells.

2. Introduction of Microfluidics

Microfluidic chips consist of a network of tiny channels etched or molded into ma-
terials such as siloxane and PDMS. They are also used for tasks such as mixing fluids,
pumping, sorting particles, and regulating biochemical conditions [17]. These chips offer
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excellent gas permeability, surface modification capabilities, and biocompatibility, making
them invaluable for assessing cell viability in vitro [20]. The transparency of microfluidic
chips also allows for easier observation of fluid dynamics using optical microscopes [21].
Currently, soft lithography is the primary technique for fabricating microfluidic chips
using elastomer masks, stamps, and molds for its rapid prototyping advantages [22,23].
Typically, photolithography is used to manufacture master molds for microfluidics with a
pre-polymer such as PDMS cured on top of the mold. Once cured, a PDMS-negative stamp
of the mold is created and permanently bonded to glass (Figure 1) [24].

Soft lithography

Master fabrication Device fabrication
(1) Spin on photoresist

© (4) Pour relief mold elastomer

(2) Align and expose
mask to UV light

(5) Bond on substrate;
punch access holes

(3) Develop pattern

Figure 1. Rapid prototyping using soft lithography. Soft lithography is a multistep process in which

a master mold is created, followed by curing a prepolymer substrate, peeling it off, bonding it to a
substrate, and punching access holes [20]. Copyright 2017 Elsevier.

These microfluidic chips can achieve high-resolution features at the micrometer and
even nanometer scales. PDMS, a widely used polymer in microfluidics, is favored for its
biocompatibility, ready availability, transparency, hydrophobic properties, gas permeabil-
ity, and elastomeric nature [21]. As such, microfluidic chips manufactured through soft
lithography are widely employed in the biological and medical fields, including genetic
engineering, proteomics, medical diagnostics, cell culture, drug research and development,
and biosensors for biochemical and pathogen detection [22]. However, soft lithography
faces limitations related to material durability and chemical resistance. For instance, soft
lithography-fabricated PDMS devices typically lack robustness, which can lead to flow
profile issues due to leakage and uneven pressure distribution [25]. Additionally, PDMS
has drawbacks such as lower mechanical robustness and chemical resistance than some
3D-printed resins [26,27]. In terms of mechanical characteristics, the elastic modulus of
PDMS (measurement of stiffness) is between 1.32 and 2.97 MPa, and the tensile strength
(stretch value before breaking) is between 3.51 and 5.13 MPa. These numbers can change
depending on how much curing agent is used and the temperature at the time it was man-
ufactured [28]. The absorption of small molecules by PDMS can also influence microfluidic
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experiments, especially in the areas of drug discovery, proteomic analysis, and cell culture,
where the compounds being studied are present in very low concentrations [29]. Therefore,
exploring other fabrication techniques becomes essential to overcoming these challenges
and expanding microfluidic technology applications. Notably, 3D printing allows for rapid
prototyping, scalability, and the production of complex geometries that are difficult to
achieve with PDMS [30].

3. 3D-Printed Microfluidic Devices

Currently, 3D printing has become an advanced approach to creating microfluidic
devices. Three-dimensional printing methods, such as FDM, PolyJet (PJ), SLA, etc., have
been successfully employed to fabricate fluidic channels. Compared to soft lithography
techniques, which have limited design complexity and customization, 3D printing offers
faster prototyping and design flexibility for intricate and customized microfluidic devices.

SLA is one of the most widely used light-based 3D printing methods primarily due
to its accessibility, swift printing capabilities, and production of smooth, accurate struc-
tures [31]. As shown in Figure 2a, this process involves the successive curing of liquid
polymers layer by layer, employing laser UV light and a controlled built platform. The built
platform plays a crucial role in supporting and positioning each layer of the object during
printing, ensuring accuracy and structural integrity. At the same time, UV light allows
precise liquid resin polymerization, solidifying it with each layer. This process results in a
finely detailed and cohesive three-dimensional structure [32]. The UV laser performs two
key functions in SLA printing: designing patterns and curing liquid resin. Generally, a UV
laser source and a scanning mirror are used to design a raster pattern for printed models.
Alternatively, the 2D pattern can be exposed to photo-curable resin using a UV source
and a digital micromirror device to control printed shapes [33-35]. Using free surface or
restricted surface methods for printing 3D materials is also feasible. Both methods involve
the photopolymerization of liquid resins under UV light irradiation. An essential compo-
nent in various SLA processes is an absorber, which reduces the light’s penetration into
printed layers and prevents the polymerization of unpatented void features [13]. Hence,
SLA’s precision and high-resolution output make it cost-effective for fabricating complex
structures, especially microfluidic devices for tissue-related research [36-39]. L. Ding et al.
used an SLA 3D printer to rapidly print modular microfluidic systems for detaching and
separating mesenchymal stem cells (MSCs) from microcarriers (MCs) [40]. Direct SLA
printing was used to create each module, resulting in inexpensive and easy-to-manufacture
high-precision 3D objects [40].

DLP is another light-driven 3D printing technique using a digital light projector as a
light source to cure photopolymers (Figure 2b) [41]. The UV light from the projector cures
the photopolymer resin layer all at once, setting DLP apart from SLA where laser points
trace each layer [42]. This simultaneous layer curing significantly accelerates printing speed
while maintaining intricate designs and high accuracy. L. Wang et al. used DLP technology
to manufacture polymer-based microfluidic chips, allowing for the rapid realization of a
wide range of functional microstructures outside of a cleanroom and minimal masking
requirements [43].

In photopolymer inkjet printing, inkjet print heads play a crucial role in expelling
liquid photopolymers from built platforms. This material undergoes immediate curing
and solidification upon exposure to UV lamps, facilitating layer-by-layer construction
(Figure 2c) [44]. Photopolymer inkjet printing offers fewer constraints than alternative
methods, making it highly suitable for creating patterned environments for drug-testing
organoids and tissue models [45]. Lidia Donvito et al. developed an inkjet 3D-printed
droplet microfluidic device from acrylonitrile and wax [46]. Inkjet printing eliminates
misalignment issues that plague conventional manufacturing processes, making it possi-
ble to manufacture microfluidic chips in a single procedure. Moreover, it permits quick
prototyping at minimal cost.
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a Stereolithography(SLA)
X-Y scanning mirror
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Liquid photopolymer
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b Digital light processing (DLP)
Built platform
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Liquid photopolymer
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¢ Photopolymer inkjet printing (Inkjet)

Inkjet print head

Built part

Built platform

Figure 2. Schematic showing three types of light-induced 3D printing technologies.

In summary, Table 1 provides a comparative overview that considers the operational
principles, material usage, advantages, and limitations of three 3D printing techniques for
microfluidic device fabrication.

Table 1. Summary of three main light-driven 3D printing techniques for fabricating microfluidic

devices.
3D Printing . .
Technique Energy Source Materials Advantages Disadvantages
Easy-to-make large pieces, .
SLA uv Phptocurable allow uncured material, and Post-curing and §upp0rt
resin/polymer hi .. removal required
igh precision
Laying precision, high Consumables insecurity
DLP uv Phptocurable resolution, and reusing and unsuitable for large
resin/polymer
uncured photopolymer structures
. Photocurable Multi-material, fast-build Laborious to remove
Inkjet uv . - .
resin/polymer printing channel support materials
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4. Light-Driven 3D-Printed Microfluidics for Tissue Culture

In recent years, there has been a notable transformation in the methodologies employed
for fabricating microfluidic devices. This change is attributed to the emergence of light-
driven 3D printing, a new and promising method for overcoming some of the drawbacks
of traditional soft lithography techniques [47]. Light-driven 3D printing offers an appealing
option for creating microfluidic devices, mainly due to its cost-effectiveness, precision,
high resolution, and ability to reproduce complex designs consistently [42,48]. Within the
field of 3D-printed microfluidic devices, direct printing, mold-based, modular, and hybrid
manufacturing procedures are the four primary production types. Microfluidic devices
with integrated inlets, outlets, and microchannels are fabricated via 3D printing techniques.
Novel techniques have also emerged, such as replica molding using 3D-printed molds.
This approach involves the creation of microfluidic structures using 3D-printed molds,
followed by bottom-side channel sealing with materials such as PDMS or glass slides.
Another innovative concept is similar to assembling Lego® blocks and involves piecing
together 3D-printed microfluidic modules. Another notable advancement is a hybrid
solution, where the lower layer of a 3D-printed micro-channel is connected to a transparent
top layer, offering a unique combination of functionalities. The advantages of additive
technology make 3D-printed microfluidics particularly useful in tissue engineering [47],
including the construction of culture platforms. High-precision light-driven 3D printing
allows microfluidics to become more readily available [49].

In tissue culture, 3D-printed microfluidic devices exhibit multiple functions and sig-
nificantly enhance 3D cell culture techniques for various cell types, including mammalian
cell lines, stem cells, and primary cells [50]. First, mammalian cell lines, such as HeLa
cells and Chinese hamster ovary (CHO) cells, are widely used in biomedical research for
applications as diverse as drug testing, gene expression studies, and cancer research. How-
ever, in traditional 2D cultures, these cells grow in monolayers, limiting their interaction
with other cells and extracellular matrix components. By contrast, 3D-printed microfluidic
devices provide a more complex environment that promotes better cell communication
and function, thereby enhancing the physiological relevance of the studies conducted.
Second, stem cells, including embryonic stem cells (ESCs) and induced pluripotent stem
cells (iPSCs), greatly benefit from 3D culture systems. These cells require a highly controlled
environment to maintain their pluripotency and differentiate them into specific cell types.
Three-dimensionally printed microfluidic devices facilitate these complex cultures by pro-
viding controlled microenvironments and nutrient flow, which support the formation of
multicellular spheroids and organoids and provide essential cues for differentiation and
growth [51]. This level of control supports stem cell proliferation, differentiation, and the
formation of complex tissue structures. It is especially critical for tissue engineering and
regenerative medicine applications. In addition, primary cells that are directly isolated
from tissue usually retain more of the physiological properties of their original tissue than
immortalized cell lines. For instance, hepatocytes and cardiomyocytes benefit from the
3D architecture provided by these devices, which mimics in vivo conditions better than
traditional 2D cultures. Specifically, hepatocytes are the primary functional cells of the liver
and play a key role in drug metabolism and detoxification research. However, in 2D cul-
ture, liver cells often lose their phenotype and function very quickly. Three-dimensionally
printed microfluidic devices can reconstruct the liver microenvironment, support liver cell
function, and enable long-term studies of liver physiology and disease modeling [52].

Three-dimensional cell cultures, such as spheroids and organoids, offer a more physio-
logically relevant environment, promoting better tissue-like structures and functions [53].
Spheroids are simple cellular aggregates formed by a single cell type or a combination
of multicellular cells typically grown as free-floating aggregates [54]. On the other hand,
organoids are more sophisticated models created from iPSCs or by the self-organization of
tissue-derived cells such as cancer cells or stem cells [54]. Organoids are highly complicated
because the variety of cell types comprise their makeup better reflects the structure and
function of the organ. Organoids are more complicated than spheroids and may be cultured
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for extended periods. Furthermore, 3D-printed microfluidic devices can be applied to
organ-on-a-chip (OoCs) technologies, which simulate the functions of entire organs or
organ systems on a micro-scale [51]. This model provides the scientific community with a
cutting-edge tool by combining engineering and biological expertise. Therefore, 3D-printed
microfluidic devices can replicate physiological conditions with high precision, offering a
powerful tool for drug testing and disease modeling [55].

4.1. Light 3D-Printed Microfluidics for Spheroid Perfusion Culture

Spheroid perfusion culture is a cell cultivation method that involves growing three-
dimensional cell clusters, or spheroids, in a controlled environment. In this technique, a
continuous flow of culture media circulates through the spheroids, supplying nutrients
and oxygen while removing waste products. This approach enhances cell viability and
functionality, mimicking the natural tissue conditions more closely than traditional static
cultures. Generally, microfluidic spheroid cultures use channels in microstructures to hold
3D cell clusters, enabling controlled nutrient perfusion for advanced cellular studies. This
setup allows for the subsequent development of spheroids or organoids under medium
perfusion conditions [56-59]. Since spheroids or organoids must be immobilized and fixed
in microfluidic devices for extended periods ranging from days to weeks, monitoring
downstream biological assays via visualization methods is necessary. Addressing these
challenges requires careful consideration of biocompatibility, suitability for bioimaging,
and facilitation of cell retrieval in the design and production of 3D-printed devices for
tissue culture.

In the context of spheroid cell culture and analysis, the unique operating principles
and resolution restrictions of each 3D printing method are worth considering. To support
multicellular spheroid cultures, Ong et al. reported the first example of a 3D-printed
microfluidic perfusion cell culture device to directly immobilize 3D multicellular spheroids
while keeping them alive and functioning [60]. They assessed two popular 3D printing
technologies (SLA and PolyJet printing) to fabricate microfluidic devices containing cell-
immobilized microstructures inside a microfluidic network. Their results revealed that
SLA outperformed PolyJet printing, primarily in terms of resolution and post-processing
ease. Notably, the 3D-printed microfluidic perfusion culture device comprised two separate
components, a top layer, and a bottom mounting section (Figure 3a). Unlike a unibody
device, this modular 3D-printed microfluidic device could be easily disassembled, allowing
users to retrieve tissue samples without the need for specialized tools. In contrast to
prototyping the device in a single build, this segmented design simplified the removal
of support materials from the microfluidic network, making it possible to reuse the 3D-
printed device. Notably, conventional 3D printing materials such as acrylonitrile butadiene
styrene and polycarbonate exhibit limited transparency despite their prevalence [61-63].
This challenge was addressed by integrating a viewing window into the mounting base,
which enables the visual examination of biological samples using sophisticated microscopy
techniques, such as light and fluorescence microscopy. Additionally, delicately engineered
PDMS membranes were introduced to serve as efficient gaskets during the integration of the
top and mounting base components, ensuring the robust sealing of microfluidic channels.
As depicted in Figure 3b, the schematic of the cell culture chamber’s central section features
an array of microstructures arranged in a circular pattern. These microstructures physically
entrap cells introduced via the seed intake channel. The cell entrapment method ensures
that the spaces between these microstructures are smaller than the size of a single cell or cell
aggregate, as documented in previous studies [56,64,65]. A different channel network was
employed to facilitate the perfusion of the culture medium after the cells were seeded into
the device. Notably, the cells entrapped within the device were cultured using a pump-free
perfusion technique [66]. Furthermore, the entire 3D-printed microfluidic perfusion culture
apparatus can be placed within a sterile secondary container and positioned within a
controlled environment featuring a 37°C temperature and a CO; incubator. This design
enables the apparatus to function as a standalone device, eliminating the need for additional
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pumps and tubing. Figure 3c,d demonstrate the cell-immobilized microstructure array’s
ability to effectively capture and retain both parental and metastatic oral squamous cell
carcinoma (OSCC) tumor spheroids within the cell culture compartment for up to 72 h
while maintaining high levels of viability and functionality. This microfluidic device,
fabricated using SLA printing, facilitates the integration and substantial streamlining of the
microfluidic culture system’s setup and operation. It broadens the system’s potential utility
for investigating medication effectiveness, metabolic processes, and toxicity assessments.

b Top layer feature side

| Flow expansion
chal

Guiding structure

Figure 3. A 3D-printed microfluidic device for a spheroid culture system. (a) An exploded diagram of
the device. (b) A 3D-printed top-layer device with microstructures for directing flow expansion and
immobilizing cells (enlarged view). Imaging using fluorescence (c) and light transmission (d) showed
spheroids of metastatic HN137 OSCC, which were trapped inside a cell culture chamber. To better
view the cell culture chamber, FITC-tagged BSA was added to the culture media in (c). Scale bars:
(a,b) 1 cm; (b) magnified view, 1 mm; (c) 500 pum; (d) 100 um [60]. Copyright 2017 IOP Publishing.

4.2. Light 3D-Printed Replica Molding Process for Constructing Tissue-Engineered
Skeletal Muscles

Functional skeletal muscle tissue substitutes show potential for treating a range of
muscular diseases and injuries. Currently, photolithography, MultiJet Printing (MJP), and
SLA are used to construct tissue-engineered skeletal muscles. Bian et al. manufactured
polydimethylsiloxane (PDMS) molds via photolithography to create sizeable neonatal rat
skeletal muscle tissue networks that exhibited consistent and controllable structural prop-
erties [67]. This technology requires costly cleanroom facilities, complex and error-prone
procedures [68], and time-consuming post-processing [69]. Contrary to the photolithogra-
phy method, Afshar et al. used a MJP plastic 3D printer to create a reusable mold, which
was then used to produce a 96-well platform for large-scale production of 3D human skele-
tal muscle microtissues. Despite its effectiveness, MJP printing still has limitations related to
the resolution of microfabrication techniques [70]. Its other limitations include high costs for
high-end printers and slow, complex processes requiring specialized training, which restrict
the broader adoption of these traditional fabrication methods in tissue engineering [71]. To
address these challenges, employing readily available and affordable 3D printing materials,
along with innovative replica molding techniques, are effective strategies for producing
microdevices and scaling up at a low cost. Replica molding is a type of soft lithography for
creating microfluidic chips by duplicating a mold’s morphology and structure [72]. Within
a day, hundreds of 3D culture devices of varying sizes and geometries can be manufactured
in-house using replica molding techniques. PBAT (Polybutylene Adipate Terephthalate) is
fully biodegradable polyester. BASF, a leading manufacturer, produces PBAT under the
Ecoflex® (BASF, Ludwigshafen, Germany) brand name, which includes Ecoflex F Blend
C1200 [73]. Ecoflex®, an economical, flexible, and highly resilient silicone material often
employed in soft robotics, serves as a key component in this replica molding approach.
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The material is notable for its impressive stretchability, which can be stretched to over nine
times its original length before breaking [74].

The SLA printing technique can be used to fabricate replica moldings with smaller
dimensions, excellent repeatability, and high throughput. Notably, SLA-printed objects
exhibit both millimetric and micrometric features, a precision level difficult to achieve
with conventional photolithography, particularly at the sub-millimeter scale [75,76]. To
reproduce such structures in PDMS for high throughput applications of 3D culture devices,
A. Tuliano et al. used the elastic polymer Ecoflex as a moldable replica substrate to construct
tissue-engineered skeletal muscles (TESMS) in vitro [77]. The PBAT replica molding process
was instrumental in generating negative molds following the initial 3D printing phase.
Subsequently, the final positive PDMS structures could be effortlessly detached when
the mold was stretched (Figure 4a). The creation of 3D culture chambers, featuring a
volumetric capacity of 15 pL and T-shaped pillars measuring 500 pm in diameter and
2.5 mm in height, exemplifies a notable advancement in microfluidic device design. Most
importantly, there is no discernible disparity between the original 3D-printed structures
and PDMS replicas. Afterward, TESMs were cultivated in 48-well plates. Following 7 days
of differentiation, engineered tissues in the 3D culture systems exhibited a consistent
organization, characterized by the presence of long, aligned, and multinucleated myofibers
positively stained for the sarcomeric protein titin. Confocal imaging revealed a typical
striated titin pattern in the myofibers. The PBAT replica strategy has potential use in a wide
range of applications due to its affordability and simplicity. It can be used as a compliant
substrate for specific cell culture requirements and in developing supportive devices for
other load-bearing tissues, such as the heart and tendons.
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Figure 4. The Ecoflex® Replica technique. Single-chamber technical drawing and 3D CAD model of
the positive master mold (i); SLA-printed resin positive master mold (ii), Ecoflex® negative mold
replicas (iii), positive PDMS replica detail (iii), and T-shaped pillar with conical cap (iv). (b) TESMs
grown in 15 uL Ecoflex® Replica chambers were all contained on a 48-well plate. (c,d) Even in the
smallest tissue, myogenic progenitors differentiated into long, multinucleated myofibers with an
ordered titin pattern. The loop-like shape at the TESM’s far end, indicated by a dashed curved line,
is the result of stress on the tissue. Scale bars: (a) 5 mm (iii); 1 mm (iv,v); (b) 1 mm; (c) 200 um;
(d) 50 um [77]. Copyright 2020 Wiley.
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4.3. Light 3D-Printed Insert-Chip Microfluidics for Co-Culturing Cells

In recent years, in vitro modeling systems have been developed for mimicking cellular
interactions. These modeling systems simulate the tissue microenvironment, illuminate
human physiology, and exploit the underlying processes of disease [78,79]. To mimic
in vivo microenvironments and barrier tissues, Transwell (TW) cell culture inserts are a
conventional approach for investigating cell barriers that involves Transwell platforms,
where cells are seeded on opposing sides of a porous polymer membrane [80-83]. Never-
theless, TW cell culture is static, making it challenging to develop models of vascular and
epithelial tissues [84-86]. By contrast, microfluidic devices, known as “Organs-on-a-Chip”
(O0Cs), offer a distinctive approach by allowing the co-culturing of cells while maintaining
controlled fluid flow—a departure from the static nature of TWs [87]. OoCs, essentially
microfluidic chips containing biomimetic models of physiological organs, regulate fluid
flow and offer valuable insights into interactions between different organs [88]. How-
ever, traditional OoCs are complex and integrated systems that involve time-consuming
fabrication processes and demand specialized knowledge [9].

Currently, a transformative approach to overcoming limitations associated with TW
inserts and conventional OoCs is using 3D-printed modular microfluidic systems [88].
Rauti et al. used modular structure-based SLA 3D printing techniques to customize
microfluidic chips for co-culturing and monitoring various cell types under flow conditions.
This work introduces a novel insert-chip, a microfluidic device with the functionalities of
the OoCs platform, that facilitates cell co-culturing, exposure to flow, and observation of
interactions [88]. These SLA-printed chips can be seamlessly integrated into standard cell
culture platforms, including conventional well plate platforms such as microelectrode array
platforms. Not only can these chips benefit from different technologies, but they can also
cut down both development time and cost [89]. Compared to the laborious manufacturing
steps of “conventional” OoCs, SLA-printed devices have their designs updated quickly
to better suit their intended use and drastically decrease the manufacturing period from
several days to a few hours.

The prevalent choice for fabricating microfluidic devices, such as OoCs, uses PDMS
because of its acknowledged attributes of biocompatibility, transparency, and advantageous
gas permeability [90]. However, a notable limitation of PDMS involves the absorption
of hydrophobic substances [29]. Different from PDMS-manufactured chips, these 3D-
printed chips are fabricated using non-absorbing materials. A transparent dental resin
insert-chip was printed in the shape of a cylinder (Figure 5a) in which cells could grow
over the porous membrane and the chip itself could store data. Each insert-chip has a
cell culture chamber with a configurable exterior diameter of up to 25 mm, an internal
diameter of 17 mm, and a medium capacity of up to 2 mL. The inlet and outlet channels of
the chip’s upper portion enable connection to a regulated fluid flow system. These channels
have external and internal channel dimensions of 2.5 mm and 1.5 mm, respectively. To
overcome limitations related to high-magnification imaging on standard dual-channel
O0Cs, the researchers devised a membrane that can be extracted from the chip using
tweezers (Figure 5a). Subsequently, the membrane can be placed on a glass coverslip for
standard immunocytochemistry processes and microscopic examination. Figure 5b shows a
confocal reconstruction with magnified images of SY-SH5Y, U87, and HUVEC from bottom
to top.
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Figure 5. An insert-chip kind of layout. (a) An exploded look at the insert-chip reveals its three main
parts: the 3D-printed base, the porous PC membrane, and the PDMS ring. (b) Tri-culture setup; the
insert-chip can cultivate three distinct kinds of cells (on top of the membrane, at the bottom of the
membrane, and at the bottom of the well). Three-dimensional confocal view of the system, with
magnified images of SY-SH5Y (stained for actin in green and DAPI in blue) growing on the well-plate,
U87 (stained for GFAP in red and DAPI in blue) on the top of the membrane, and HUVEC (stained
for CD31 in green and DAPI in blue) on the bottom [88]. Copyright 2021 AIP Publishing.

5. Summary

In this review, the definitions, theories, and advantages of three principal light-driven
3D printing technologies are provided: SLA, DLP, and photopolymer inkjet printing. We
also discuss three specific strategies for using light-driven 3D printing to fabricate mi-
crofluidic devices, such as (1) utilizing SLA to directly print microfluidic device channels;
(2) creating microfluidic devices using molds produced via SLA printing; (3) employing
a modular approach to assemble microfluidic chips. Furthermore, the biomedical appli-
cations of these printed microfluidic devices are explored, including spheroid perfusion
culture, the replica molding process for constructing tissue-engineered skeletal muscles,
and insert-chip microfluidics designed to enhance cell co-cultures.

In the coming years, we anticipate that light-driven 3D printing technologies will be the
primary choice for manufacturing microfluidic devices. However, materials and technical
development must first achieve higher resolution, optimal optical properties, and enhanced
biocompatibility. Although light-driven 3D printing offers benefits in manufacturing
microfluidic devices, several limitations must be resolved. UV absorbers and photoinitiators
in SLA and DLP resins may cause cytotoxicity, which has risks for cell-based applications.
The type of resin selected significantly impacts cytotoxicity and gas permeability. Recent
advancements in developing PDMS-based resins have led to improved low-viscosity resins
that retain PDMS properties, such as optical clarity, gas permeability, and biocompatibility,
enabling automated fabrication of microfluidic devices via 3D printing [91]. In addition,
surface treatment methods can significantly enhance the optical quality of directly printed
microfluidic devices [92]. Several methods have been used to enhance surface smoothness,
including (1) mechanical surface treatments such as sand polishing [93]; (2) chemical
polishing treatments [94]; (3) polymer coatings such as spray-coated clear acrylic [95].

While current DLP printers have high resolution, they fail to achieve the ultra-fine
resolution required for fabricating intricate microchannels essential to microfluidic devices.
Additionally, a significant technical challenge is controlling light penetration and exposure
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during the 3D printing process, which is vital for ensuring the quality and reliability of mi-
crofluidic channels. UV overexposure can cause channel blockages while inadequate curing
time causes the leakage of photoinitiators and unreacted monomers. Unlike traditional SLA,
TPP uses femtosecond laser pulses to initiate polymerization at the focal point, allowing for
voxel-by-voxel construction of 3D structures at a sub-micron scale [96]. This process enables
the creation of complex geometries with smooth surfaces and high aspect ratios below
100 nm precision, which are essential for precise microfluidic applications [97]. Therefore,
incorporating TPP into microfluidics fabrication can significantly enhance the precision
and functionality of these devices. As technology continues to advance, we can expect even
more sophisticated and application-specific microfluidic devices to emerge, further pushing
the boundaries of what is possible in tissue culture and biomedical research. Although
light-driven 3D printing has not become mainstream in producing microfluidic chips, it is
creating new opportunities for businesses and research institutions to significantly impact
global healthcare.
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Abstract: The isolation of circulating tumor cells (CTCs) from peripheral blood with high efficiency
remains a challenge hindering the utilization of CTC enrichment methods in clinical practice. Here,
we propose a microfluidic channel design for the size-based hydrodynamic enrichment of CTCs
from blood in an epitope-independent and high-throughput manner. The microfluidic channel
comprises a spiral-shaped part followed by a widening part, incorporating successive streamlined
pillars, that improves the enrichment efficiency. The design was tested against two benchmark
designs, a spiral microfluidic channel and a spiral microfluidic channel followed by a widening
channel without the hydrofoils, by processing 5 mL of healthy blood samples spiked with 100 MCF-7
cells. The results proved that the design with hydrofoil-shaped pillars perform significantly better
in terms of recovery (recovery rate of 67.9% compared to 23.6% in spiral and 56.7% in spiral with
widening section), at a cost of slightly lower white blood cell (WBC) depletion (depletion rate of
94.2% compared to 98.6% in spiral and 94.2% in spiral with widening section), at 1500 uL/min flow
rate. For analytical validation, the design was further tested with A549, SKOV-3, and BT-474 cell lines,
yielding recovery rates of 62.3 + 8.4%, 71.0 &+ 6.5%, and 82.9 £ 9.9%, respectively. The results are
consistent with the size and deformability variation in the respective cell lines, where the increasing
size and decreasing deformability affect the recovery rate in a positive manner. The analysis before
and after the microfluidic chip process showed that the process does not affect cell viability.

Keywords: microfluidic channel; computational fluid dynamics; circulating tumor cell (CTC)
separation; inertial hydrodynamics

1. Introduction

Cancer metastasis, which is the primary cause of mortality in cancer patients, is a
multistage process including the detachment of tumor cells from the primary site, intrava-
sation into the bloodstream, arresting at a secondary site, extravasation, and colonization
to form metastatic tumors [1]. Detached cancer cells that enter the bloodstream are called
circulating tumor cells (CTCs). Due to their key role in the metastatic process, CTCs are
considered the most promising liquid biopsy biomarker for cancer diagnosis, prognosis,
prediction, stratification, and pharmacodynamics [2—4]. CTCs are especially critical for
obtaining information on tumor evolution during therapy monitoring, as frequent tissue
biopsies are difficult or sometimes impossible to obtain from patients for evaluating the
response to cancer therapy. Additionally, CTCs represent a dynamic and heterogeneous
cell population arising from multiple metastatic lesions that may change significantly
during the disease and course of the therapy. Therefore, each blood sample provides a
snapshot of the disease status, which is not possible with standard tissue biopsy. With
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the current advances in molecular analysis techniques including single-cell analysis at the
genomic, transcriptomic, and proteomic levels, the potential of CTC liquid biopsies for the
improvement in cancer diagnosis and therapy materializes at a faster pace than before [5-7].
Currently, there are around 200 active clinical trials on CTCs with increasing interrogation
of CTC molecular characterizations including mutations, epigenetic changes, multigene
expression, and protein expression analyses, besides the usual CTC enumeration as the
primary measure [8].

Despite its great potential in improving cancer care, the isolation of extremely rare
CTCs from peripheral blood cells with high efficiency is still the main challenge that
impedes their use in routine clinical practice. Due to their rarity, analysis of CTCs from
blood samples without a prior enrichment step is too costly and time-consuming, if not
impossible, as the blood volume required to analyze these is relatively high (>7.5 mL,
according to the FDA-approved CellSearch platform) and contains billions of cells which
would require too many reagents, slides, and other materials for standard downstream
analysis techniques. Over the past decade, a number of technologies have been developed
to isolate or enrich CTCs based on their biological and/or physical properties that are
distinct from normal hematological cells [9-12]. Among these, microfluidic approaches for
the size-based enrichment of CTCs offer the advantage of epitope-independent, label-free
isolation of CTCs from whole blood, providing a more heterogeneous CTC output.

Microfluidic technologies improve the separation efficiency of CTCs due to their
innate properties like the small size that is comparable to the size of biological particles,
which enables the separation of the CTCs solely based on hydrodynamic forces. Such
examples include pinched-flow fractionation [13], deterministic lateral displacement [14,15],
asymmetrical curved microchannels [16,17], or spiral microchannels [18], which have been
adopted so far to isolate CTCs from blood. Different strategies have been adapted to these
methods to further enhance isolation efficiency. For instance, hydrodynamic separation
in spiral microchannels have been featured by utilizing a sheath flow [19], by slanting the
channel top wall [20], or by reversing the secondary flow direction [21].

In this study, we present a novel spiral microfluidic channel design with a widening
outlet section which also includes successive hydrofoil structures, enhancing the size-based
separation efficiency of CTCs. The operation of the system does not rely on the existence
of a sheath flow, simplifying the overall operation and increasing the throughput. The
performance of the system was verified numerically and optimized experimentally. The
analytical validation of the system was carried out by spiking experiments using blood
samples from healthy donors. Results indicate a high CTC recovery rate independent of
the type of cancer cells spiked with no damage to cells in terms of integrity and viability.

2. Materials and Methods
2.1. Microfluidic Design

Archimedean spirals are often used for the inertial focusing of particles in a stream by
utilizing the drag forces induced by Dean vortices across the channel along with the lift
forces. The balance between the lift forces (F; in Equation (1)) and the Dean forces (Fp in
Equation (2)) causes the particles to migrate to a focal position across the channel.

FL B (4pU2a2CL) /Dh (1)

Fp = 3mualp )

In Equations (1) and (2), a is the particle diameter; U is the flow velocity; p and p are
the viscosity and density of the liquid, respectively; and Dj, is the hydraulic diameter given
for rectangular channels by D;, = (2wh)/(w + h), where w and h are the width and the
height of the channel, respectively.

It should be noted that the lift force on a particle is affected by the lift coefficient Cy,,
which is a function of the Reynolds number of the flow (Re = pUDj,/ ) and the location of
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the particle in the channel. Fp can be interpreted as the Stokes drag on the particle in the
Dean vortex with average Dean velocity, Up, which can be estimated using the relation
Up = 1.8 x 104De'®® proposed by Ookawara et al. [22], where De is the Dean number

given by
ub, |D
De = . N 3)

where R is the radius of the curvature of the spiral channel.

Particles of different sizes focus along separate streamlines in a spiral channel based
on the above theory and then are typically collected at the outlet of the spiral channel for
further downstream analyses. A common approach is to locate two or more outlet channels
separated from each other considering the loci of the upcoming particles (Figure 1a).
However, as the difference between the sizes of the particles becomes smaller, the separation
distance between the loci of the particles (d in Figure 1a) also decreases. In such cases, the
outlet design becomes as important as the spiral design itself. Mihandoust et al. showed
that the performance of a slanted spiral could be improved by properly modifying the
outlet geometry [23]. Here, we propose to gently widen the spiral channel at the outlet
section (Figure 1b) and pose successive streamlined pillars in the shape of asymmetric
hydrofoils upstream of the separation tip, as illustrated in Figure 1c.

Separation
wall

/

\\

Widening
section

Hydrofoils

(a) (b) (c)

Figure 1. (a) Typical Archimedean spiral microfluidic channel with separation wall at the outlet
section. (b) Spiral microfluidic channel with widening outlet section. (c) Spiral microfluidic channel
with widening outlet section and hydrofoils.

To design the spiral channel and the widening outlet section with the hydrofoils, we
utilized a hybrid approach combining analytical, numerical, and empirical solutions. Con-
sidering the limitations imposed by the fabrication method and the operating conditions
explained in Section 2 (the Materials and Methods section), we started by setting the depth
of the channel to 80 pm and the flow rate to 1500 pL/min. For the given depth and the flow
rate, we searched for a set of feasible channel width and radius of curvature combinations
that would allow 10 pm diameter and 14 um diameter target particles (representing the
white blood cells (WBCs) and circulating tumor cells (CTCs), respectively) to focus on
definite loci along the spiral. In choosing the feasible set, the confinement ratio, A, which is
defined as the ratio between the particle diameter and the hydraulic diameter (A = a/Dy),
and the Dean number were set as the constraints. For curved channels, the minimum
threshold for the confinement ratio for inertial focusing to take place was stated by Martel
and Toner to be 0.07 (A > 0.07) [24]. For a; = 10 pm and a; = 14 pm diameter particles,
we aimed both A; and A, to be greater than 0.07 to ensure the focusing of both sizes of
particles. Additionally, the Dean number should be sufficiently large for the Dean vortices
across the channel to be effective to focus the particles within a feasible length of the
spiral. On the other hand, Nivedita et al. showed that there is a critical Dean number,
above which the primary Dean vortices are perturbed and secondary vortices form, which
affects the focusing of the particles [25]. This critical Dean number is dependent on the

44



Biosensors 2023, 13, 938

aspect ratio of the channel, and for low-aspect ratio channels (0.2-0.6), it was reported as
ranging between ~30 and 40 [25]. Accordingly, we set the feasible Dean number region
to 10 < De < 30. Based on these constraints (A > 0.07, A, > 0.07, 10 < De < 30), we
found a set of channel-width and radius-of-curvature combinations. Within this set, we
arbitrarily selected the channel width (w) and the average radius of curvature (R) as 250 pm
and 4.5 mm, respectively (R is 4 mm at the inlet and 5 mm at the outlet), which resulted in
De = 16.7, Ay = 0.0825, and A, = 0.1155. In the following stages of the design, we further
justified this selection by utilizing empirical and numerical models.

To determine the length of the spiral channel, we considered the time passed for the
particles to migrate to their respective loci. The particles entering the spiral channel at an
arbitrary location at the inlet section drift along the Dean vortices across the channel at
average Dean velocity (Up = 1.8 x 107*De!%) until they eventually reach their equilibrium
positions. The maximum distance that a particle drifts across the channel before reaching
its equilibrium position can be estimated as 2(w + h/2) (Figure 2a). Noting that the particle
simultaneously streams along the channel at a flow velocity of U = Q/(wh), the minimum
length of the spiral channel that allows the particles to reach their equilibrium positions

can be estimated as
Q2w + h)

Lsp,min = W (4)

Flow
direction

Equilibrium
position

w

(@) (b)

A
v

Figure 2. (a) Dean vortex across the channel and the equilibrium position of a particle. (b) Lateral
equilibrium positions of 10 pm and 14 um diameter particles at the exit of the spiral channel.

For selected channel dimensions and the flow rate, this length corresponds to a 2-loop
Archimedean spiral with radius of curvature of 4.5 mm.

After deciding the geometry of the spiral channel, we estimated the loci of 10 pm and
14 pm diameter particles, respectively. For this purpose, we referred to the experimental
data available in the literature [24], where the normalized lateral position of the particles
along the width of the channel (x/w) are presented with respect to non-dimensional
parameters, namely the Reynolds number (Re = pU;uax Dy, / 1, where Uy is 3/2 of the
average flow velocity U), confinement ratio (1), and the curvature ratio (6 = Dy, /2R).
We interpolated the empirical data available in [24] to determine the lateral positions of
10 um and 14 um diameter particles at the exit of a 2-loop spiral microchannel with 80 um
height, 250 um width, and radius of curvature of 4.5 mm. As a result, we calculated that
under 1500 puL/min flow of aqueous solution, 14 um diameter particles representing the
CTCs and 10 um diameter particles representing the WBCs exit the spiral microchannel at
lateral positions of 81 um and 105 um (Figure 2b), respectively, with respect to the inner
wall, making the separation distance d = 24 um, which justifies the design of the spiral
microfluidic channel.

To analyze the outlet geometry, we utilized a 2-dimensional numerical model by
using COMSOL Multiphysics 5.2a. The outlet section was formed by slightly widening
the upstream spiral channel. In our previous work [26], we showed that asymmetric
hydrofoil-shaped pillars could be used to improve the separation. Accordingly, we located
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five successive asymmetric hydrofoils (NACA 9730 profile) in the widening section to
enhance the separation distance between different-sized particles by keeping the velocity
higher along the outer wall of the channel than along the inner wall of the channel, to keep
the larger particles near the inner wall at a slower pace. Downstream of the hydrofoils,
a separation wall was posed to direct different-sized particles to their respective outlets
(product outlet to collect 14 um diameter particles representing CTCs and waste outlet to
collect 10 pm diameter particles representing WBCs).

Laminar flow and particle tracing modules were used to compute the velocity field
and pressure distribution, and the location of the particles at the exit of the outlet section. To
include the effect of the upstream channel, not only the outlet geometry but also the spiral
microchannel was modeled. On the other hand, utilizing the abovementioned empirical
model eliminated the need for a 3-dimensional model that would be required to determine
the particle locations. Instead, we computed the particle trajectories by releasing 10 pm
and 14 pm diameter particles at lateral positions of 81 pm and 105 pm, respectively, at the
exit of the spiral section. Figure 3 illustrates the model and the boundary conditions.

x103

11.8

Outlet:

P=0 11.6

11.4

i 1.2

11

10.8

Inlet: —
Q = 1500 pL/min

0.6

.

particle

release
line

0.4

0.2

0
mm/s

Figure 3. Two-dimensional model for analysis of the widening outlet section with hydrofoils.

2.2. Microfluidic Chip Fabrication

The microfluidic chips were fabricated with a MEMS-based silicon glass stack process
where the microfluidic channels were formed on the silicon side. In the beginning, the
microfluidic channel pattern was formed on the active side of the silicon wafer through
DRIE etching with a target depth of 80 um, through a photoresist mask. After the channel
formation, the silicon wafers were cleaned and coated with thermal oxide, and further
with PECVD oxide at the active side as a protection layer. The microfluidic inlet and outlet
ports were then formed with a second DRIE process, which was applied from the backside
of the wafer along its thickness using the thermally deposited SiO, as a masking layer
as well as the photoresist used for patterning the SiO,. This was followed by cleaning
and oxide stripping processes. Then, 0.5 pm of sacrificial thermal oxide was successively
deposited and stripped to remove possible residues and scallops formed on the channel
and port walls during the DRIE processes. Afterward, the silicon wafer was coated with
0.3 pum thick thermal oxide and was anodically bonded with a blank glass wafer, closing
the microfluidic channel and forming a transparent window. The process ended with the
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dicing of the wafers into chips. Channel sections were analyzed with SEM at 1.0 kV, x30
(METU MEMS Center).

2.3. Cell Culture, Blood Collection, and Sample Preparation

Cultured human breast cancer MCF-7 and BT-474 cell lines, the human non-small-cell
lung cancer A549 cell line, and the human ovary adenocarcinoma SKOV-3 cell line were
obtained from American Type Culture Collection (ATCC, Manassas, VA, USA). All cell
lines were cultured at 37 °C in 5% CO,. The MCF-7 and SKOV-3 cell lines were cultured
in a growth medium containing Dulbecco’s Modified Eagle’s Medium—High Glucose
(DMEM-HG) (Biological Industries, Kibbutz Beit HaEmek, Israel), 10% fetal bovine serum
(FBS) (Biological Industries, Kibbutz Beit HaEmek, Israel), 1% minimum essential medium
(MEM), non-essential amino acids (Biological Industries, Kibbutz Beit HaEmek, Israel) and
1% penicillin—streptomycin ( Biological Industries, Kibbutz Beit HaEmek, Israel). The A549
cell line was cultured with DMEM-HG, 10% FBS, and 1% penicillin—streptomycin. The
BT-474 cell line was cultured with RPMI-1640 medium (Biological Industries, Kibbutz Beit
HaEmek, Israel), 10% FBS, 1% penicillin-streptomycin, 1% MEM non-essential amino acids,
and 0.01% insulin (Lonza, Verviers, Belgium).

Cells were passaged until 70-80% confluency, and then they were detached from the
culture flask with 0.25% trypsin-EDTA (Biological Industries, Kibbutz Beit HaEmek, Israel)
and resuspended in phosphate-buffered saline (PBS) solution. For analytical performance
evaluation, spiking experiments were carried out with cancer cells fluorescently labeled
with Cell Tracker Red CMTPX Dye (Invitrogen, Waltham, MA, USA). The cell concentration
was measured with a TC20 automated cell counter (BioRAD, Hercules, CA, USA). Trypan
blue was used to measure cell viability. To achieve the desired cell number in spiking
experiments for analytical performance evaluation studies, cells were diluted with the
serial dilution and spiked (20-400 cells/0.5 mL PBS) into whole blood (5 mL) collected
from healthy donors.

Ethical approval for blood collection was taken from the Ethical Committee of Zekai
Tahir Burak Women’s Health Research and Education Hospital, Ankara, Turkey, and the
studies performed were in accordance with the ethical regulations under ethical-committee-
approved protocols (Protocol No: MBS-CTC-HEU-AV-02, Date: 27 January 2019). An
informed consent form, which was approved by the ethical committee, was obtained from
each donor before participating in the study. Blood samples were collected in K,EDTA
blood collection tubes and processed on the same day.

The spiked whole blood was processed with the density-gradient centrifugation
method using Ficoll Paque Plus (Cytiva, Uppsala, Sweden) to eliminate red blood cells
(RBCs). The buffy coat containing peripheral blood mononuclear cells (PBMCs) and CTCs
was collected and washed with PBS containing 1% FBS (F-PBS). The supernatant was
discarded, and the cell pellet was resuspended in F-PBS (10 mL). Before the microfluidic
CTC enrichment process, the cell suspension was filtered through a 30 um cell strainer
(Miltenyi Biotec, Bergisch Gladbach, Germany) to remove impurities and prevent clogging.

2.4. Experimental Setup

The experimental setup for microfluidic sample processing is represented in Figure 4.
The fluid flow at a specified flow rate was supplied through a pressure-driven microfluidic
setup supplied by a compressed N line and consisting of a pressure controller (Fluigent
Flow EZ 7000, Paris, France) to regulate the pressure to push the liquids at a specified flow
rate, a thermal flow sensor (Fluigent Flow Unit XL, Paris, France) for real-time measurement
of the flow rate, a custom-design chip holder that enables the connections of the chip to
external microfluidic components and to inlet/outlet fluid reservoirs, and an inverted
microscope (DMi8, Leica Microsystems, Wetzlar, Germany).
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Figure 4. Experimental setup for microfluidic sample processing. The fluid flow is regulated with
a flow controller supplied by compressed N, line. Flow rate is adjusted with the feedback control
based on the readings of a thermal flow sensor. Channel is observed using an inverted microscope.

2.5. Chip Conditioning and Sample Processing

To prevent biofouling, the inner surfaces of the microfluidic chip and external fluidic
components were coated with a random-graft co-polymer with a poly(L-lysine) backbone
and poly(ethylene glycol) side chains (PLL-g-PEG Polymer—SuSoS, Ziirich, Switzerland).
Briefly, the channel was first conditioned with ethanol and washed with deionized (DI)
water. Afterward, the channel was filled with PLL-g-PEG (1% in DI water) and incubated
for 30 min. Then, the channel was washed with DI water and phosphate-buffered saline
(PBS) solution before processing the cell suspension.

The cell suspension was fed to the chip with a constant volumetric flow rate, measured
continuously with the flow sensor. A pressure controller regulated the applied pressure to
the system with feedback from the flow sensor to maintain a steady flow rate. After the
whole sample was processed on the system, the remaining sample in the system’s dead
volume (0.68 mL) was flushed with 1 mL of PBS with the same flow rate. The processed
sample was collected into two outlets: the product outlet containing the enriched CTC
sample and the waste outlet containing blood cells.

2.6. Chip Characterization Using Fluorescent Microbeads and Cells

The microfluidic chip design (namely 5H-50) and the two benchmark designs without
the widening channel and without any hydrofoil structure, namely BARE and BARE-
W, respectively, were characterized to identify their optimum operating conditions and
preliminary performance characteristics. BARE (Figure 5a) was designed as a standard
Archimedean spiral with a constant channel width. BARE-W (Figure 5b) has a similar
channel geometry to that of 5H-50 but does not contain any hydrofoil structures in the
widening channel, while 5H-50 (Figure 5c) contains five consecutive hydrofoils in the
widening channel section specifically positioned to increase the performance characteristics,
namely the CTC recovery rate and WBC depletion rate.

The CTC recovery rate was calculated by quantifying the number of CTCs at the
product and waste outlets through triplicate measurements with the automated cell counter.
The outlet suspension volumes and the average CTC concentrations in the waste and
product outlet cell suspensions were used to calculate the recovery rate according to the
following equation:

# of CTCs at product outlet
TCR te (%) = 1
CTC Recovery rate (%) # of total CTCs at product and waste outlets x100 (3
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(a) (b) (c)

Figure 5. Microfabricated silicon-glass microfluidic chips. (a): BARE design, (b): BARE-W design,
(c): 5H-50 design. Insets show the SEM images of separation regions for each chip design.

To estimate the WBC depletion rate, total cell concentrations were measured at the
inlet and product outlet using the automated cell counter in triplicates. The average WBC
concentrations in the inlet and product outlet cell suspensions were used to calculate WBC
depletion rate according to the following equation:

(6)

WBC Depletion rate (%) = (1 _ #of WBCs at product outlet) x 100

# of WBCs at inlet sample

The chip characterization experiments were carried out initially using fluorescent
polystyrene microbeads with 10.0 £ 0.6 pm and 18.7 & 0.7 pm diameters (Polysciences
Europe GmbH, Heidelberg, Germany) to represent WBCs and CTCs, respectively, and also
using separate suspensions of MCF-7 breast cancer cell lines and WBCs. To identify the
optimum flow rate, the bead or cell suspensions (1 x 10° particles/mL) were separately
processed on the channel at flow rates varying between 500 pL/min and 2100 puL/min at
an increment of 100 uL/min. At least 3 mL of particle suspension was processed at each
selected flow rate to ensure that the set flow rate was stabilized. Video recordings were
taken under an inverted fluorescent microscope equipped with a high-resolution camera
(Hamamatsu ORCA Flash 4.0, Hamamatsu, Japan). The screenshots of the recordings were
captured with VLC Video Player software (3.0.12) with a 30 fps capture rate and recording
ratio of 2. The fluorescent intensity generated by microbeads across the channel width was
analyzed by using the Image] software (1.50i) to find the focusing point of the microbeads
across the channel. At least three independent experiments per bead and cell type were
carried out with each chip design and the results were compared. These studies resulted
in the preliminary identification of optimum volumetric flow rates of the chip designs
and the initial performance characterization in terms of CTC recovery rates and WBC
depletion rates.

2.7. Analytical Studies for Design Validation and Performance Characterization

Design validation studies were carried out using MCF-7 breast cancer cells (100 cells)
spiked into healthy blood samples. We compared the performances of the proposed 5H-50
design with that of the BARE-W design at the optimum volumetric flow rate determined
through initial characterization experiments. At least five independent experiments were
carried out with each chip design, and the results were compared in terms of CTC recovery
rate, WBC depletion rate, and cell viability at the outlet.
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The CTC recovery rate was calculated by quantifying the number of Cell Tracker Red
(CTR)-labeled MCE-7 cells. After processing the sample on the microfluidic chip, the cells
collected at the product and waste outlets were centrifuged for 5 min and resuspended
in 1 mL of PBS, and then seeded in a 96-well plate (100 puL per well) for optical examina-
tion. Then, images of the wells were acquired using the inverted fluorescence microscope
equipped with a programmable motorized stage. All images were analyzed and MCF-7
cells in each well were automatically enumerated using a custom-designed software (Au-
rvis, Ankara, Turkey). The recovery rate was calculated according to Equation (5) after
determining the total number of CTR-labeled CTCs in each suspension.

Further performance characterization studies were carried out in order to determine
the recovery rate of the 5H-50 chip at different MCF-7-cell-spiking rates to show the linearity
of the CTC recovery. MCEF-7 cells were spiked to the whole blood with serial dilution at a
spiking rate covering the range of 10'~10 cells, and the blood sample was processed on
the microfluidic chip after PMBC isolation. At each spiking rate, at least five experiments
were conducted to show reproducibility and linearity between the spiked CTC number
and the collected CTC number at the product outlet of the chip.

The applicability of the technology for different cancer types was demonstrated by
testing the performance of the 5H-50 design with cancer cell lines derived from different
cancer types, including non-small-cell lung cancer (A549, epithelial adenocarcinoma),
ovarian cancer (SKOV-3, serous cystadenocarcinoma), and breast cancer (BT-474, ductal
adenocarcinoma). The A549, SKOV-3, and BT-474 cell lines were spiked separately into
whole blood (5 mL) at a spiking rate of 100 cells per 5 mL of blood. After PMBC isolation,
the cell suspension was processed on the chip. At least five experiments were conducted
with each cell line and their average recovery and depletion rates were compared with
each other.

To investigate the effect of the microfluidic spiral chip process on CTC viability, cul-
tured MCF-7 cancer cells (5 mL, 1 x 10° cells/mL) were processed on the chip at a flow
rate of 1500 pL/min. Cell viability at the inlet and outlet cell suspensions was estimated
via a Trypan blue (Sigma-Aldrich, Miinich, Germany) exclusion assay and analyzed via an
automated cell counter. Three independent experiments were carried out and all measure-
ments were conducted in triplicate. The percent viability is defined as the number of live
cells over the number of total cells in the inlet and product outlet suspensions, as in the
equation given below.

- #of viable cells
Vlablllty(%) — m X 100 (7)

3. Results

This section may be divided into subheadings. It should provide a concise and precise
description of the experimental results and their interpretation, as well as the experimental
conclusions that can be drawn.

3.1. Chip Characterization Using Fluorescent Microbeads and Cells

To corroborate the design principle and determine the flow conditions, different
flow rates were systematically compared with a set of experiments. Firstly, fluorescent
polystyrene beads mimicking WBCs and CTCs with 10 & 0.6 pm and 18.7 & 0.7 um diame-
ters, respectively, were tested separately through different microfluidic channel designs to
observe the particle streams’ behaviors between 500 and 2100 pL/min. Composite images
of particle streams in each flow rate were captured and analyzed using Image] software.
Figure 6 shows experimental data illustrating the distribution of 10 pm and 18.7 um beads
across 5H-50, BARE-W, and BARE microchannels for the chosen flow rates (Figure S1 for
details). For both 10 um and 18.7 um particles, the variation in migration pattern with the
flow rate were similar, regardless of the channel design. The results showed that 18.7 pm
particles were not focused at low flow rates (<1200 pL/min). As the flow rate increased,
especially around the design flow rate (1500 uL/min), larger particles tended towards the
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inner wall, as expected, while at flow rates higher than 1800 pL/min, the focusing was
disturbed. On the contrary, 10 um particles were directed toward the inner wall at low
flow rates without a complete focusing. As the flow rate increased, they were directed to
the waste outlet near the outer wall, and the focusing was still observed even at flow rates
higher than 1800 pL/min. These studies have proven that the designed channels work
as expected and the different-sized particles could be collected at the desired outlets by
focusing them at different points across the width of the spiral channel. The results also
showed that the flow rate range can be adjusted between 1200 pL/min and 1800 puL/min
for 5H-50, BARE-W, and BARE channel designs to achieve the separation of particles with
specific sizes. However, further increases in flow rate resulted in the dispersion of focus
across the channel.
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Figure 6. Bright-field and fluorescent images showing the focusing lines for 10 pm beads and 18.7 pm
beads along the different channel designs at different flow rates. Fluorescent images were generated
by overlaying the pseudocolored bright-field images for 18.7 pum beads (red) and 10 pm beads (green)
ata 1500 uL/min flow rate.

After characterizing the channels for approximate operating flow rates and achieving
proof of focusing, the channels were investigated for the focusing behavior of the MCF-7
cells and WBC:s for different flow rates. Figure 7a shows the focusing lines for fluorescent
stained MCF-7 cells and WBCs for three different channel designs at 1500 pL/min. Focusing
for WBCs near the outer wall and focusing for MCF-7 cells near the inner wall were both
observed for all the designs at this flow rate. Red-dotted traces marked on the bright-field
images illustrate the focusing point identification lines across the channel width. Figure 7b
was generated using the fluorescence intensity profiles of the particle distributions across
the channel width for the 5H-50 channel at different flow rates. Focusing points on the plots
were normalized to channel cross-sections where the fluorescence readings were taken
so that 0.0 marked the inner wall and 1.0 marked the outer wall positions. The focusing
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BF Image

point was defined as the distance from the highest fluorescence intensity to the inner wall.
Fluorescence for WBCs was observed along a single line and the width of the line was
thinner as the focusing occurred around 1500 pL/min. However, two or three focusing
lines were observed for MCF-7 cells (Figure 7b), depending on the flow rate. One of these
lines—the primary focusing line—had a more intense fluorescence. The other lines—the
secondary and the tertiary focusing lines—exhibited a less intense fluorescence (note the
line seen near the outer wall of 5H-50 on Figure 7a). These fainter lines may stem from
the formation of the secondary Dean vortices at higher flow rates, i.e., at higher Re, as
explained by Nivedita et al. in 2017 [25]. These secondary Dean vortices may cause the
particles to migrate further and become trapped on an additional focusing line shifted from
the inner wall to the outer wall of the channel.
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Figure 7. (a): Different focusing lines of fluorescently stained MCF-7 cells and WBCs inside 5H-50,
BARE-W, and BARE chip designs, together with their corresponding bright-field images at 1500
pL/min flow rate. (b): Normalized lateral position (x/w) of MCE-7 cells and WBCs across the channel
of 5H-50. The diameter of the data markers represents the normalized intensity. It is noted that
MCE-7 cells were focused at secondary and tertiary positions (indicated by arrows) in addition to the
primary equilibrium position. The data for fluorescent intensity distribution along the channel width
were extracted on the red dotted lines drawn in the separation region as presented in (a).

Further experiments were carried out with separate suspensions of WBCs and MCF-7
cells to determine the optimum flow rate in the 1200-1800 L /min range. Figure 8 shows
the depletion and recovery rate performances for WBCs and MCEF-7 cells, respectively, at
the selected flow rate range for the 5H-50, BARE, and BARE-W channels. According to
the results for the 5H-50 design, above 1300 pL/min, the effect of the flow rate on the
depletion rate was insignificant. However, the recovery rate of the MCF-7 cells peaked
at 1500 pL/min (Figure 8a). For this reason, the optimal flow rate was decided to be
1500 pL/min, which was also the design flow rate used in numerical calculations. At this
flow rate, 80% of MCF-7 cells were recovered and 98% of the WBCs were depleted at the
CTC outlet. In the BARE-W design, a similar trend was observed in terms of recovery rate.
The highest WBC depletion rate was observed at 1300 uL/min, while the highest recovery
rate was observed at 1500 L /min (Figure 8b). Therefore, 1500 pL/min was chosen as the
optimum flow rate for the BARE-W design. When Figure 8c was analyzed, it was seen that
the benchmark Archimedean spiral had a high WBC depletion rate at all the tested flow
rates; however, the maximum MCEF-7 recovery at the optimum flow rate of 1400 pL/min
could only be around 50%, which is significantly lower than that of the BARE-W and
5H-50 designs.
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Figure 8. Variation in MCF-7 recovery and WBC depletion rates against flow rate when 1 x 10° cells/mL
was used for (a) 5H-50, (b) BARE-W, and (c) BARE (b) chips. Optimal results were obtained at the
design flow rate of 1500 pL/min in both 5H-50 and BARE-W.

To investigate the effect of the microfluidic chip process on cell viability, we carried out
a viability analysis through a Trypan blue exclusion assay, utilizing MCF-7 cell suspension.
The cell viability levels measured at the inlet and outlet cell suspensions were compared
together with the total cell count in each suspension to see if there was any cell loss
during the process. Cell viability data (obtained using Equation (7)) revealed that the inlet
and product outlet cell suspensions have very close total cell viability values (82 £ 6%
and 88 + 5%, respectively), while the waste cell suspension has a slightly lower total cell
viability (55 £ 15%). This can be interpreted as meaning that the collection of dead cells was
mostly at the waste outlet, which is an expected result as dead cells are typically smaller
in size. Total cell counts at inlet cell suspension (6.5 x 10°) and outlet cell suspensions
(6.2 x 10°) revealed that the chip process does not cause significant cell loss (<5%).

In order to further validate the design, we compared the performances of the 5H-50
chip and the benchmark BARE-W and BARE chips with experiments carried out using
MCEF-7 breast cancer cell lines spiked into healthy blood samples (100 cells/5 mL blood)
at 1500 pL/min. The average WBC depletion and MCEF-7 recovery rates are presented in
Figure 9. The BARE-W and 5H-50 designs had similar WBC depletion rates of 94.2 & 2.4%
and 94.2 + 2.2%, respectively. The BARE chip had the highest depletion rate (98.4 4= 0.6%)
but the lowest recovery rate (23.6 £ 2.1%). The average CTC recovery rate for the 5H-50
design (67.9 = 5.2%) was higher than that obtained with the BARE-W design (56.7 & 17.6%).
Additionally, the reproducibility of the results was much better with the 5H-50 chip, as
evident from the standard deviations of both data sets. These data show the experimental
validation of the numerical design, confirming that the inclusion of hydrofoil structures into
a widening spiral microfluidic channel section improves the enrichment of the circulating
tumor cells. During the design of the microfluidic channel, the aim of adding hydrofoil
structures was to keep the velocity higher along the outer wall of the channel than along
the inner wall of the channel to keep the larger particles, in this study, MCF-7 cells, near the
inner wall with a slower pace. We confirmed this behavior by reaching a higher recovery
rate for the 5H-50 design. It should be noted that the recovery rate and depletion rate
values obtained during the spiking experiments for all of the designs were lower than
the ones obtained using separate 1 x 10° cells/mL suspensions. This might be attributed
to particle—particle interaction being much more effective for the sample used in spiking
experiments due to the existence of a high concentration of WBCs inside the solution
(>2 x 10°). It is possible that the focused flow generated by the much higher number of
WBCs may have prevented the CTCs from reaching their equilibrium points.

In light of these results demonstrating the design validation, further analytical studies
were carried out only on the 5H-50 design.
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Figure 9. WBC depletion and MCF-7 recovery rates obtained from 5H-50, BARE-W, and BARE chip
designs in spiking experiments. Data were collected by spiking 100 MCE-7 cells in 5 mL of whole
blood at 1500 uL/min. Data show the average of at least three experiments with standard deviation.

3.2. Analytical Studies for Design Validation and Performance Characterization

Analytical validation of the 5H-50 chip design was performed initially with MCF-7 cell
lines spiked into healthy blood samples at spiking rates varying between 20 and 400 per
5mL of whole blood. Figure 10 shows the linear regression between the total number of cells
spiked and the cells collected at the product outlet over a total of 27 experiments. The R?
value of the regression model was calculated to be 0.9856, showing the high linearity of the
MCF-7 cells’ recovery over the experimented spiking rate range. The slope of the line was
calculated to be 0.6831, which can be interpreted as an average 68.3% recovery rate of MCF-
7s. The average depletion rate obtained from these experiments was 94.8 & 2.1%. Both the
recovery and depletion rates were in good agreement with the ones obtained during the
100 MCEF-7 cell spiking experiments. Although the literature reports the purity (recovered
CTC amount per contaminating WBC amount) as a metric for the cell separation systems,
here, we prefer to report depletion rate since (i) it is more informative as a characterization
metric, especially for comparison purposes, and (ii) the purity in clinical samples varies
drastically as the numbers of CTCs and WBCs significantly differ from patient to patient.

The performance of the 5H-50 chip design was also evaluated with cancer cell lines
derived from different cancer types, including lung (A549) and ovarian cancer (SKOV-3), as
well as with another breast cancer cell line (BT-474). At the spiking rate of 100 cells/5 mL
of whole blood, recoveries above 60% were obtained for all cell lines, reaching a maximum
of 82.9 £ 9.9% with BT-474 (Figure 11). The average depletion rate was calculated to be
94.0 & 1.0%. Difference in the recovery rates mainly depends on the different average cell
size of each cell line. Among the studied cell lines, the BT-474 cells (20.9 = 4.2 um) were the
largest, followed by the SKOV-3 cells (19.9 & 3.6 um) and the A549 cells (19.1 £ 4.1 um). The
MCEF-7 cells (16.5 £ 2.3 um) were the smallest. Since the designed microchannel separates
cells based on their size differences, the BT-474 cells had the highest recovery (82.9 £ 9.9%),
as expected. Although the MCF-7 cells were the smallest, they had a higher recovery rate
than the A549 cells. This can be explained by the differences in their deformability, i.e., the
alteration in their morphology under stress. It is documented in the literature that A549
cells, which had the lowest recovery (62.3 + 8.4%), are more deformable than the other
three cell lines and BT-474 cells are the least deformable among them [27-29]. Thus, we may
conclude that the other than particle size differences, the extent of their deformability is
also important because shape of the particles affects their migration pattern [30]. A similar
effect was also observed when the recovery rate for BT-474 was compared with that of
SKOV-3 cells, which are more deformable than BT-474. Although the average cell sizes of
these two cell lines are very close, the recovery rate observed for BT-474 cells (82.9 = 9.9%)
was significantly higher than that obtained for SKOV-3 cells (71.0 & 6.5%). Figure S2 shows
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the immunofluorescent staining of enriched BT-474 cell suspension, which exemplifies the
intactness of the cells processed inside the spiral channel.
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Figure 10. The relationship between spiked and collected MCF-7 cells. Data were generated through
27 independent experiments carried out at varying MCF-7-spiking rates. The linear regression was
calculated to be R? = 0.9856.
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Figure 11. Recovery rates obtained with MCF-7 (n = 8), A549 (n = 5), SKOV-3 (n = 7), and BT-474
(n = 5) cancer cell lines spiked into healthy blood sample (5 mL).

4. Conclusions

CTCs are considered some of the most promising liquid biopsy biomarkers for ob-
taining real-time information on tumor evolution during therapy monitoring and cancer
management. However, their current use in clinical practice is mainly restricted, used for
prognostic stratification and monitoring as opposed to their vast potential. The isolation
of extremely rare CTCs from peripheral blood cells with high efficiency is still the main
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challenge that impedes their extensive use in routine clinical practice as this challenge
limits the development of sensitive identification and characterization assays on CTCs.

This paper addresses this challenge with a microfluidic channel design to enhance
the size-based enrichment efficiency of viable CTCs from blood. For this purpose, we
first developed a design methodology for the channel design by combining analytical,
numerical, and empirical solutions. The front end of the channel was designed as a two-
turn Archimedean spiral, and a gently widening outlet posing successive streamlined pillars
in the shape of asymmetric hydrofoils was designed using 2-D numerical modelling. The
single-inlet and two-outlet microfluidic channel operates at high throughput (1500 pL/min)
and enables a simpler operation without the need to use sheath flow at the inlet. The
performance of the design (namely 5H-50) was analytically demonstrated and benchmarked
with two individually optimized designs comprising (i) only an Archimedean spiral (BARE)
and (ii) an Archimedean spiral followed by a widening outlet (BARE-W). The optimized
flow rate was determined for each design through fluorescent intensity data generated
using microbeads and depletion and recovery rate values obtained with WBCs and MCEF-7
cell lines. The designs were analytically validated with 100 MCEF-7 cells spiked in 5 mL
healthy whole-blood samples. It was demonstrated that the 5H-50 design outperformed the
benchmark designs with a 67.9 £ 5.2% recovery rate, with a slightly lower depletion rate
of 94.2 & 2.2%. The R? value of the linear fit was measured to be 0.9856 within the MCF-7
spiking range of 10'-10? cells per 5 mL. The viability of the cancer cell lines collected at the
product outlet was measured to be 88 & 5%, which is higher than the viability at the inlet.
The design was further validated with the spiking of the A549, SKOV-3, and BT-474 cell
lines yielding recovery rates above 60%, the highest being recorded as 82.9 & 9.9% with BT-
474 cells. The results indicate a high CTC recovery rate, independent of the type of spiked
cancer cells, with no damage to cells in terms of integrity and viability. The method allows
the rapid and precise phenotypical characterization of CTCs at DNA, protein, and gene-
expression levels through the application of NGS, immunofluorescence, and FISH/RNA-
ISH techniques, at a single-cell level. However, for the bulk molecular characterization of
isolated cells, the number of WBCs at the product output should be reduced.

Future work will include conducting validation studies with patient blood samples
mainly on breast and non-small-cell lung cancer. The studies can also be expanded to
cover different cancer types, as the enrichment technique is suitable for use for almost all
cancer types except hematological cancers. Moreover, the CTC enrichment workflow will
be automated to reduce the hands-on time and to better adapt the developed workflow
for use in clinical laboratories. The validation studies will explore both the identification
and characterization of enriched CTCs from patient blood samples; hence, they require the
integration of immunofluorescent microscopy techniques into the workflow. In our opinion,
with the demonstration of the capability of identifying relevant biomarkers on CTCs in
a standardized way, this workflow will be a step forward in revealing the clinical utility
of CTCs through the generated clinically actionable data to be used for patient follow-up,
therapy guidance, and precision medicine.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/bios13100938 /51, Figure S1: Bright-field and fluorescent images
showing the focusing lines for 10 pm beads and 18.7 um beads along the different channel designs
at different flow rates; Figure S2: IF staining of BT-474 cells and white blood cells. BT-474 cells are
ER/PR+, HER2+, CK+, DAPI+, and CD45-. Channels; Green: ER/PR, BF: Bright Field, Orange:
HER2, Cy5: CD45, Cy7: pan Cytokeratin and DAPI.
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Abstract: Rapid and accurate analysis of micro/nano bio-objects (e.g., cells, biomolecules) is crucial in
clinical diagnostics and drug discovery. While a traditional resistive pulse sensor can provide multiple
kinds of information (size, count, surface charge, etc.) about analytes, it has low throughput. We
present a unique bipolar pulse-width, multiplexing-based resistive pulse sensor for high-throughput
analysis of microparticles. Signal multiplexing is enabled by exposing the central electrode at different
locations inside the parallel sensing channels. Together with two common electrodes, the central
electrode encodes the electrical signal from each sensing channel, generating specific bipolar template
waveforms with different pulse widths. Only one DC source is needed as input, and only one
combined electrical output is collected. The combined signal can be demodulated using correlation
analysis and a unique iterative cancellation scheme. The accuracy of particle counting and sizing was
validated using mixtures of various sized microparticles. Results showed errors of 2.6% and 6.1%
in sizing and counting, respectively. We further demonstrated its accuracy for cell analysis using
HeLa cells.

Keywords: resistive pulse sensor; signal multiplexing; bipolar pulse; high throughput; particle
counting; microfluidics; iterative cancellation

1. Introduction

Bioanalysis can benefit significantly from the utilization of various types of micro/nano
particles, which possess unique properties such as a large surface-to-volume ratio and
excellent biocompatibility [1,2]. Detection of these particles in a solution can provide
valuable information that reflects the biotarget situations across a broad spectrum of
applications, including biomedical research, public health, and food safety [3-5]. Therefore,
development of portable, cost-effective, and efficient devices for particle detection is crucial
for bioanalysis.

Resistive pulse sensing (RPS) is an established technology used to rapidly detect
nano/micro-scaled particles [6-8]. A typical RPS system comprises two electrodes placed
on each side of a sensing channel, filled with a conducting electrolyte solution. The passage
of a single particle causes a temporary change in the electrical resistance of the sensing chan-
nel, which generates a current/voltage pulse picked up by the pair of electrodes [9]. The
magnitude and duration of the pulse are dependent on the particle size and shape, allowing
for the determination of both sizes and concentrations of particles [10,11]. This technique is
commonly used in biomedical and nanotechnology research for applications including cell
counting [12,13], nanoparticle characterization [14,15], and biomolecular detection [16,17].
It is a versatile and non-destructive method that enables real-time monitoring of individual
particles as they traverse the sensing channel, making it a valuable tool for particle analysis
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with a single-particle resolution. To increase the throughput of detection, RPS devices with
multiple channels using space division multiplexing [18], CODES multiplexing [19,20],
geometry multiplexing [21], and frequency division multiplexing [22] have been developed.
The space multiplexing method [18] has demonstrated high-throughput parallel analysis
with eight sensing channels, each equipped with individual measurement electronics. How-
ever, as the number of channels increases, it becomes impractical to implement individual
detection electronics for each channel. CODES division [20] and geometry multiplexing [21]
method have been proposed, but they require complex, unique patterns of microelectrodes
or microchannel geometry for each sensing channel to generate specific waveform pat-
terns; both methods are difficult to apply in nanoscale particle detection. Additionally,
the frequency-division multiplexing method [22] requires the device be operated in the
resistance-dominant frequency region; only a limited number of sensing channels can be
used, resulting in limited scalability.

Here, we introduce a bipolar pulse-width multiplexing microfluidic sensor that pro-
vides a simple and scalable solution for high-throughput micro/nano particle counting. The
sensor does not need complex electrodes or geometry; specific waveforms can be generated
by three electrodes operated in tandem using only one DC power source. Microparti-
cle presence and sizes can be determined through correlation analysis and an iterative
cancellation scheme, even when multiple particles are present in the sensing channels.

2. Materials and Methods
2.1. Materials

Polystyrene microparticles (15 um, product #74964 and 20 um, product #74491, Sigma-
Aldrich, St. Louis, MO, USA) were used for demonstrating the multiplexed sensor, while
3-aminopropyl)triethoxysilane (APTES, 99%, product #440140, from Sigma-Aldrich) was
used to enhance the bonding between photoresist (SU-8 6002) and polydimethylsiloxane
(PDMS). Dulbecco’s phosphate-buffered saline (DPBS, 1 x, product# MT21031CV, Thermo
Fisher Scientific) was used to prepare the particle solution. Silver foil (0.5 mm thick, 99.9%
metals basis, 25 x 25 mm, Catalog #AA39181FF) was purchased from Fisher Scientific,
serving as the central electrode.

Human negroid cervix epithelioid carcinoma cells (HeLa, product# 93021013), mini-
mum essential medium eagle, with ear (EMEM, product# M2279), L-glutamine solution
Bioxtra (product# G7513), MEM non-essential amino acid (NEAA, product# M7145), fetal
bovine serum (FBS, product# F0926), and 0.25% trypsin-EDTA solution (product# T4049)
were purchased from Sigma-Aldrich. Dulbecco’s phosphate-buffered salt solution 1x
(DPBS, Cat. No: MT21031CV), penicillin-streptomycin (Cat. No: 15-140-122), trypan blue
solution 0.4% (Cat. No: BW17-942E), and saline solution (Cat. No. L97815) were obtained
from Fisher Scientific. Briefly, HeLa cells were cultured in complete EMEM medium con-
taining 2 mM L-glutamine solution, 1% NEAA, 10% FBS, and 1% penicillin. The cells were
seeded at a density of 3500 cells/cm? in a T75 flask and incubated at 37 °C. The following
day, the media was changed and then changed every other day until the flask reached
about 90% confluency. To harvest the cells, they were washed once with 1x DPBS, and
then 4 mL of 0.25% trypsin—-EDTA solution was added and incubated at 37 °C for 5 min.
Additional 8 mL of media was added, and the cells were pelleted in a 4 °C centrifuge at
220 g for 5 min. The cells were counted after staining with 0.4% trypan blue solution and
then resuspended in 1x DPBS to a final working concentration of 10° cells/mL followed
by high-throughput counting.

2.2. Sensing Principle

A multichannel RPS device with four parallel sensing channels was designed to
demonstrate the bipolar pulse-width multiplexing method for high-throughput microparti-
cle counting, as shown in Figure 1. The microfluidic device comprised (1) four microfluidic
channels made of PDMS; (2) one Ag/AgCl central electrode embedded on the bottom of
each microchannel separating each sensing channel to two sections at different locations;
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(3) two Ag/AgCl common electrodes positioned on each side of the sensing channels;
and (4) a pair of inlet and outlet reservoirs. The central electrode was formed through
the following steps: (a) bonding a 0.5 mm silver layer to the glass substrate; (b) coating
an insulating SU-8 layer on top of the Ag layer; (c) patterning four openings at different
positions on the bottom of the four sensing channels, to expose the Ag electrode to the
electrolyte; (d) treating the Ag layer with an electrochemical reaction to convert the exposed
Agto an Ag/AgCl electrode (see details in Section 2.3).

Glass substrate

Figure 1. Left: illustration of the bipolar pulse-width multiplexing RPS device with four parallel
sensing channels. Right: an enlarged image of the four parallel sensing channels.

A bridge circuit is used to monitor the resistance changes of sensing channels, as
shown in Figure 2a,b. Reg left and Req_right represent the total resistance of the left sensing
section and the right sensing section separated by the central electrode. R; and R, are
the external adjustable resistors that form a Wheatstone bridge with Req jeft and Req_right-
A 1V DC input voltage (Vi) is applied to the circuit. When a particle passes through
the sensing channels (left section and right section), it induces a resistance change in
Req_left OF Req_right, causing a differential voltage between A and B. The voltage change is
detected as the electrical output signal (Vout). When the particle passes through the left
sensing section, Req eft increases while Rey right remains the same, causing a drop in voltage
output. Similarly, when the particle passes the right sensing section, Req sight increases,
causing a rise in voltage output. Hence, when a particle passes through each sensing
channel consisting of two consecutive sensing sections, it generates a bipolar voltage pulse.
Because the central electrode separates each sensing channel at different positions, the
resistance/voltage drop and rise in each sensing channel occur differently when a particle
passes through each sensing channel. Hence, the bipolar output from each sensing channel
has a unique waveform (with different pulse widths t;, t), as illustrated in Figure 2c. If
multiple particles are present in different sensing channels, the overall voltage output
measured across the common electrodes would be a combination of individual signals
from each sensing channel. From the correlation analysis with the standard waveforms
of each channel (generated by a fixed-size particle) and iterative cancellation scheme, we
can identify in which channels the particles are transiting, as well as the count and size of
particles passing each sensing channel. The magnitudes of the standard waveforms can be
used to determine the sizes of the particles.

2.3. Device Fabrication

To fabricate the microfluidic device, the standard soft lithography method was utilized.
First, the SU-8 2025 (MicroChem, Newton, MA, USA) mold was created, which included
the four parallel sensing channels, two detecting reservoirs for the common electrodes, and
one inlet/outlet reservoir. A PDMS (polydimethylsiloxane, Sylgard 184, Dow Corning) slab
was then made by pouring the PDMS onto the top of the SU-8 mold, followed by degassing
and curing the PDMS at 70 °C for 2 h. To fabricate the substrate with embedded Ag/AgCl,
the 0.5 mm silver foil was bonded to a glass slide and was subsequently coated with SU-8
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(a)

6002 (MicroChem, Newton, MA, USA). The insulating SU-8 layer was then subjected to
a soft bake at 95 °C for 3 min and exposed to UV-light to pattern four openings for the
Ag layer. After a post-bake (95 °C for 2 min) and development by SU-8 developer, four
openings were created on the insulation layer. The insulated silver foil with four openings
was immersed in AgCl solution, and DC power (5 V) was applied between the silver foil
(positive electrode) and the silver rod (negative electrode) to facilitate the conversion of
Ag to AgCl at the four openings. Next, the PDMS slab was punched to create inlet/outlet
reservoirs and electrode holes for common electrodes. The PDMS slab was treated with air
plasma (200 mTorr, 50 W, 50 s). The treated PDMS slab and SU-8 coated silver layer were
immersed in 5% v/v aqueous APTES solution for 20 min, washed with DI water, and dried.
Under a microscope, the two parts (PDMS slab and the substrate with four openings) were
aligned and placed on a hotplate at 90 °C for over 30 min to form an irreversible bond.
The nominal dimensions of the sensing channels were 120 um (length), 40 pm (width),
and 35 pm (height). The dimensions of the sensing channels were measured by a surface
profilometer (Dektak 150, Veeco Instrument, Plainview, NY, USA): 122.4 4 0.5 um (length),
40.8 £ 0.3 pm (width), and 35.7 £ 0.2 um (height).

(b)
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Figure 2. Schematic of the bipolar pulse-width multiplexing RPS device. (a) Illustration of the
measurement set-up. (b) Diagram of a circuit that measures the resistive pulses generated by particles
transiting through the sensing channels. (c) Illustration of bipolar voltage pulses/waveforms when
one particle transits through different sensing channels (Blue: channel 1, Green: channel 2, Pink:
channel 3, Yellow: channel 4). The bipolar pulses generated in different channels have different pulse

widths t; and t,.

3. Results

15 um polystyrene particles suspended in DI water were used to generate the specific
voltage template waveforms from each sensing channel. Typical waveforms generated in
all sensing channels were recorded separately, as shown in Figure 3a. These waveforms
were used as template waveforms to correlate with the combined output signal of the
device. When a particle passes one specific sensing channel (e.g., channel 1), the combined
signal must contain a component that is highly similar to the waveform of this channel
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(e.g., Channel 1). Hence a large correlation coefficient (maximum value > 0.4) would be
generated. In other words, a high correlation coefficient indicates a high similarity between
the combined signal and the template waveform due to the passage of a particle through
this sensing channel. Visa versa, a lower correlation coefficient (maximum value < 0.4)
indicates low similarity between the two signals, or no particle passage through this specific
sensing channel. Thus, by correlating the combined output signal with the four standard
template waveforms, the presence of particles in each channel can be determined based
on the maximum correlation coefficient (Figure 3b). The template waveform shows a
higher correlation coefficient with itself than other template waveforms. Also, the starting
and ending time of each pulse (representing the entry and exit of each particle) can be
determined using the time lag [23]. Prior studies indicated that the correlation coefficient
of less than 0.4 suggests a weak similarity between two signals [24,25]. Thus, here we set
correlation coefficient of 0.4 as a threshold to judge whether the detected signal contains a
specific waveform. In addition, a smaller particle passing through a sensing channel would
generate a highly similar waveform but with a reduced magnitude.

(a) CH1 CH3
0.5 05 CH2 0.5 05 CH4
(a1) (a2) (a3) (ad)
s s s s
3° & 3° 5
> > > >°
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Figure 3. Illustration of correlation analysis (a) Voltage template waveforms generated by a 15 um
particle transiting through each sensing channel. (b) Correlation analysis between the combined
voltage output and the four different template waveforms. The maximum correlation coefficient can
be used to identify the presence of a particle in a specific sensing channel. The starting time of the
signal can be determined based on the time lag it exhibits.

, where x;,

The correlation coefficient can be calculated by 7y, = \/Z((xix,;i-iyiym))z

Xi=Xm) \Yi—Ym
y; represents each set of data (i.e., the combined output signal and a specific template
waveform), and x;,, i, is the average of respective data value [25,26]. A maximum corre-
lation coefficient > 0.4 between two sets of data indicates the combined signal contains a
specific waveform (or the presence of a particle in a specific channel where the waveform
is generated). To extract the desired waveform from the combined signal, an iterative
cancellation scheme is employed, as illustrated in Figure 4. The sequence is as follows:
After the correlation analysis, if the maximum correlation coefficient is positive and larger
than 0.4 (indicating the combined signal contains the corresponding waveform), a fraction
(represented by ‘A’ e.g., 0.8 X) of the template waveform is subtracted. The remaining
signal is then correlated with all template waveforms in the next round. During the
correlation-cancellation procedure, if the maximum correlation coefficient is larger than
0.4 but negative, it indicates the template signal was over-subtracted. Hence a smaller
fraction of subtraction (e.g., subtraction of %A x waveform) should be used. The procedure
is repeated until all correlation coefficients with all template waveforms are less than 0.4.
The total magnitude of all subtractions can be used to calculate the size of particles, as the
particle volume is proportional to the magnitude of the detected signal [9,27].
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Figure 4. Flowchart of the iterative cancellation procedure to demodulate the detected signal (com-
bined signal from all sensing channels).

3.1. Validation of Bipolar Pulse-Width Multiplexing Method

To demonstrate the principle of the bipolar pulse-width multiplexing method, we
analyzed a case where multiple particles were present in different sensing channels, as
shown in Figure 5. The particle solution consisted of two different sized polystyrene
microparticles (15 = 0.2 um and 20 & 0.3 pm). For validation purpose, a high-speed camera
(MUO043M-FL, United Scope LLC, Irvine, CA, USA) was employed to record the particle
transits through the sensing channel. Template waveforms were generated by a 15 pm
microparticle passing through each individual sensing channel, as depicted in Figure 3a.
Correlation analysis was first performed between the combined signal and the template
waveforms to identify the sensing channel through which the particle had passed.

Figure 5 illustrates the demodulation procedures when multiple particles were present
in different sensing channels (Figure 5(al)). The recorded electrical signal is shown in
Figure 5(b1). First, the recorded signal was correlated with all template waveforms. The
maximum correlation coefficient (max(ry,) > 0.4) occurred in channel 3 (Figure 5(a2)), in-
dicating the presence of one particle in this channel. Subsequently, a 0.8 x waveform of
channel 3 was subtracted from the combined signal, as depicted in Figure 5(b2). The correla-
tion analysis was then repeated with all template waveforms, and the maximum correlation
coefficient (max(ryy) > 0.4) was found in channel 4 (Figure 5(a3)). Consequently, a 0.8 x wave-
form of channel 4 was subtracted from the remaining signal (Figure 5(b3)). This interactive
cancellation procedure was continued. An 0.8 x subtraction of waveform 3 (Figure 5(b4)),
an 0.8 subtraction of waveform 4 (Figure 5(b5)), an 0.8 x subtraction of waveform 2
(Figure 5(b6)), an 0.8 x subtraction of waveform 3 (Figure 5(b7)), and an 0.8 x subtraction
of waveform 4 (Figure 5(b8)) were performed one by one based on the occurrence and mag-
nitude, respectively, of the maximum correlation coefficients (Figure 5(a4—a8)). After this
step, the maximum correlation coefficient occurred in channel 3 once again (Figure 5(a9)).
Hence, 0.8 x and 0.4 x subtractions of waveform 3 were tried (Figure 5(b9,b10)); however,
both generated a large negative correlation coefficient between the remaining signal and
the template waveforms, indicating an over-subtraction had occurred (Figure 5(a10,a11)).
As a result, a 0.2x waveform 3 was subtracted (Figure 5(b11)). The remaining signal
was then correlated with all template waveforms, and the maximum correlation coeffi-
cient (max(ry,) > 0.4) was observed in channel 2 (Figure 5(al2)). Similar to before, 0.8 x
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and 0.4x subtractions were tried (Figure 5(b12,b13)); highly negative maximum corre-
lation coefficients were observed (Figure 5(al3,a14)). Hence, an 0.2x waveform 2 was
subtracted (Figure 5(b14)). After this, the maximum correlation coefficient became positive
and still occurred in channel 2 (Figure 5(a15)). Therefore, a 0.1 x waveform 2 was subtracted
(Figure 5(b15)). After the subtraction, the maximum correlation coefficient (>0.4) still oc-
curred in channel 2 (Figure 5(a16)). An 0.05x waveform 2 was subtracted (Figure 5(b16)).
Afterwards, the maximum correlation coefficient was positive but below 0.4 (Figure 5(a17));
the interactive cancellation was completed. From the overall subtracted magnitudes of
channel 2 (1.15x), channel 3 (2.6x), and channel 4 (2.4x), the particles’ sizes were esti-
mated to be 15.7 um, 20.6 pm, and 20.1 um, respectively. The entire interactive cancellation
procedure was automatic with a MatLab code and took about 1 ms. It is important to note
that although an initial 0.8 x subtraction was employed for the magnitude of the iterative
cancellation process, aiming to minimize the interaction steps and attain a decent resolution
for particle sizing, we also conducted the interactive cancellations with both 0.5x and 0.3 x

initial subtractions. The obtained particle counts and sizes were nearly identical to those
obtained with the 0.8 x subtraction.
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Figure 5. Iterative cancellation procedures for demodulation of the combined electrical signal. The
combined signal was generated by three differently sized microparticles. The desired waveform
was determined based on the correlation coefficient and then extracted from the remaining signal
with a specific amplitude (0.8%, 0.4x, 0.2x, 0.1x, etc.). Initially, subtraction of a waveform with
an amplitude of 0.8 x was performed. If the correlation coefficient reached a highly negative value
(indicating an over-subtraction occurred), subsequent subtractions of smaller amplitudes (e.g., 0.4 %,
0.2x, 0.1x, 0.05x) were used to replace the 0.8 subtraction. Subtractions marked in red were
trial subtractions that resulted in over-subtraction (highly negative correlation coefficient) and were
not executed. The actual subtractions, marked in black, were performed on the combined signal
((al)—(al17): correlation analysis between the combined signal or remaining signal and the four
template waveforms. (b1): combined signal. (b2)—(b16): remaining signals after each subtraction).

3.2. Demonstration of Sizing and Counting Accuracy

To evaluate the sizing and counting accuracy of the microfluidic sensor, mixtures of
particles with different sizes were used. Specifically, solutions containing two differently
sized polystyrene microparticles (15 pm and 20 pm) at varying concentrations were pre-
pared by dilution and loaded to the device. While the particle solution flowed through the
device, the output signals were recorded across the pair of common electrodes. The output
signal was demodulated using the interactive cancellation procedure shown in Figure 4.

The resulting particle concentrations and sizes of measurement are depicted in Figure 6 (in-
dicated by vertical lines). For sample 1, the measured concentrations were 27.5/mL + 1.5/mL
(for 20 pum) and 50.5/mL =+ 3.1/mL (for 15 pm particles); for sample 2, the measured
concentrations were 92.4/mL =+ 5.3/mL (for 20 pm particles) and 149.6/mL + 8.5/mL (for
15 pm particles); for sample 3, the measured concentrations were 163.7/mL 4 9.6/mL (for
20 um particles) and 284.6/mL =+ 13.2/mL (for 15 um particles). For comparison, actual
concentrations of the three samples were measured using an AccuSizer™ 780 (optical parti-
cle sizer) and are shown in Figure 6a. Encouragingly, the measured concentrations aligned
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well with the actual concentrations. Figure 6b shows a quantitative comparison between
the measurement results and the estimated concentrations. The maximum difference is
5.9% (for 20 um particles) from sample 3 and 6.1% (for 15 pm particles) from sample 1. The
two sets of concentrations matched reasonably well with each other. The small errors in
counting may have been caused by the settlement of a small number of cells, considering
the polystyrene particles have a slightly higher density than the medium solution.
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Figure 6. (a) Comparison of measured and actual concentrations and diameters of microparticles
in the mixed solutions. (b) Comparison of measured particle concentrations vs. actual particle
concentrations. RPS measurements are represented by small solid circles with error bars. Actual
particle concentrations and sizes were measured by an AccuSizer™ 780 (optical particle sizer).

The sizes of particles were also obtained from the interactive cancellation. In sam-
ple 1, the measured particle sizes were 20.5 pm + 0.4 pm (for 20 pm particles) and
14.8 um £ 0.5 um (for 15 pm polystyrene particles); in sample 2, the measured particle sizes
were 19.7 pm £ 0.6 pm and 15.1 pm =+ 0.4 pm, respectively; in sample 3, the measured sizes
were 20.1 pm =+ 0.7 pm and 14.7 pm =+ 0.5 pum, respectively. The average of the three sizes
of measurements was 20.1+ 0.6 um. We also measured the particle sizes using a particle an-
alyzer (AccuSizer™ 780). The particle sizes were measured to be 14.95 um =+ 0.57 pm and
19.6 um =+ 0.74 pm. The RPS measurement and the AccuSizer measurement were in good
agreement. The difference was 2.6%. Electrical noise originating from flow fluctuations
may have caused errors in the size measurements, as the particle sizes were correlated to
the magnitude of the output signal.

The above results demonstrated the capability of bipolar pulse-width multiplexed RPS
to accurately measure the sizes and counts of microparticles in a mixed solution. The sizing
of particles was accomplished through the interactive cancellation process, which relied on
correlation analysis (maximum correlation coefficient). The correlation analysis indicated
the time the maximum correlation coefficient occurred. This information makes it possible
to determine the start and ending points of each pulse [28], even if several particles are
present in different sensing channels at the same time.

Finally, we used the sensor to count HeLa cells. HeLa cells are human negroid cervix
epithelioid carcinoma cells. These cells play a crucial role in studying the propagation
status of cells and advancing our understanding of cancer and viral infections [29,30]. HeLa
cells were cultured in DPBS solution (see details in Section 2.1). One HelLa cell sample
was loaded to the RPS sensor. The concentration and the size of the HeLa cells were
measured to be 0.98 x 10° mL~! and 15.9 + 3.9 um (sizes ranging from 8.5 pm to 25.4 pm)
using an AccuSizer™ 780. Output signals were collected, which were subsequently de-
multiplexed by interactive cancellation. Figure 7b shows the cell analysis results in the
four sensing channels. The measured concentration of the HeLa cells was approximately
(0.93 + 0.12) x 10° mL~! (obtained from three measurements), which matched with the
actual concentration reasonably well. The difference is likely because a small portion of
cells settled on the substrate of the channels or attached to the channel walls. This method
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achieved an accuracy of 94.9% for HeLa cell counting. Compared to the counting accuracies
of other electrical multiplexing methods, including the frequency division multiplexing
method (i.e., 88%) [22] and CODES method (i.e., 96.15%) [20], this method exhibited a
higher or comparable counting accuracy. In terms of particle sizing, this method had a
97.4% accuracy, which is higher than that of the frequency division multiplexing method
(i.e., 94.8%). The sizes of the HeLa cells were measured to be 16.6 = 4.6 pm (ranging from
8.9 um to 24.5 pm), which were in good agreement with the measured values from the
AccuSizer™ 780.
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Figure 7. (a) HeLa cell image under a microscope. (b) Histograms of cell diameter distribution
measured across channel 1, channel 2, channel 3, and channel 4.

The bipolar pulse-width multiplexing method enables high-throughput microparticle
counting and sizing without the need for complex electrode designs or intricate geometry
configurations of sensing channels. Only one DC power source, one pair of common
electrodes, and one central electrode are required to encode the detected signal. This not
only reduces the complexity of the detection electronics but also decreases the data size.
While a four-channel device is presented for demonstration of high-throughput particle
analysis, the throughput can be further improved by incorporation of additional sensing
channels. This method can be extended to nanoscale particle counting, including proteins,
nucleic acids, and viruses, by fabricating openings at different positions to expose the
central electrode inside the sensing channels. Compared to other multiplexing methods,
this fabrication process is simple. It can be extended to measure nanoscale particles by
fabricating smaller sensing channels with openings at different locations. Note that the
silver coil in the multiplexed RPS can be replaced by sputtering a thin silver film. In
addition, this multiplexed RPS can be combined with many well-established antibody- or
aptamer-based bio-recognition methods to detect various of micro and nano bio-objects
including cells [31,32] and biomolecules [33-35] with high throughput and high specificity.

4. Conclusions

We developed a bipolar pulse-width multiplexing-based resistive pulse sensor capable
of high-throughput counting and sizing of microparticles through the utilization of multiple
parallel sensing channels. The unique bipolar pulse-width multiplexing facilitated the en-
coding of electrical signals generated by the passage of microparticles, while only requiring
one DC source. The combined signal can be demodulated using correlation analysis and
an iterative cancellation scheme. This multiplexed RPS was demonstrated using mixtures
of differently sized microparticles with varying concentrations. The RPS sensor can predict
the sizes and concentrations of standard polystyrene particles accurately with errors of 2.6%
and 6.1% in sizing and counting, respectively. The sensor was demonstrated to accurately
count HeLa cells, with an error of 5.6% in concentration. Due to the simple fabrication
process, smaller sensing channels can be fabricated for detection and analysis of nanoscale
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analytes. With its high throughput and accuracy, this RPS sensor holds promise for the
rapid analysis of micro and nano objects including biomolecules, viruses, and bacteria,
especially in resource-limited environments.
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Abstract: Glutamic acid decarboxylase antibody (GADADb) has emerged as a significant biomarker
for clinical diagnosis and prognosis in type 1 diabetes (T1D). In this study, we investigated the
potential utilization of glass capillary solid-state nanopores as a cost-effective and easily preparable
platform for the detection of individual antigens, antibodies, and antigen-antibody complexes without
necessitating any modifications to the nanopores. Our findings revealed notable characteristic
variations in the translocation events of glutamic acid decarboxylase (GAD65) through nanopores
under different voltage conditions, discovered that anomalous phenomenon of protein translocation
events increasing with voltage may potentially be caused by the crowding of multiple proteins in
the nanopores, and demonstrated that there are multiple components in the polyclonal antibodies
(GADADb-poly). Furthermore, we achieved successful differentiation between GAD65, GADAb, and
GADAb-GAD65 complexes. These results offer promising prospects for the development of a rapid
and reliable GADAD detection method, which holds the potential to be applied in patient serum
samples, thereby facilitating a label-free, cost-effective, and early diagnosis of type I diabetes.

Keywords: glass nanopore; single molecule detection; glutamate decarboxylase antibody; multi-
molecular translocation; type I diabetes

1. Introduction

Diabetes mellitus is a very common endocrine disease in clinical practice, which is
mainly divided into type I diabetes (T1DM), characterized by pancreatic 3-cell damage,
and type II diabetes (T2DM), characterized by insulin resistance [1]. Due to the large
differences in the disease process and treatment methods between type I and II diabetes,
early diagnosis and classification are of great significance for their treatment and prognosis.
As an autoimmune disease, the diagnosis and classification of type I diabetes depend on a
series of autoimmune antibodies against the secreted proteins of pancreatic 3-cells. Among
them, the autoimmune antibodies of glutamic acid decarboxylase (GADG65), are one of
the most sensitive and specific clinical markers, which have been used in combination
with several other autoimmune antibodies (like ICA and IAA) as the diagnostic criteria
for type I diabetes in clinical practice [2,3]. Currently, the detection of GADAD in clinical
practice mainly relies on several traditional methods, including ELISA [4,5], RIA [6], and
immunofluorescence [7], which exhibit excellent reliability and are widely used for the
quantitative detection of specific antigens and antibodies. Apart from these gold standard
methods, single-molecule detection technology has gradually become a hotspot in the field
of biological analysis due to its high sensitivity, as well as high-throughput advantages.
However, the reported single-molecule immunofluorescence detection and single-molecule
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electrochemical immunoassay methods still rely on various biomarkers [8,9], which limits
the promotion of single-molecule immunoassay technology in applications.

Nanopore technology provides a label-free, high-throughput single-molecule detection
method at the nanometer scale [10-12]. Its detection principle is based on the concept of
the Coulter counter [13]. When a stable external electric field is applied on both sides of
the nanopore, the ions in the electrolyte on both sides of the nanopore move directionally
and produce a weak but relatively stable ion current. When charged analyte biomolecules
pass through the nanopore under the driving force of the electric field, they will interfere
with the ion current and produce detectable pulse signals. According to the characteristics
of signal amplitude, duration, and event frequency, it can be inferred that the detected
biomolecules have certain structural, size, and charge states [14-17].

In previous studies, biological nanopores have been widely used in DNA sequenc-
ing [18], microRNA detection [19], and analysis of oligopeptides and proteins [20]. Research
on antigen-antibody interactions has also been reported [21], but the lower stability and
fixed pore size limit the development of biological nanopores in practical immunoassay
applications. At the same time, solid-state nanopores have more stable physicochemical
properties and adjustable sizes compared to biological nanopores, which greatly expand
the application potential of solid-state nanopores in the field of single-molecule detec-
tion [22,23]. Glass capillary solid-state nanopores, as members of solid-state nanopores,
have advantages of high stiffness, low cost, and reproducible size and shape. Their related
applications in protein recognition have been reported many times [24-26]. In these appli-
cations, the differences in protein size and charge state are the keys to distinguishing them.

Therefore, in this study, quartz glass nanopores were used to investigate the transloca-
tion behavior of glutamate decarboxylase (GAD65), glutamate decarboxylase antibodies
(GADAD), and the antigen-antibody complex (GAD65-GADAD complex). Due to the differ-
ences in charge and molecular diameter among the three molecules, there are differences in
the characteristics of translocation signals. By distinguishing the translocation characteris-
tics of the immune complexes, it provides a potential application for the development of
new single-molecule detection methods for GAD65 and GADAD in clinical practice, which
is cheap, sensitive, and high-throughput.

2. Materials and Methods
2.1. Chemical and Reagents

GADG65 was purchased from Abcam (Cambridge, UK) and GADADb (both monoclonal
and polyclonal) were purchased from Sigma-Aldrich (Shanghai, China). Tris-HCl (pH = 8.0)
was produced by Solarbio (Beijing, China). Both KCI and ethanol were purchased from
Sinopharm (Shanghai, China). Electrolyte for translocation through nanopore was 1 M KCI
solution contain 10 mM Tris-HCl (pH = 8.0). All solutions were prepared with Milli-Q
water (18 MQ)-cm resistivity) from a Millipore system (Merck, Darmstadt, Germany).

2.2. Device Construction

Two Ag/AgCl electrodes were inserted into the electrochemical cell filled with elec-
trolyte (1 M KCl, 10 mM Tris-HCl, pH = 8.0). During the detection of protein molecules, the
protein molecules were added to the electrolyte solution, with the glass nanopore fixed to
the negative electrode and the positive electrode added outside the nanopore (as shown in
Figure 1a). The other ends of the electrodes were connected to the Axopatch 700B patch
clamp amplifier (Molecular Devices, San Jose, CA, USA). The signals were digitized using
the Axon Digidata 1550A digital-to-analog converter (Molecular Devices, San Jose, CA,
USA) and viewed using Clampfit software (Version 10.5.2.6).
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Figure 1. Fabrication of glass nanopores and device structure. (a) Schematic diagram of glass
nanopore device for detecting proteins in ionic solutions. (b) Schematic of glass nanopore fab-
rication. (c) Characterization of glass nanopore size using scanning electron microscopy (SEM).
(d) Characterization of glass nanopore size using I-V curve approximation.

2.3. Fabrication of Glass Nanopores and Characterization

Quartz glass capillaries used in the experiments (QF100-70-10, Sutter Instrument
Co., Novato, CA, USA) have an outer diameter of 1 mm, an inner diameter of 0.7 mm,
and a length of 7.5 cm. Before use, the glass capillaries were ultrasonically cleaned in
ethanol and pure water for 15 min, and the liquid residue on the tube walls was removed
using a nitrogen gas stream. The capillaries were then pulled into nanopores using a CO,
laser capillary puller (model P-2000, Sutter Instruments Co., Novato, CA, USA) with the
parameters shown in Table 1:

Table 1. Fabrication parameters of glass nanopore.

Heat Filament Velocity

760 4 29

Delay Pull
140 168

The glass nanopore was electrochemically characterized in electrolyte (1 M KCl, 10 mM
Tris-HCl, pH = 8.0) using cyclic voltammetry. The ion current was measured at intervals of
100 mV in the range of —500 mV to +500 mV, and an I-V scan curve was plotted accordingly.
The conductance value of the nanopore was determined using the slope of the curve,
and the diameter of the glass nanopore was calculated. Subsequently, the morphological
characteristics and diameter of the glass nanopore were characterized using scanning
electron microscopy (SEM) to verify the accuracy of the nanopore diameter estimation
obtained using electrochemical methods.

2.4. Protein Translocation

The glutamate decarboxylase (GAD65, Abcam ab206646) and glutamate decarboxylase
monoclonal antibody (GADAb-mono, Sigma-Aldrich G1166, derived from the GAD-6
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hybridoma produced by the fusion of mouse myeloma cells and splenocytes from a mouse
immunized with purified rat brain GAD) were diluted to 1540 pmol/L and 667 pmol/L,
respectively, in electrolyte buffer (1 M KCl, 10 mM Tris-HCl, pH = 8.0). The glutamate
decarboxylase polyclonal antibody (GADAb-poly, Sigma-Aldrich G5163, produced in
rabbits using a synthetic peptide KDIDFLIEEIERLGQDL corresponding to the C-terminal
region of GAD 67 of human origin as immunogen) was diluted to 10,000 times of its original
concentration using the buffer. The diluted samples were injected into the glass nanopore
using a microinjector, while the electrochemical cell was filled with electrolyte.

The ionic currents were measured with Ag/AgCl electrodes inserted in buffer solution
and recorded with the amplifier Axopatch 200B (Molecular Devices, San Jose, CA, USA)
in voltage-clamp mode using a low-pass Bessel filter of 5 kHz. The signals were digitized
with DigiData 1550s digitizer at 100 kHz and viewed with Clampfit 10.2 software. The
protein translocation events were recorded, and the event features were extracted using
the Transalyzer analysis package (Version RC1b) based on Matlab [27]. The amplitude,
duration time, and baseline data of each translocation event were imported into Origin
software (Version 2023b) to generate frequency distribution histograms and fitted curves
for the basic characteristics of the translocation events under various conditions. The
different characteristics of the protein translocation events were investigated by varying
the applied voltage.

2.5. Detection of Immune Complex

The antigen and antibody (monoclonal) proteins mentioned in the previous steps
were mixed in equal volumes at their respective concentrations and incubated at room
temperature for 30 min. The resulting immune complexes were injected into the glass
nanopore using the microinjector. The translocation currents generated by the immune
complexes passing through the nanopore were measured and recorded using the device
described earlier. The amplitude size, duration time, and baseline data of each translocation
event were plotted as translocation time and Al/Ij frequency distribution histograms. The
average effective molecular diameter of the immune complexes was calculated based on
the statistical results and compared with the molecular diameter of the monomer antigen or
antibody to distinguish between antigens, antibodies, and their immune complexes formed
by binding.

2.6. Statistical Analysis Methods

The general statistical analysis methods for translocation signals include plotting scat-
ter plots of duration time versus signal amplitude, histograms of duration time—frequency
distribution, and histograms of signal amplitude of blockage (Al/Iy) frequency distribution.
Specifically, the raw data are processed using the Transalyzer analysis package (Version
RC1b) and then imported into the Origin software (Version 2023b) to generate these three
types of statistical analysis graphs. In the histogram of frequency distribution, the average
duration time and the amplitude of blockage (AI/Ij) can be obtained by fitting a Gaussian
curve and determining its mean value, representing the average state of all signals. The
equation for fitting the Gaussian curve is as follows:

LA ey (1)
= e w
¥Y="Yo /2

3. Results and Discussion

Through the laser-pulling instrument, glass nanopores with a diameter of 30 to 50 nm
were obtained (Figure 1b). As the diameter affects the signal-to-noise ratio of the glass
nanopore detection [28], the pore diameter was calculated before each detection by mea-
suring the I-V curve of the nanopore electrolyte and calculating the resistance in the glass
nanopore (Figure 1d). Due to the geometric and charge asymmetry of glass nanopores,
a significant ion rectification phenomenon can be observed through the I-V curve [29],
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manifesting as a smaller current magnitude in the negative voltage region compared to
the positive voltage region at the same voltage level. This phenomenon may be related to
ion accumulation/dissipation [30,31] or electrophoretic capture of mobile ions [32]. The
pore diameter of the glass nanopore can be approximately calculated using the following
formula [33,34]: ,

R cot 5 @)
ma

In this case, R is the resistance value of the nanopore calculated from the measured
I-V curve, 0 is the tip angle of the conical nanopore (approximately 15° & 3°), 7 is the
resistivity of the electrolyte, and a represents the radius of the nanopore. In theory, during
the pulling process, a glass capillary with an inner diameter of 0.7 mm and a length of
7.5 cm will be pulled into a pair of glass nanopores with the same pore diameter. The
size of the nanopore is characterized using scanning electron microscopy (SEM), and the
exact nanopore diameter can be obtained (Figure 1c). By comparing the calculated and
measured values of the glass nanopores pulled from the same glass capillary using both
computational and scanning electron microscopy methods, it can be observed that the
estimated values were in good agreement with the SEM imaging results, indicating that
the computational method can provide accurate measurements of the nanopore diameter.

The glass nanopore was filled with electrolyte solution (1 M KCl, 10 mM Tris-HCI,
pH = 8.0) in both the nanopore and the electrochemical cell. A constant voltage was
applied to detect the signals generated by the passage of GAD65 and GADADb through
the nanopore. When GAD65 or GADAb were added to the electrolyte solution, due to the
negative charge carried by the antigen or antibody molecules, the electrophoretic force
acting on the protein molecules was opposite to the direction of the electric field. On
the other hand, the negatively charged inner wall of the glass nanopore attracts cations
in the solution, forming a cation layer on the nanopore wall, with the direction of the
electroosmotic flow opposite to the electrophoretic force. In this case, the electrophoretic
force is stronger than the electroosmotic flow, resulting in the protein molecules moving in
the same direction as the electrophoresis. When the direction of the electric field is from the
negative electrode to the positive electrode (represented by a negative voltage), the proteins
flow from outside the nanopore into the nanopore (Figure 1a).

The three-dimensional structure of GAD65 shows that the dimension of GADG65 is
about 12.0 x 9.9 x 7.8 nm (Figure 2a) [35]. When different voltages were applied across the
two ends of the nanopore, proteins translocated through the nanopore, causing changes in
the current and generating translocation signals. The translocation signals under different
voltages showed different shapes (Figure 2b). As can be seen from the current graphs,
when the voltage applied to both ends of the nanopore was increased from —300 mV to
—500 mV, both the baseline current and the amplitude of current changes due to molecular
translocation increased. It is known that the translocation time of a molecule through a
nanopore is related to the length of the molecule, while the ratio of blocked current to
baseline current is related to the cross-sectional area of the molecule [36]. In the three
voltage conditions tested, all typical translocation signals within 9 s were selected. It was
found that the duration time increased with voltage (Figure 2c), which is different from the
characteristics of faster translocation speed and shorter translocation time at higher voltages
within a low voltage range [37]. This suggests that the effective length of molecules passing
through the pore increases. The ratio of blocked current to baseline current Al/Ij also
increased with voltage (Figure 2d), indicating a slight increase in the effective diameter of
the molecules passing through the nanopore. One possible reason for this is that at different
voltages, molecules pass through the nanopore at different orientations [38]. However, it
is also possible that as the voltage increases, the translocation speed of molecules further
increases, leading to multiple molecules translocating through the nanopore simultaneously,
which causes a temporarily crowded in the nanopore (Figure 3a). This results in some
translocation events showing longer duration times and larger blocked currents.
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Figure 2. Detection of glutamate decarboxylase molecules using glass nanopores. (a) Three-
dimensional image of GAD65 protein molecules [35]. (b) Current signals are generated by GAD65
molecules passing through glass nanopores under voltages of —300 mV to —500 mV; the signal is
rotated 180° for easy observation. (c) GAD65 molecule translocation time under voltages of —300 mV
to —500 mV. (d) Blockade current amplitude ratio Al/I of GAD65 molecules under voltages of
—300 mV to —500 mV.

To further validate the above conjecture, taking the potential of —400 mV as an
example, the current characteristics corresponding to different duration times are shown
in Figure 3b. At —400 mV voltage, events with a duration time of less than 0.2 ms are
considered as single-molecule translocation events, while events with a duration time
greater than 0.2 ms are considered as multiple-molecule translocation events. The scatter
plot of duration time and blocking current amplitude (Figure 3c) shows that events with
duration time less than 0.2 ms account for 60% of the total events (the blue-shaded area). To
ensure statistical significance, under different voltage conditions, the first 60% and the last
40% of the events are analyzed according to the order of translocation time. The results are
summarized in Table 2. It can be seen that when the voltage is continuously increased, the
duration time and AlI/Ij of the 0 to 60% events do not change significantly, indicating that
the molecules pass through the nanopore as single molecules influenced by the combined
effects of electrophoresis and electroosmosis in a rapid manner. However, with further
increase in voltage, multiple molecules pass through the nanopore simultaneously and
accumulate momentarily at the nanopore, resulting in an increase in the effective molecular
diameter inside the nanopore. Therefore, the duration time and Al/Ij of the 60% to 100%
events increase significantly with increasing voltage, which subsequently affects the overall
(0 to 100%) values. When the voltage rises to a high voltage region (greater than —600 mV),
the increase in voltage has a more significant effect on molecular motion speed than on
accumulation at the nanopore, so the translocation time and blocking current ratio decrease
with further increase in current.
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Figure 3. Transient molecular congestion phenomena in nanopores. (a) Simultaneous translocation
of multiple glutamate decarboxylase molecules through a nanopore. (b) Current signatures corre-
sponding to different translocation time events of GAD65 at —400 mV voltage. (c) Scatter plot of
translocation time versus blockage current amplitude of GAD65 at —400 mV voltage.

Table 2. Fitting results of the normal distribution mean for Duration time and AlI/Ij corresponding
to GAD65 translocation events with translocation times in the 0-60% and 60-100% ranges, which are
ranked by translocation time from shortest to longest.

Grouping of . lysisType ~ —300mV  —400mV ~ —500mV  —600mV
Events

. Duration Time 0.052 ms 0.056 ms 0.053 ms 0.056 ms

0-60% Al/Ty 0.051 0.055 0.060 0.060
o Duration Time 0.12 ms 0.28 ms 0.66 ms 0.29 ms

60-100% AT/Ty 0.081 0.089 0.10 0.090

o Duration Time 0.053 ms 0.077 ms 0.087 ms 0.086 ms
0-100% Al/Ty 0.056 0.065 0.070 0.066

The antibody produced by a single B cell clone with high homogeneity and only
targeting a specific epitope is called a monoclonal antibody. The mixture of antibodies
produced by different antibody B cells in the body under the stimulation of antigenic
determinants is referred to as polyclonal antibodies [39]. In animals, GADAb may exist
in the form of polyclonal antibodies. The glutamate decarboxylase antibody (GADAD)
analyzed in the experiment has a Y-type structure similar to other IgG antibodies, but the
differences in specific amino acid fragments lead to different surface charges, which further
affect the characteristics of specific monoclonal antibodies passing through nanopores. In
this case, the glutamate decarboxylase polyclonal antibody (GADAb-poly) was passed
through the nanopore (Figure 4a), and the resulting current signals at different voltages
were studied (Figure 4b). Under a low voltage of —200 mV, the frequency distribution
histogram of translocation times and Al/I in the low voltage region both show two distinct
event peaks at 2 ms and 9 ms, 0.12 and 0.17 suggesting the distinct statistical characteristics
of polyclonal antibodies in nanopore detection compared to monoclonal antibodies. This
provides a way for the practical detection of GADADb in the human body.

In other studies that use glass nanopores and rely on the specific binding of antigen-
antibody interactions for antibody detection, the typical approach involves modifying
the antigen molecules on the inner surface of the glass nanopore and then placing the
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nanopore in an electrolyte solution containing antibodies for detection, the specific binding
between antigen-antibody molecules is confirmed through characteristics such as extended
translocation time [21,40]. In contrast, our study attempted to premix the antigen-antibody
molecules in an electrolyte solution (1 M KCl, 10 mM Tris-HCI, pH = 8.0) and directly detect
the mixed solution using unmodified glass nanopores. Using the optimal concentration of
antigen or antibody solutions that produce significant current signals in their respective
single solutions, GAD65 and GADAb were 1540 pmol/L and 667 pmol/L, respectively.
During this part, for clearer results, a monoclonal antibody of GADADb (GADAb-mono) was
used, and the two were premixed in a 1:1 volume ratio for 30 min before detection. It was
found that at a voltage of 300 mV, the relative current amplitude ratios (Al/Iy) of GAD65
and GADADb solutions were 0.08 and 0.016, respectively (Figure 5c,d). Tests conducted on a
mixed solution of GAD65-GADAD also observed these two peaks, while a peak with an
amplitude of approximately 0.23, which is approximately equal to the sum of the abscissas
of the two peaks, was also observed (Figure 5e). This peak is suspected to correspond to the
specific binding of antigen-antibody complexes. Furthermore, a minor peak can be observed
at Al/Ip ~ 0.32, which is likely representative of the binding of an antibody to a bimolecular
antigen complex, demonstrating the bivalent nature of the IgG antibody. Additionally, the
fitted peak height in Figure 5e exhibits a good correlation with the antigen and antibody
concentrations before mixing. This study achieved simultaneous identification of glutamate
decarboxylase (GAD65), glutamate decarboxylase antibody (GADAD), and GAD65-GADAb
antigen-antibody complexes in a complex system, providing a new method for early
screening of type I diabetes.
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Figure 4. Detection of glutamate decarboxylase polyclonal antibody (GADAb-poly) using glass
nanopores. (a) Schematic of GADAb-poly translocation through the nanopore. (b) Current signals
are generated by GADADb-poly passing through glass nanopores under voltages of —200 mV to
—400 mV; the signal is rotated 180° for easy observation. (c) Scatter plot of translocation time versus
blockage current amplitude of GADAb-poly at —200 mV voltage. (d) Histograms of translocation
time—frequency distribution of GADAb-poly at —200 mV voltage. (e) Histograms of Al/Ij distribution
of GADAb-poly at —200 mV voltage.
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Figure 5. Detection of glutamate decarboxylase (GAD65) and glutamate decarboxylase antibody
(GADAb-mono) mixed solutions using glass nanopores. (a) Schematic of mixed solution translocation
through the nanopore. (b) Current signals generated by GAD65, GADAb-mono and their mixture
passing through glass nanopores under voltage of 300 mV. (c—e) Histograms and fitted normal
distributions of Al/Iy at 300 mV voltage for GAD65, GADAb-mono, and the mixed solution of
GAD65 and GADADb-mono.

4. Conclusions

The glass capillary nanopore has the characteristics of low cost, simple manufacturing,
high hardness, easy control of size and shape, and easy to be mass-produced. This article
has completed the preparation of glass capillary solid-state nanopores with a pore size of
30 nm to 50 nm and applied glass nanopores to the detection and identification of protein
molecules and antigen-antibody complexes. The focus is on the detection of glutamate
decarboxylase (GAD65) protein, glutamate decarboxylase polyclonal antibodies (GADADb),
and their antigen-antibody complexes (GAD65-GADADb). Using GADS65 as a typical protein
molecule, this study investigates the significant differences in the translocation time and am-
plitude ratio of obstructed current between higher voltage ranges (—300 mV to —500 mV)
and low voltage ranges (less than —300 mV). Through a proportional division approach,
the characteristic events of individual molecules translocating and multiple molecules
translocating simultaneously are approximately studied. It is revealed that within this
voltage range, as the voltage increases, the temporary accumulation phenomenon inside
the nanopore becomes the main factor affecting the overall characteristics of the events.
When the voltage is further increased, the effect of voltage on the acceleration of molecular
movement is significantly greater than that of pore accumulation, thus reducing the tempo-
rary accumulation phenomenon inside the nanopore. In the low voltage range (—200 mV),
preliminary identification of the number of antibody species in glutamate decarboxylase
polyclonal antibodies (GADADb-poly) is completed, indicating that there are at least two or
more monoclonal antibodies. Finally, GAD65 is directly mixed with glutamate decarboxy-
lase monoclonal antibodies (GADAb-mono) and passed through the nanopore without
modification or labeling. The identification of three protein binding states in solution is
completed, providing a new method for rapid and low-cost detection of GADADb, which is
a preliminary screening indicator for autoimmune type I diabetes (immune-mediated).
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Abstract: Magnetic nanoparticles (MNPs) have been widely utilized in the biomedical field for
numerous years, offering several advantages such as exceptional biocompatibility and diverse
applications in biology. However, the existing methods for quantifying magnetic labeled sample
assays are scarce. This research presents a novel approach by developing a microfluidic chip system
embedded with a giant magnetoresistance (GMR) sensor. The system successfully detects low
concentrations of MNPs with magnetic particle velocities of 20 mm/s. The stray field generated by
the magnetic subject flowing through the microchannel above the GMR sensor causes variations
in the signals. The sensor’s output signals are appropriately amplified, filtered, and processed to
provide valuable indications. The integration of the GMR microfluidic chip system demonstrates
notable attributes, including affordability, speed, and user-friendly operation. Moreover, it exhibits
a high detection sensitivity of 10 pg/uL for MNPs, achieved through optimizing the vertical
magnetic field to 100 Oe and the horizontal magnetic field to 2 Oe. Additionally, the study
examines magnetic labeled RAW264.7 cells. This quantitative detection of magnetic nanoparticles
can have applications in DNA concentration detection, protein concentration detection, and other
promising areas of research.

Keywords: magnetic particles; magnetoresistive sensors; microfluidics

1. Introduction

Magnetic nanoparticles (MNPs) have found widespread applications in various
fields, including MRI contrast agents, magnetic recording devices, bio-sensing, drug
delivery, thermal therapy, and biomolecule separation [1-6]. However, the use of large
quantities of MNDPs for cell manipulation in these techniques can lead to nanotoxicity
concerns. Current cell assay methods for evaluating target quantities often involve
techniques such as Prussian blue staining [7], T2 relaxometry [8], and UV /VIS spectrom-
etry [9,10]. However, these approaches are primarily limited to the static detection of
stray fields from immobilized labels. To address this limitation, researchers have ex-
plored the use of magnetic sensors in microfluidic applications to detect small biological
samples. One such approach involves the use of a magnetic immunoassay, a novel type
of immunoassay that enables the quantitative detection of biomolecules. The number of
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biomolecular targets, such as DNA or cells, can be determined by measuring the mag-
netic subject, which can be achieved through techniques such as measuring the remnant
magnetic flux [11], magnetization relaxation time of magnetic particle clusters [12], or
reduction in alternating current (AC) magnetic susceptibility [13]. In the past decade,
magnetoresistive (MR) sensors have been utilized in magnetic biosensing to estimate the
amount of target biomolecules or cells. These MR-based biosensors measure variations
in MR signals caused by magnetic microparticles or nanoparticles attached to the target
sample [14-16]. The first significant contributions to the field of detecting magnetic
markers using measurements of resistance/impedance change in magnetic field sensors,
including measurements in a continuous flow, can be attributed to pioneering studies.
David R. Baselt et al. developed a biosensor capable of measuring the forces that bind
DNA-DNA, antibody—antigen, or ligand-receptor pairs at the single-molecule level.
Known as the Bead Array Counter (BARC), this biosensor utilizes interaction forces to
immobilize magnetic microbeads on a solid substrate. Microfabricated magnetoresis-
tive transducers on the substrate then indicate whether the beads are displaced when
subjected to magnetic forces [17]. G. V. Kurlyandskaya et al. employed a commercial
Ferrofluid® liquid thin layer to cover the ribbon surface of their sensor. This innovative
approach revealed that the magnetoimpedance response was significantly affected by
the presence of the magnetic Ferro liquid, the applied magnetic field’s intensity, and the
driving current parameters. The proposed magnetoimpedance-based prototype demon-
strated high sensitivity to the fringe field generated by magnetic nanoparticles, thereby
offering great promise as a biosensor [18]. F. Blanc-Béguin et al. conducted research
to determine the optimal conditions for producing cell samples suitable for imaging
with the detection of modifications in the magnetic field caused by maghemite (Fe;O3)
nanoparticles. These nanoparticles acted as a high-sensitivity magnetic biosensor based
on the giant magnetoimpedance (GMI) effect. The preliminary results from this study
provided valuable insights into the production of biological samples, laying the ground-
work for further advancements in GMI biosensor technology [19]. A. Garcia-Arribas et al.
introduced a microfluidic device capable of determining the concentration of magnetic
beads under a continuous flow of the carrier fluid, utilizing the giant magnetoimpedance
effect (GMI) [20].

However, research has demonstrated that the sensor exhibited exceptional sensitivity
to liquid and materials present in the microfluidic chamber. Although it successfully
detected magnetic microparticles in a static regime and magnetic nanoparticles under
a continuous flow, the measurements proved to be delicate and challenging to simple
measurement and analysis devices. Further research and development are required to
address these intricacies and enhance the sensor’s reproducibility. In this research, the
measurement systems for studying the stray fields from MNPs in MR-based biosensors rely
on lock-in amplifier detection. We propose an integrated GMR microfluidic chip system as
a cost-effective alternative to lock-in amplifiers. This system offers the advantages of being
fast and easy to operate, as well as significantly reducing the sensing instrument costs.

2. Materials and Methods

The GMR general structure consisted of two ferromagnetic layers with a nonmagnetic
layer sandwiched. The principle of GMR is shown in Figure 1 (red square) when the
magnetization of two ferromagnetic layers parallel in the same direction and the spin
electron passed through the layer with the same magnetization direction. The spin electron
had a lower possibility of scattering, leading to lower magnetic resistance. On the other
hand, when the two antiparallel ferromagnetic layers were magnetized, the spin electron
had a higher possibility of scattering, leading to higher resistance [21]. Figure 1 is a
schematic diagram of the integration of the GMR microfluidic chip. A Charge Coupled
Device (CCD) camera was used to monitor the flow of MNPs, the microfluidic channel
in which the MNPs flowed from the inlet to the outlet, and the permanent magnet for
magnetizing the superparamagnetic MNPs. The upper blue square is the real image of the
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GMR microfluidic chip; the lower blue square is the MNP subjected to the applied magnetic
field (blue arrow), which produced the magnetization in the same direction (red arrow).
The white arrow indicates the direction of the magnetization of GMR, and the green arrow
indicates the direction of the microfluidic flow. On the right is a simple diagram of signal
processing. This experiment process was divided into three parts: the microfluidic channel,
the synthesis of dextran-coated MNPs, and cell culture.

The fabrication process of the microfluidic MNP detection chip shown in Figure 2a
consisted of two main steps: the fabrication of the microfluidic channel and the integration
of the GMR sensor and microfluidic chip. As for the microchannel fabrication, negative
photoresist SU-8 was patterned and developed with (1) spin coating and soft bake on a
glass substrate, (2) mask aligning, and (3) a UV lithography process (4) as a mother mold
for the microchannel; then, (5) Polydimethylsiloxane (PDMS) was poured onto the mold
and cured. The surface of the GMR sensor was covered by the demolding PDMS layer
to form the sensor chip used in this study, and then oxygen plasma was used for the
bonding between the sensor and the microchannel. Figure 2b is a schematic diagram of the
microfluidic chip with a microchannel for magnetic nanoparticle flowing and the sensor
chip, as well as a readout circuit for MNP detection. Figure 2c is an image of PDMS-based
microfluidics with the inlet, sensing, and outlet areas. The external magnet was applied for
the stable magnetization of MNPs.

In this study, dextran-coated magnetic nanoparticles (DEX-MNPs) with an aver-
age diameter of 10 nm were synthesized and utilized. Dextran, known for its good
dispersibility in aqueous solutions, was chosen as the coating material due to its widely
recognized surface modification capabilities. The synthesis of DEX-MNPs followed
a previously published method [22,23]. In summary, 0.405 g of iron (III) was mixed
with 0.694 g of dextran in 10 mL of deionized water. The solution was injected into a
3-necked flask containing 30 mL of preheated deionized water at 80 °C under a N, gas
atmosphere. After 5 min of constant agitation, 0.833 mL of NoH4 was added, followed
by the injection of 0.148 g of iron (II) in 10 mL of water after another 5 min. Subsequently,
8 mL of NaOH was added, and the solution was dialyzed for 24 h to remove unreacted
compounds. The resulting DEX-MNPs were obtained through freeze drying. Figure 3
shows the scanning electron microscopy (SEM) images of the MNPs (Figure 3a) and
DEX-MNPs (Figure 3b). The saturation magnetization of the MNPs and DEX-MNPs
was measured to be 73.64 emu/g and 15.39 emu/g, respectively (Figure 3c). Figure 3d
shows the magnetization curves taken in zero-field-cooling (ZFC) and field-cooling (FC)
modes with an applied magnetic field of 100 Oe. The sample showed superparamagnetic
behavior at room temperature, with blocking transition at TB = 71.82 K (H = 100 Oe),
which is similar to results from other published papers [24,25]. For cell sample prepara-
tion, RAW 264.7 cells, from a murine macrophage cell line, were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM) and supplemented with 1% penicillin and 10% fetal
bovine serum (FBS) at 37 °C in a 5% CO, environment. Once the cells reached 80-90%
confluence in 6-well culture plates, the medium was replaced with a medium containing
DEX-MNPs at a concentration of 260 png/mL of iron, and the cells were incubated for 12 h.

This study involved the establishment of two systems: the integration of the GMR
microfluidic chip system and the lock-in MNP detection system. The GMR microfluidic
chip system, illustrated in Figure 4a, comprised a solution pump, a detection area, and
a data display device. The solution pump facilitated the flow of microfluidics through
the channel, while the detection area consisted of microfluidic channels and GMR sensors
(AAHO002, NVE Corp., Eden Prairie, MN, USA) integrated with an external magnetic
field for detecting the concentration of MNPs. As magnetically labeled particles passed
through the GMR sensor, they induced variations in the magnetic field, leading to changes
in the resistance and voltage of the sensor (QGMR). Thus, the concentration of MNPs
could be calculated based on the signal difference. The data display device included a
signal processing circuit, a microcontroller, and a display. The signal processing circuit
incorporated a differential amplifier, a high-pass filter, and a low-pass filter, with high-
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pass and low-pass cutoff frequencies set at 5 Hz and 15 Hz, respectively, each tailored
for different time spans and shapes. During the measurement of particle concentration
in the flow, the sensor signals exhibited a range between 0.01 and 0.1 mVpp, with a total
amplifier gain of 75 dB. The amplified output signal was captured by the MSP430f5529
microcontroller unit (Texas Instruments Incorporated, Dallas, TX, USA), which converted
the analog signal from the processing circuit into a digital signal. The microprocessor then
utilized a correlation equation between voltage and MNP concentration to convert the
signal into concentration, which was presented on the LC display PVC160203P (Picvue
Electronics CO., Hsinchu, Taiwan). The LabVIEW software enabled the synchronization of
data from the microprocessor and displayed it on the computer, as depicted in Figure 4b.
As the MNPs passed through the GMR microfluidic chip, signal vibrations were observed
on the front panel of LabVIEW.
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Figure 1. Schematic diagram of the integrated GMR microfluidic chip system, including the solution
pump, detection area, and display device. The CCD camera monitors the flow of MNPs. The
middle section represents the microfluidic channel. The lower part features a permanent magnet for
magnetizing the superparamagnetic MNPs. The upper left inset shows the real image of the GMR
microfluidic chip, while the lower left inset illustrates the MNP under the applied magnetic field
(blue arrow), resulting in magnetization in the same direction (red arrow). The white arrow indicates
the direction of the magnetization of the GMR, and the green arrow indicates the direction of the
microfluidic flow.
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Figure 2. (a) The fabrication process of the microfluidic MNP detection chip. The lock-in MNP
detection system containing the solution pump, detection area, and lock-in amplifier; (b) the schematic
diagram of the microfluidic chip with a microchannel for magnetic nanoparticle flowing and the
sensor chip and a readout circuit. (c) The external magnet was applied for alternative magnetization
of MNPs.
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Figure 3. SEM image of (a) MNPs and (b) dextran-coated MNP particles. (c) SQUID magnetic hystere-
sis loops of magnetic nanoparticles (MNPs) and dextran-coated MNPs (DEX-MNPs). Magnetization
ratio of DEX-MNPs and MNPs was about 0.21 (15.39/73.64). (d) ZFC/FC curves for MNP samples
with an applied field of 100 Oe (TB = 71.82 K).
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Figure 4. (a) Integration of the GMR microfluidic chip system comprising the solution pump,
detection area, and data display device. The upper right inset shows the photo of the data display
device. The signal processing circuit design (lower left) includes a differential amplifier, high-pass
filter, low-pass filter, and amplifier with a total gain of 75 dB. (b) The LabVIEW software enables
data synchronization from the microprocessor and display on the computer. Signal vibrations are
observed on the front panel of LabVIEW when MNPs pass through the GMR microfluidic chip.

3. Results and Discussion

After confirming that the GMR sensor could detect MNPs, the GMR magnetization
conditions were explored to optimize the measurement process. A preliminary detection of
MNPs was conducted using an oscilloscope, which revealed that the MNPs passing through
the GMR sensor caused voltage waveform vibrations, indicating the sensor’s ability to
detect a small number of MNPs (Figure 5). Simultaneously, the CCD camera screened the
MNPs near and above the microfluidic chip (Figure 5a,b). Figure 5c shows MNPs of the
same concentration passing through the GMR microfluidic chip, while Figure 5d presents
the corresponding data from the oscilloscope, demonstrating the system’s stability.

To achieve an optimal balance between the MR sensor and the MNPs” magnetization,
an applied magnetic field was used. The vertical (Z-axis) magnetic field was employed to
magnetize the MNPs, while the horizontal magnetic field was adjusted to find the optimal
value. Experimental results indicated that a vertical magnetic field of 100 Oe and a hori-
zontal magnetic field of 2 Oe provided the optimal measurement environment. Figure 6a
displays the voltage signals of different MNP concentrations passing through the GMR
microfluidic chip, illustrating a stronger signal with a higher MNP concentration. The
relationship between MNP concentration and voltage showed linearity (Figure 6b) with
a coefficient of determination (R?) of 0.99984. When examining dextran-coated MNPs
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with a concentration of 50 ug/uL in the integrated GMR microfluidic chip system, the
measured voltage was substituted into the MNP concentration and voltage correlation
function. The result indicated an MNP concentration of approximately 12 pg/uL (not
shown in the figure). The magnetization ratio of dextran-coated MNPs, measured us-
ing SQUID (Figure 3c), was approximately 0.21 (15.39/73.64). This means that only 21%
(10.5 png/uL) of the MNPs in DEX-MNPs with a concentration of 50 ug/uL were magne-
tized, which closely aligns with the examined data.

To examine the intracellular localizations of MNPs, cells treated with MNPs were
washed three times with phosphate-buffered saline (PBS) and fixed in 4% paraformalde-
hyde, as depicted in Figure 7a,b. Next, a staining reagent of 2% potassium ferrocyanide
with 6% HCI (1:1 v/v), known as Prussian blue stain, was added to the cells and incubated
for 10 min. To quantify the MNPs, single-cell magnetophoresis was performed by sub-
jecting the magnetic-labeled cells in suspension to a controlled magnetic field gradient.
The magnetic cells suspended in the medium were exposed to the magnetic field. In the
steady-state regime, the magnetic force Fm = mye,q dB/dx (wWhere mye,q represents the
magnetic moment of the magnetic beads and dB/dx is the magnetic field gradient) was
balanced with the viscous force Fyis = 6mRv (where R is the radius of the cell, n is the
viscosity of the carrier liquid, and v is the cell velocity). The total magnetic moment of the
MNPs inside a cell could be expressed as mpe,q = NcMgtD? /6, where N is the total number
of MNPs per cell, D is the diameter of an MNP, and c is the ratio of the net magnetization
of the MNP to their saturation magnetization M (set as 0.8 in this case). By setting the
cell radius R and the carrier liquid viscosity 1 as 0.013 Pas, the number of MNPs loaded by
cells N could be calculated using the following equation: N = 36nRv/(cMsD3(dB/dX)).

A total of 510 mobile cells moving at a constant velocity toward the magnet
were tracked using video microscopy. The average velocity of all the tracked cells
was 35.6 = 5.33 um/s, as shown in Figure 7c. Applying the same method as in ref-
erence [26], the number of MNPs internalized by RAW cells was estimated to be
(25.8 £ 3.86) x 10°. Each cell contained an average of 1.13 ng/uL of MNPs, as deter-
mined using Inductively Coupled Plasma Mass Spectrometry (ICP-MS) measurements.
The magnetic-labeled RAW cells were examined using the microfluidic chip system.
Figure 7d displays the measured responses corresponding to the magnetic-labeled
RAW cell passing over the microfluidic chip system, indicating an MNP concentration
of 30 pg/uL. This implies that each cell carried approximately 3 ng/uL, which is close
to the value of 1.13 ng/uL measured using ICP-MS (not shown here). The slight dif-
ference between the values obtained from ICP-MS and our device can be attributed to
operational errors and should be addressed.

(a)

250 Ltg/ml l

Microfluidic

Noise level

Figure 5. The picture of MNPs (a) close to the GMR sensor, (b) above the GMR sensor, and (c) pass
the GMR sensor. The pictures in the lower left corner are the instant signal image. (d) The signal
diagram of three consecutive 250 ug/mL MNPs passing through the sensor.
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of MNPs and the voltage. The coefficient of determination R? was 0.99984.
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Figure 7. (a) Prussian blue staining results of RAW cells internalizing magnetic nanoparticles (MNPs)
for 12 h. (b) Control corresponds to the RAW cells that were not treated with MPs in parallel to the
treated group. (c) Cell velocity distributions of 510 magnetically labeled cells. Insets: consecutive
optical micrographs of mobile cells at different time points. Scale bar represents 10 um. (d) The
measured signals responding to the magnetic-labeled RAW cells passing through the microfluidic
chip system.

4. Conclusions

This study successfully developed an integrated GMR microfluidic chip system for
the detection of MNDPs. The optimal values for the horizontal and vertical magnetic fields,
determined through the lock-in MNP detection system, were found to be 2 Oe and 100 Oe,
respectively. The correlation between voltage and MNP concentration was examined
for both the lock-in MNP detection system and the GMR microfluidic chip system. The
accuracy of both systems was validated using dextran-coated MNPs. Furthermore, the
magnetic-labeled RAW cell was tested in the GMR microfluidic chip system, yielding
results that closely matched those obtained using ICP-MS. This confirms that the developed
integration of the GMR microfluidic chip system for MNP detection in this study offers
several advantages, including a relatively low cost, fast and easy operation, and accurate
measurement of magnetic particle concentration.
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Abstract: The presence of residual antibiotics in food is increasingly emerging as a worrying risk for
human health both for the possible direct toxicity and for the development of antibiotic-resistant bacte-
ria. In the context of food safety, new methods based on microfluidics could offer better performance,
providing improved rapidity, portability and sustainability, being more cost effective and easy to use.
Here, a microfluidic method based on the use of magnetic microbeads specifically functionalized and
inserted in polymeric microchambers is proposed. The microbeads are functionalized either with
aptamers, antibodies or small functional groups able to interact with specific antibiotics. The setup of
these different strategies as well as the performance of the different functionalizations are carefully
evaluated and compared. The most promising results are obtained employing the functionalization
with aptamers, which are able not only to capture and release almost all tetracycline present in the
initial sample but also to deliver an enriched and simplified solution of antibiotic. These solutions
of purified antibiotics are particularly suitable for further analyses, for example, with innovative
methods, such as label-free detection. On the contrary, the on-chip process based on antibodies could
capture only partially the antibiotics, as well as the protocol based on beads functionalized with small
groups specific for sulfonamides. Therefore, the on-chip purification with aptamers combined with
new portable detection systems opens new possibilities for the development of sensors in the field of
food safety.

Keywords: antibiotic extraction; aptamer functionalization; antibody functionalization;
microfluidic purification

1. Introduction

Antibiotics are widely used both to treat and prevent infections in humans and animals,
and to obtain favorable effects on animal growth. This widespread use has unwanted side
effects, i.e., the possible contamination of the environment and of the food chain [1,2], with,
for example, milk and meat for human consumption that may contain antibiotics [3-5].
In addition, the overuse of antibiotics adversely impacts the onset of antibiotic-resistant
bacterial strains [6,7]. To minimize these problems, legislative bodies limit the amount of
antibiotics that may be found in food for human consumption [8-10]. Besides standard
laboratory technologies, several kind of sensors have been developed and commercialized
to comply with these limits, with the aim of their potential use in small laboratories. These
sensors are mainly based on lateral flow technologies or take advantage of ELISA (enzyme-
linked immunosorbent assay) based methods. All these methodologies, however, suffer
from the drawback of assessing the compliance of the raw food after its collection, implying
that contamination may be spread to several batches of food during its processing, before
the contamination may be detected. Ideally, raw food should be tested in the field at the
beginning of the collection chain, leading to the isolation of contaminated batches from the
following processing chain.
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In this scenario, the development of automated purification methods may lead to
the establishment of in-field usable instruments [11,12], which also allow automated data
communication with centralized facilities. Using purification methods, traces of antibiotics
could be separated from complex food matrices, easing their further analysis with auto-
mated methods [13]. This requires a two-step process, i.e., a first phase, where antibiotics
are bound and the food matrix is removed, and a second phase, where the release of the cap-
tured antibiotics is implemented, using a medium that is far more simple than the original
matrix. Several different capture strategies can be exploited, based on molecular-imprinted
polymers [14], antibodies [15,16], aptamers [17-19] and also taking advantage of specific
interactions that the molecules of interest have with small functional groups [20].

The ideal biosensor for the on-site detection of food contaminations should be able to
process raw food and precisely quantify the possible presence of antibiotics. These charac-
teristics are difficult to obtain in a single system since modern detectors are often based on
label-free methods, such as SPR and electrochemical biosensors. SPR is highly sensitive, but
the equipment is costly and not portable. On the contrary, electrochemical biosensors are
not sensitive enough to apply them to real samples, due to the problem of interface effect
on the electrode surface, which produces an extremely high background that impedes the
proper quantification of biomolecules [21,22]. Many attempts to overcome these problems
and to produce biosensors usable in real settings are based on nanomaterials [23-25], which,
however, need a critical implementation toward the desired application. A combination
among nanomaterials, microfluidics and new sensors could, therefore, increase dramati-
cally the success of developing antibiotic biosensors for real sample detection [12,26]. With
the aim of setting up a microfluidic purification system able to deliver simplified solutions
to an innovative detector, such as the label-free sensors, here, different functionalization
strategies were applied to microbeads inserted in a microfluidic device.

In this work, we focus indeed on the evaluation and comparison of the performance in
terms of the efficiency of antibiotics’ capture and release, and of several binding strategies,
namely aptamers, antibodies and small functional groups, using functionalized magnetic
microbeads as a common platform. Two different kind of microbeads are evaluated,
namely polystyrene based (Dynabeads™) and agarose based (PureCube), carrying different
functional groups, with respect to their performance regarding the purification of the
antibiotics tetracycline, sulfonamides and chloramphenicol.

2. Materials and Methods
2.1. Materials

The following reagents were purchased from Merck Life Science S.r.l. (Milan, Italy):
methanol, acetonitrile, oxalic acid, ethanolamine, glycine, dithiothreitol (DTT), sulfanilic
acid, hydrochloric acid, ammonium hydroxide, ammonium sulphate and all powders for
buffer solutions.

The following microbeads were used: DynabeadsTM M-270 Epoxy (DynaEpoxy) and
Dynabeads™ M-270 Streptavidin (DynaSA) from Thermo Scientific (Waltham, MA, USA);
MAGAR-cN (MagarNA) from Immagina Biotechnology (Trento, Italy); PureCube NHS-
Activated MagBeads (PureCubeNHS) and PureCube Maleimide-Activated MagBeads
(PureCube Maleimide) from Cube Biotech (Monheim am Rhein, Germany).

All aptamers were obtained from IDT Integrated DNA Technologies (Leuven, Bel-
gium). Aptamers are listed in Tables 1 and 2.

Anti-antibiotics antibodies were obtained from Fitzgerald (Fitzgerald Industries In-
ternational; Acton, MA, USA): sheep polyclonal anti-tetracycline antibody (a-TC Ab);
sheep polyclonal anti-chloramphenicol antibody (a-CAF Ab); and rabbit polyclonal anti-
sulfamethazine antibody (a-SMZ Ab). The fluorescent antibody Ab-A568 (rabbit anti-goat
IgG (H+L), Cross-Adsorbed Secondary Antibody, AlexaFluor™568 and protein G were
purchased from Thermo Scientific (Waltham, MA, USA).
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Table 1. List of aptamers tested. Aptamers were all DNA based, except for a-TCmu, which was RNA
based. They were purchased without modifications or with one of the modifications listed in the last
column. Some aptamers were also modified at the 3’ end with a fluorescent label (/36-TAMSp/).
All modifications are referred to the standard nomenclature of the manufacturer. TC: tetracycline;
SDM: sulfadimethoxine; SMZ: sulfamethazine.

Name Sequence (5'-3") Target 5’ Modification
a-TC8 CGGTGG TG TC /5AmMC12/; /5ThioMC6-D/
a-TC40 GTT TGT GTA TTA CAG TTA TGT TAC CCT CAT TTT TCT GAA C TC /5AmMC12/

CGT ACG GAA TTC GCT AGC CCC CCG GCA GGC CAC GGC TTG GGT . . . .
a-TC76 TGG TCC CAC TGC GCG TGG ATC CGA GCT CCA CGT G e /SAmMCI12/; /5ThioMC6-D/; /5Biosg/
TC 1 GGG CCU AAA ACA UAC CAG AUC GCC ACC CGC GCU UUA AUC UGG TC /5Biosg/

a-i-mu AGA GGU GAA GAA UAC GAC CAC CUA GGC UC 8
a-SDM GAG GGC AACGAGTGT TTATAG A SDM /5Biosg/; /5ThioMC6-D/
TTA GCT TAT GCG TTG GCC GGG ATA AGG ATC CAG CCG TTG TAG ATT . . .
a-SMZ TGC GTT CTA ACT CTC SMZ /5Biosg/; /5ThioMC6-D/
1 RNA sequence.
Table 2. List of nonsense (NS) aptamers. All modifications are referred to the standard nomenclature
of the manufacturer.

Name Sequence (5'-3) 5’ Modification
NS-NH;, CCG TCG AGC AGA GTT CCG TCG AGC AGA /5AmMC12//iSp9/
NS-Thio CCG TCG AGC AGA GTT CCG TCG AGC AGA /5ThioMC6-D/ /iSp9/

NS-b GT TGG GCA CGT GTT GTC TCT CTG TGT CTC GTG CCC TTC GCT AGG CCC ACA /5BiotinTEG/

The following buffers were used:

Binding Buffer (BB; used for TC and SMZ): 100 mM NaCl, 2 mM MgCl,, 5 mM KCl,
1 mM CaClp, 20 mM Tris/HCl pH 7.6

Binding Buffer Muller (BBM): 100 mM NaCl, 10 mM MgCl,, 20 mM potassium phos-
phate buffer pH 7.5

Binding and Washing Buffer (B&W): 1 M NaCl, 0.5 mM EDTA, 5 mM Tris/HCI pH 7.5

Coupling Buffer I (CBI): 150 mM NaCl, 100 mM sodium phosphate pH 7.4

Phosphate Buffered Saline (PBS): 138 mM NaCl, 2.7 mM KCI, 10 mM sodium phos-
phate pH 7.4

Binding Buffer SDM (BBSDM): 50 mM NaCl, 5 mM KCl, 5 mM MgCl,, 20 mM
Tris/HCl pH 8

The Istituto Zooprofilattico Sperimentale del Piemonte, Liguria e Valle d’Aosta (IZS-
PLV), provided raw milk and honey, all tested for the absence of antibiotics. IZSPLV also
provided pure tetracycline, sulfonamides and chloramphenicol for spiking solutions.

Microfluidic chips, with four chambers of 100 uL volume each (Rhombic Chamber
Chip eP1, Fluidic Design 221, PMMA, 600 pm depth), were purchased from microfluidic
ChipShop GmbH (Jena, Germany).

2.2. Interaction of Antibiotics with Their Aptamers or Antibodies

The specific recognition of aptamers and antibodies (in this section generally designed
as macromolecules) with their targets was evaluated in solution, using two different
methods: the effect of binding on the intrinsic fluorescence of tetracycline was exploited for
testing the a-TC aptamers [17] (Section 2.2.1), while an equilibrium filtration method [27,28]
was utilized for all aptamers (apart from a-TC8, which is too small for this method), and
for all the antibodies (Section 2.2.2).

2.2.1. Spectrofluorimetric Analysis

Different concentrations of TC were tested for their intrinsic fluorescence signal in
order to optimize the concentration to be used as starting amount. Therefore, TC was
dissolved at fixed nanomolar concentration in a total volume of 1 mL of buffer 100 mM
NaCl, 2 mM MgCl,, 5 mM KCl, 1 mM CaCly, 20 mM sodium phosphate pH 7.6 for a-TCS,
a-TC40 and a-TC76 or BBM for a-TCmu and specific aptamers were added at increasing
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concentrations. The aptamers were titrated in such a way as to not exceed a total volume
increase of 5%. The solution was stirred during each titration step and allowed to equilibrate
for 5 min before data collection (longer incubation time were also tested, without significant
differences in results). Fluorescence spectra were acquired for each titration point with a
SPEX FluorMax spectrofluorimeter (Horiba Instruments Inc., Edison, NJ, USA) at 25 °C.
An excitation wavelength of 370 nm was used to acquire the emission spectrum from 380
to 610 nm. The fluorescence emission signal from 500 to 535 nm was then integrated and
plotted against the aptamer concentration.

2.2.2. Equilibrium Filtration Method

Vials with 100 pL solutions of macromolecules:antibiotic (1:1 volumes) were prepared
at a fixed antibiotic concentration and increasing macromolecule concentration and left
to reach equilibrium for 30 min. Afterwards, the solutions were transferred in the upper
compartment of filters with a nominal cutoff of 10.000 Dalton (Microcon-10kDa Centrifugal
Filter Unit with Ultracel-10 membrane, Merck Life Science S.r.l.; Milan, Italy), or 3.000
Dalton (Amicon Ultra-0.5 Centrifugal Filter Unit, Ultracel-3, Merck Life Science S.r.l.; Milan,
Italy), depending on the MW of the tested aptamer. Then, the solutions were centrifuged
for 8 min at 12.000x g, allowing around 50-60 pL of solution to flow to the lower filter
compartment. The antibiotic concentration found in the flow through is a good estimate of
the free antibiotic present in the original reaction vial. On the other hand, it is expected that
the antibiotic bound to the aptamer is (mostly, see below for details) confined in the upper
filter compartment.

2.2.3. Fit of the Antibiotic-Macromolecule Titration

The amount of bound antibiotic present in the solutions prepared as described above,
was estimated from the saturation parameter v = L/M, i.e., defined as the moles of
bound ligand (antibiotic) per mole of macromolecule (aptamer or antibody), expressed
using the equation from Cantor and Schimmel Biophysical chemistry (section 15-3, [29]).
The parameters obtained from this equation were used to build two different models for
TC fluorescence and equilibrium filtration experiments. The fitting of experimental data
was implemented in Octave v. 6.1.0 [30], with the optim package v.1.6.0, using TeXmacs
v. 2.1.1 [31] as the graphical front-end. The detailed description of the fitting method as
well as the definition of the fitting parameters is detailed in the Supplementary Materials
file. In brief, the equilibrium constant k is obtained in both models, while the fluorescence
yields for the free (Fy) and bound (F,) TC characterize the fit of fluorescence experiments.

Concerning the fit of equilibrium filtration experiments, the fitted parameters are
(alongside k) the filter throughput losses A and the aspecific antibiotic adhesion (TCspecific
—for TC).

2.3. Functionalization of Microbeads

The microbeads were functionalized by adapting the manufacturer’s instructions, as
detailed in the Supplementary Materials file.

DynaEpoxy and PureCubeNHS. These beads were conjugated either to amino-terminated
aptamers or to the primary amines exposed by the basic amino acids in antibodies or in
protein G, used as an intermediate step to better orient the antibody molecules. Finally, Dy-
naEpoxy was conjugated also with sulfanilic acid for the capture of sulfonamides, adapting
the protocol described by Hirsch et al. [32]. All fractions were collected and measured at
the spectrophotometer in order to quantify the bound aptamer/antibody/sulphone groups
(Section 2.4.3).

DynaSA and MagarNA. These beads expose streptavidin on their surface and were
made to react with biotinilated aptamers. Additionally, in this case, the supernatant
collected after reaction was measured, and the amount of bound aptamer was quantified
(Section 2.4.3).
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PureCube Maleimide. Thiolated aptamers, reduced just before use, were conjugated to
these beads, as detailed in the Supplementary Materials.

2.4. Characterization of the Functionalized Microbeads

The binding of aptamers or antibodies to the beads was monitored by binding a
fluorescent aptamer or antibody to the beads and checking the resulting fluorescence via
confocal microscopy. Moreover, all the solutions of aptamer /antibody used for the func-
tionalization of the microbeads were collected and quantified with the spectrophotometer
to indirectly estimate the amount of bound aptamer/antibody. When PureCubeNHS beads
are functionalized, this spectrophotometric determination of the bound aptamer/antibody
is impossible because during the procedure, the NHS group is released, whose absorbance
maximum is close to that of aptamers and antibodjies.

In addition, the XPS analysis was employed for monitoring the functionalization
of beads.

2.4.1. Confocal Analysis

The microbeads functionalized with the fluorescent aptamer or antibody were resus-
pended in PBS, deposited on a microscope slide and covered with a coverslip. A Leica
SP5-1II confocal microscope (Leica Instruments, Wetzlar, Germany), equipped with a he-
lium/neon laser (543 nm), was employed for imaging the beads, acquiring data with a 40 x
objective in air. Images were also acquired using the additional channel of the transmitted
light photomultiplier to image all the microbeads, independently of their functionalization.
Spectral data of functionalized and untreated microbeads were acquired to confirm the
correspondence of the detected light with the fluorescence spectra of the used fluorophores.

2.4.2. XPS Analysis

The XPS analysis is particularly suitable for the chemical characterization of sam-
ples carrying biomolecule layers, as already shown [33]. Samples for XPS measurements
were deposited as 15 pL solutions of microbeads resuspended in pure water, deposited
on1cm x 1 cm substrates of thermally grown silicon oxide, after improving the beads
adhesion with argon plasma treatment (10.5 W, 2 mbar, 1 min). Samples were carefully
dried at room temperature before their introduction in the chamber. XPS analyses were
performed using a Kratos Axis UltraP'P instrument equipped with a hemispherical an-
alyzer and a monochromatic AlKa (1486.6 eV) X-ray source, in spectroscopy mode.For
beads functionalized with sulfanilic acid, O 1s, C 1s, N 1s, S 2p core lines were acquired,
while for beads functionalized with a-TC Ab, O 1s, C 1s, N 1s, and Si 2p core lines were
measured. XPS quantification was performed using the instrument sensitivity factors and
the high-resolution spectra. Charge compensation was achieved using a charge neutralizer
located at the bottom of the electrostatic input lens system. The quantification, reported as a
relative elemental percentage, was performed by using the integrated area of the fitted core
lines and by correcting for the atomic sensitivity factors. XPS data analysis was performed
using the software described in Speranza and Canteri [34].

2.4.3. Spectrophotometric Analysis

All solutions produced during the functionalization of microbeads as well as the stock
solutions added to the beads were collected and measured at the spectrophotometer (Jasco
V-550) to check the amount of aptamer/antibody present. Spectra from 190 to 340 nm
were acquired and the absorbance at 260 (aptamers) or 280 nm (antibodies) was used to
quantify the amount of aptamers (considering Aysy ssSDNA = 33 pg/mL) and antibodies
(considering an approximate e»gpIgG = 210,000).

2.5. Binding/Elution Test

The binding of antibiotics to their specific targets, which are bound to microbeads,
was studied both in 1.5 mL vials and using fluidic microdevices. The test in vials started
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from the functionalized microbeads, which are incubated with the antibiotics at fixed
concentrations for 1 h at room temperature using a tilting and rotation mixer. At the end of
incubation, the vials were mounted on a magnet, the supernatant was collected (unbound
antibiotic), and the microbeads were washed for at least three times with the suitable
binding buffer. Then, different conditions of ionic strength, pH, and temperature were
tested for the elution of the antibiotics. A final washing step was then performed. All
fractions were collected for quantification in HPLC.

The binding test performed on the microfluidic chip was adapted from Lunelli et al. [20]
and is schematized in Figure 1. Briefly, a microfluidic PMMA chip was mounted on the
ChipGenie ®edition P device (microfluidic ChipShop, Jena, Germany; in Figure 1b) and
fluids were injected in the chip chamber inlets with two disposable syringes actuated by
two syringe pumps (Legato 185, KD Scientific, Holliston, MA, USA; in Figure 1a). The chip
chambers were filled with functionalized magnetic beads at the beginning of the experiment
(typically 30 pL diluted in 350 pL of suitable buffer), and the solutions containing known
amounts of antibiotic were loaded in the microdevice (step in Figure 1c). The antibiotic
is captured on the beads’ surfaces, while all the unwanted materials present in the raw
matrix are washed away with the buffer. The antibiotic is then released with the proper
elution condition (high ionic strength solutions, extreme pH, and temperature). Finally,
a washing step with buffer is performed. All fractions were collected from the outlet for
the quantification via HPLC (step in Figure 1d). Concerning the milk experiment, no
preliminary treatments or dilution in the binding buffer was performed before the spiking
of TC. Honey instead required a preliminary dilution of 5 times in the binding buffer.

HPLC

TC capture on functionalized beads

TC release
magnet

Figure 1. Scheme of the microfluidic purification of antibiotics. Two syringe pumps (a) inject the fluids
into a microfluidic chip positioned on a device (b) equipped with a magnet. The chip, previously filled
with the functionalized magnetic microbeads, is fluxed with a solution containing the antibiotics (TC;
step (c)), which are captured by the beads. When a suitable elution solution is fluxed, the antibiotics
are released from the beads and collected for analysis with HPLC (d).

2.6. Quantification of Antibiotic Solutions

The antibiotic present in the fractions collected during the binding/elution test (both
in 1.5 mL vial and microdevice) was quantified by means of a Shimadzu (Kyoto, Japan)
HPLC instrument. The instrument was equipped with the UV /Vis Detector SPD-20A,
the Shimadzu prominence Communications Bus Module CBM-20A, the binary pump
system Liquid Chromatograph LC- 20AB and with a degasser (Waters™ In-Line Degasser)
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to improve HPLC performance. Fractions, after centrifugation at 21,000x g for 10 min,
were manually injected through a Rheodyne® model 7725i injector connected with a
50 pL loop and passed through a precolumn Security Guard™ by Phenomenex® before
separation by means of an inverse phase column (Luna® C18 by Phenomenex®, 5 um,
10 nm, 250 mm x 3 mm), acquiring data with the software provided with the instrument
(LCSolution). The mobile phase for tetracycline was oxalic acid 0.01 M, pH 2.7 (solvent
A), and the gradient was obtained with methanol and acetonitrile in a 1.5:1 ratio (solvent
B). Flux was set to 0.35 mL/min. The separation method was the following: 10% solvent
B for 5 min, and gradient up to 58% of solvent B in 20 min. For the quantification of
sulfonamides, 0.05 M sodium acetate pH 4.8 was used as a mobile phase (solvent A) and
pure acetonitrile as solvent B. The separation method was gradient from 20% of solvent B
to 50% B in 23 min, and 1 min up to 70% B. For the quantification of chloramphenicol, 0.1%
formic acid in water was used as solvent A and 0.1% formic acid in acetonitrile as solvent
B, while the separation method was 20% of solvent B for 5 min, gradient up to 95% B in
15 min. A calibration curve was obtained for each antibiotic by injecting known amounts of
antibiotic in HPLC; the fit of this curve allowed the precise quantification of the antibiotic
present in each fraction.

3. Results and Discussion

Different strategies implementable on microfluidic devices were tested, and their per-
formance in terms of antibiotics capture and release were compared. All strategies are based
on the use of microbeads exposing different functional groups, which were exploited for the
specific functionalization either with aptamers (Figure 2, strategy a), or antibodies (Figure 2,
strategy b), or small molecules such as sulfanilic acid (Figure 2, strategy c). The morphology
of all the tested microbeads was checked by field-emission scanning electron microscopy
before functionalization (Figure S1 of Supplementary Materials). The functionalization
of beads was carefully monitored as well as the interaction of aptamers/antibodies with
their specific targets before using the functionalized beads for the on-chip purification
of antibiotics.
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Figure 2. Strategies for the purification of antibiotics. Beads exposing specific functional groups are
covalently coupled to the recognition element (functionalization), which binds its antibiotic target
(antibiotic capture). Molecules present in the matrix are washed away, while the antibiotic is retained.
By changing the environmental conditions (pH, ionic strength, temperature), the antibiotic is released
(antibiotic elution) and collected for further analyses. (a) Strategy based on beads functionalized
with aptamers as recognition element; (b) strategy based on beads functionalized with antibodies
as recognition element; (c) strategy based on beads functionalized with sulfone groups for the
purification of sulfonamides.
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3.1. Strategy Based on Beads Functionalized with Aptamers

The first strategy explored for the microfluidic purification of antibiotics possibly
present as contaminants in food, is based on the specific interaction of aptamers with their
target antibiotics. Many aptamers are reported in the literature as specific for antibiotics,
in particular, for TC. Here, four aptamers recognizing TC were selected and tested (see
Table 1): a-TC76, a DNA-aptamer 76 nucleotides long and two shorter DNA aptamers, a-
TC40 and a-TCS, partially sharing the same sequence as a-TC76 [35-37]. A fourth aptamer
based on a RNA sequence was also tested [17]. In addition, two aptamers specific for
sulfonamides were analyzed, i.e., a-SDM [38] and a-SMZ [18,39].

3.1.1. Aptamers—Antibiotics-Free Interaction in Solution

(a) Fluorescence test

The binding affinity of anti-TC aptamers was tested in solution, exploiting the intrinsic
fluorescence of TC [17], which may change when aptamers interact with the antibiotic.
Starting from a fixed nanomolar amount of TC, increasing amounts of aptamers were
added, and the fluorescence spectra were acquired. When the aptamer binds to TC, the
fluorescence signal changes from Fy - TC and tends to F, - TC at high aptamer concentration.
This leads to an increase in fluorescence, if F, > Fy. The experimental binding plots
are reported in Figure 3a—c. As can be observed, only the a-TCmu aptamer leads to a
measurable increase in fluorescence, obtaining in this case a value of ~ 60 nM for the
equilibrium constant k, and an increase of ~~ 12 times for the tetracycline fluorescence yield,
when bound. When a-TC8 (data not shown), a-TC40 and a-TC76 are employed, instead, no
measurable changes in fluorescence intensity are detected. Correspondingly, in these cases,
Fy ~ Fy is obtained from the fit and no k values can be obtained for these aptamers with
this method.

(b) Equilibrium filtration test

The anti-TC aptamers were then tested with the equilibrium filtration method
(Figure 3d—f). Because of its very low MW (2830 dalton), well below the nominal fil-
ter cutoff of 10 kD and 3 kD, a-TC8 was not tested. The parameters obtained from the fitting
procedure are summarized in Table 3. The value of k obtained for the a-TCmu aptamer
compares very well with the value obtained with the fluorescence method. For the a-TC40
aptamer, a k of the same order of magnitude is obtained, while for the a-TC76 aptamer,
a much lower binding is measured. Note that when the a-TC40 aptamer is employed,
a noticeable filter leakage is detected, as expected considering the MW of this aptamer
(13 kD), not far from the filter cutoff of 10 kD.

Table 3. Parameters obtained from data fitting of the equilibrium filtration test for the interaction of

aptamers with TC.
Aptamer k (nM) A TCaspecific mM)
a-TC40 100 0.53 12.4
a-TC76 1.4 x 10* 0 29
a-TCmu 64 ~0 35

The same test was performed on SMZ and SDM sulfonamides, using a-SMZ and
a-SDM aptamers, respectively. Unfortunately, as shown by the plots reported in Figure 4,
no effect of binding was detected. In fact, the k value of a-SMZ results far higher than the
range of explored aptamer concentration, i.e., larger than 2.5 pM. Therefore, in the tested
conditions, no apparent interaction of SDM neither of SMZ with their specific aptamers
was observed. To be noted, the filtration test with the a-SDM aptamer was performed with
filters of 3 kD nominal cutoff since the MW of the a-SDM aptamer is approximately 7.4 kD,
i.e., lower than the cutoff of the standard filters used for all other aptamers.
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Figure 3. Binding tests of tetracycline and aptamers: circles (experimental data), dashed lines (fit).
Fluorescence emission data for TC incubated with aptamer a-TC40 (a), a-TC76 (b) and for a-TCmu
(c). Data obtained with a-TC8 are similar to (b). Data obtained with the filtration test for tetracycline
and a-TC40 aptamer (d), a-TC76 aptamer (e) and a-TCmu aptamer (f).
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Figure 4. Filtration test of sulfonamides. (a) Data obtained with sulfadimethoxine and a-SDM
aptamer. (b) Data obtained with sulfamethazine and a-SMZ aptamer. Y axes show the concentration
of antibiotic present in the filter flow through.

3.1.2. Functionalization of Microbeads with Aptamers

The ideal conditions for the interaction aptamer target could be very different when
this couple is present in a solution with respect to having the aptamer bound to the
microbeads surface. For this reason, aptamers were coupled to beads different for the di-
mensions, material and exposed chemical group (for reference, see [40]). Amino-terminated
aptamers were covalently conjugated to beads exposing epoxy or NHS groups, while
thiolated aptamers were covalently conjugated to maleimide beads and biotinilated ap-
tamers to beads coated with streptavidin or neutravidin. The binding was verified with
a spectrophotometer, when possible, and by confocal analysis, using labeled aptamers.
Figure 5 shows some examples of beads carrying different chemistry (epoxy—amino in (a),
streptavidin-biotin in (b) and maleimide-thiol conjugation in (c)), after their functionaliza-
tion with aptamers. For the confocal analysis, all aptamers employed were synthesized
with a suitable reactive group at 5’ end and a fluorophore at the 3’ end. All types of
chemistry worked well concerning the binding of the aptamers, independently of the beads
dimensions (in the range from few pm to tens of pm) and materials (polymers vs. agarose).
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After aptamer binding, all beads were fluorescent (by comparison with pictures of the
same area, acquired using transmitted light, data not shown), indicating a good yield of
the aptamer conjugation.

(a) (b) ()

Figure 5. Confocal analysis of fluorescent aptamers bound to beads: DynaEpoxy beads conjugated
with a-TC8 labeled with TAMRA (a), DynaSA conjugated with a-TC40 TAMRA (b), and PureCube
Maleimide with a-TC76 TAMRA. Scale bars represent 20 um in panels (a,b), while in (c) is referred to
40 pm.

3.1.3. Capture and Release of Antibiotics from Functionalized Microbeads

Upon assessing the conjugation of aptamers to the microbeads, a binding test was
setup, firstly in vial and then on-chip. The different microbeads functionalized with anti-
antibiotic aptamers were incubated with the corresponding antibiotic and solutions were
collected after each step of the test (unbound, washes, elution, and final wash). All the
collected fractions were quantified via HPLC in order to estimate the amount of antibiotic
captured and released from aptamer-functionalized beads. All the a-TC aptamers bound
to DynaEpoxy beads captured a good amount of the target, significantly higher than the
nonsense (NS) aptamer (Figure 6, panel a), but no elution was observed. However, when a
different elution step, i.e., glycine 100 mM pH 2.3, was implemented for a-TC8 and a-TC40
bound to DynaEpoxy, the percentage of eluted TC was between 9 and 11%, and similar
results were obtained with these two aptamers conjugated to PureCubeNHS beads.

Moving on to a-TC aptamers conjugated via thiol chemistry to PureCube Maleimide
beads, they seem to capture a quite good amount of TC and also the eluted TC seems in
good percentage (Figure 6, panel b). Unfortunately, the NS aptamers gave in this case
similar performance results. Finally, among biotinylated aptamers bound to DynaSA beads
a-TCmu stands out both for the capture and elution of TC (Figure 6, panel c). This RNA
aptamer resulted then as the most promising aptamer for the on-chip purification of TC.

The anti-sulfonamides aptamers were also tested in similar conditions, obtaining a
small capture of SMZ (around 2%) by the a-SMZ-b aptamer bound to DynaSA, while no
capture of SDM could be measured with the same chemistry, i.e., a-SMZ-b and DynaSA
(data not shown). Analogously, as expected, no elution was observed for both the tested
sulfonamides. To be noted, both aptamers are conjugated to the beads, as verified with the
spectrophotometric analysis. Nevertheless, these results are in good agreement with the
data of filtration test (Figure 4).

The binding test performed in vials allowed to select the most promising aptamer for
the implementation of the on-chip purification of antibiotics. The a-TCmu aptamer was
selected for the purification of tetracycline, binding its biotinylated form to MagarNA or
DynaSA beads. The functionalized beads were inserted in the chip chamber and TC was
fluxed at the lowest TC concentration allowed in milk (maximum residue limit or MRL
of 100 ng/kg or 0.1 ng/pL [8,9]), and then eluted with a high ionic strength solution or
with high temperature in order to promote a structural change in the aptamer sequence,
releasing TC. Fractions of the flowing solutions were collected during the experiment and
quantified (Figure 7). Different amounts of functionalized MagarNA beads were tested
(Figure 7, panel a), finding a higher TC recovery when a double amount of beads was used,
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while 3 times more beads did not further improve the purification performance results.
Moreover, two different conditions were tested for TC elution, i.e., 2 M NaCl (high ionic
strength) and high temperature (75 °C in water), as shown in Figure 7, panel b. In all the
tested conditions, TC not only could be purified from the starting solution but was also
concentrated up to two times in the eluted fractions. Interestingly, the elution in water
is particularly promising since TC could be further concentrated by evaporating water
without any contaminants. This result opens the way for a sensitive detection and analysis
of pre-purified antibiotics with modern technologies, such as label-free methods. Moreover,
the possibility to concentrate antibiotics with respect to the initial sample could be crucial
for detecting minute traces of antibiotic residues.

Given the good results obtained starting from TC spiked in buffer (Figure 7), the
on-chip purification was extended to TC in milk or honey. Unfortunately, 0.1 ng/pL of TC
spiked in raw milk or in milk diluted with binding buffer up to 10 times gave no positive
results, possibly because of the matrix effects on the capture of TC by a-TCmu. A similar
protocol was tested for TC spiked in honey diluted 5 times in binding buffer, at 1 ng/uL
concentration. In this case, a little amount of TC could be recovered (TC/TCO for e2 fraction
was 0.05; elution was performed at high temperature) but far from the results obtained for
the on-chip purification of TC spiked in buffer. A possible explanation of this result is that
honey contains many different compounds able to interfere with the aptamer—antibiotic
binding [41,42]. Good binding results are indeed reported only when honey is treated to a
great extent before analysis [43]. Similarly, analogous data were obtained when TC spiked
in raw milk was processed on PureCubeNHS beads functionalized with a-TC8 aptamer
(TC/TCO for the eluted fraction e2). Additionally, milk contains several compounds that
could interfere with the aptamer-antibiotic binding [44,45], while this adverse effect is less
present when the interaction of antibiotics is mediated by small molecules or even ions [20].
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Figure 6. Binding of tetracycline to beads functionalized with aptamers. The percentage of TC is
referred to the initial antibiotic added to the beads and set as 100% TC. (a) Beads exposing epoxy
groups functionalized with amino-terminated aptamers; (b) beads exposing maleimide groups
functionalized with thiol-terminated aptamers; (c) beads exposing streptavidin functionalized with
biotin at 5. The elution step was performed with 2 M NaCl and heating at 80 °C. All reactions
were carried out in 1.5 mL vial, fractions of each step were collected and quantified with HPLC. NS:
nonsense aptamers. Means and standard errors are reported.
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Figure 7. Microfluidic test. MagarNA beads (a) or DynaSA beads (b) were functionalized with
a-TCmu aptamer and inserted in a 100 pL chip chamber before fluxing TC at 0.1 ng/uL concentration
(fraction named 0). Consecutive fractions were collected and quantified with HPLC: fraction 1
represents unbound TC, fractions w1 and w2 are two successive washes, fractions el-e3 represent
eluted TC and fraction fw is the final wash. In (a) different amount of functionalized beads are
tested, while in (b) different elution methods are shown, i.e., high ionic strength (2M NaCl) and high
temperature (water at 75 °C).

3.2. Strategy Based on Beads Functionalized with Antibodies

Besides aptamers, antibodies recognizing antibiotics have been developed despite the
difficulty given by the small size of the antibiotic molecules [46,47]. Antibodies or protein
G were covalently conjugated to epoxy or NHS beads. When protein G is bound, the
antibodies are specifically bound to protein G with their Fc region, obtaining an oriented
layer of antibodies (see for details [40]). Three antibodies recognizing antibiotics belonging
to three different classes were selected to implement the on-chip purification based on
microbeads functionalized with a-TC Ab, a-SMZ Ab and a-CAF Ab, respectively (strategy
b in Figure 2).

3.2.1. Antibodies-Antibiotics Free Interaction in Solution

As reported for aptamers in Section 3.1.1, also the antibody—antibiotic interaction was
evaluated in solution using the equilibrium filtration method. Figure 8 reports the data
obtained for the antibiotics TC, CAF and SMZ. The corresponding values of k are reported
in Table 4. While a detectable interaction was obtained for TC and CAF, again, as obtained
with the a-SMZ aptamer, no measurable interaction was found for SMZ.

Since the interaction in solution or on the microbeads surface could give different
results, the binding test was performed for all the three antibodies conjugated to the
respective microbeads.
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Figure 8. Characterization of binding between TC/CAF/SMZ and their Abs in solution (filtration test).
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Table 4. Parameters obtained from data fitting of the equilibrium filtration test for the interaction of
antibodies with their target antibiotics. ND: not determined.

Antibody k (uM) A Lspecific (nM)
a-TC Ab 1.6 0 33
a-CAF Ab 0.6 0 25

a-SMZ Ab ND - -

3.2.2. Characterization of the Antibody Binding to the Microbeads

Before testing the binding of antibiotics to the functionalized beads, the successful
conjugation of antibodies to the surface of both DynaEpoxy and PureCubeNHS was verified
with the confocal analysis. A fluorescent antibody (Ab-A568) was conjugated following
the same protocol developed for DynaEpoxy beads (i.e., binding of ptG to epoxy groups
through amino residues, followed by passivation with ethanolamine and incubation with
the proper antibody; see Section 2.3) or for PureCubeNHS and then was measured with the
confocal microscope. All beads were found to be coated with the fluorescent antibody, as
clearly visible in Figure 9), and as resulted from the comparison of same areas acquired
using transmitted light (data not shown).

For DynaEpoxy beads, a quantification of the amount of antibodies bound to the beads
was possible via spectrophotometric analysis, while unfortunately this was not possible
for PureCubeNHS, which released the NHS group during the conjugation process. The
NHS group absorbs near the typical protein absorption band (i.e., 260-280 nm), giving
as a result a broad peak comprising both phenomena. a-TC Ab was selected for the
characterization of the binding to the DynaEpoxy beads, finding a percentage of bound
antibody of (33 + 15) % and (1.2 + 0.3) x10!2 molecules of antibody/cm? of beads surface,
starting from the 0.3 mg/mL of antibody added during beads-Ab incubation.

The successful functionalization with antibody was checked for DynaEpoxy beads
and a-TC Ab also with XPS measurements, acquiring the N 1s signal. DynaEpoxy indeed
presents a small amount of nitrogen on its surface before functionalization (sample named
“DynaEpoxy” in table 5), but this quantity increases when protein G is conjugated to the
surface and even more when a-TC Ab is bound (Table 5), attesting to the correct binding
of molecules after each step of conjugation. Taken together, these results indicate that
DynaEpoxy was correctly functionalized with a-TC Ab. Unfortunately, the XPS analysis
was not informative for PureCubeNHS since the signal related to the nitrogen content of
antibody could not be distinguished from the much stronger nitrogen signal of NHS group,
already present on the surface of the untreated beads.

(a) (b)

Figure 9. Characterization of the binding of a fluorescent antibody to beads (confocal analysis).

Ab-A568 was conjugated either to DynaEpoxy beads coated with protein G (a), or to PureCubeNHS
beads (b). Scale bars represent 20 pm.
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Table 5. Elemental composition (%) determined by XPS analysis. The error does not exceed the 1-2%
of the reported value.

Sample O (%) N (%) C (%) Si (%)
DynaEpoxy 32.0 3.9 61.3 2.8
DynaEpoxy + pt G 28.3 4.1 65.4 2.2
DynaEpoxy + pt G +
EA + a-TC Ab 28.9 5.2 64.4 1.6

3.2.3. Binding/Elution Test Using Antibodies

The microbeads functionalized with antibodies were tested for the specific capture
and release of their respective antibiotics (Figure 10). Starting from DynaEpoxy beads
conjugated with a-TC Ab, the conditions for TC elution were studied in terms of tem-
perature, ionic strength, extreme pH and ion chelators (Figure 10a). All these conditions
are expected to perturb the interaction between a-TC Ab and TC, releasing the antibiotic
in solution for further analyses. Among the different conditions tested, the elution with
citrate, i.e., 100 mM citrate pH 3, gave better TC recovery, and therefore, citrate was selected
as the preferred elution buffer for further tests. a-TC Ab was also used to functionalize
PureCubeNHS beads to compare the performance of the two types of microbeads in similar
conditions (1 mg/mL a-TC Ab, 1 ng/pL TC, elution with citrate; Figure 10a,b). The capture
and especially the release of TC was higher when PureCubeNHS was used, resulting then
in being more promising for evaluating the performance of the other antibodies. Pure-
CubeNHS was therefore functionalized with the three different antibodies at the same
initial concentration, i.e., 0.3 mg/mL (Figure 10b). The same amount of the three antibiotics
(i.e., 1 ng/nL) was incubated with the matching antibody-functionalized beads, finding
both good binding and good recovery for a-TC Ab and a-CAF Ab, while for a-SMZ Ab
binding, and especially elution, lower performance results were observed. These data are
indeed in good agreement with the results obtained with the filtration test (Figure 8 and
Table 4).

Beside tests in vials, a-TC Ab was selected as case study for setting up the on-chip
purification of TC through both types of microbeads (Figure 10c). A solution of 0.1 ng/pL
of TC spiked in binding buffer, i.e., the lower amount allowed by regulations, was flowed
in the chip filled with the functionalized microbeads, and the collected fractions were quan-
tified by HPLC. Again, the PureCubeNHS beads are able to release slightly more TC than
DynaEpoxy. However, these findings clearly indicate a much worse performance, when
compared with those obtained with aptamers in similar conditions (Figure 7), suggesting
not to proceed with testing the on-chip purification of antibiotics spiked in raw food.
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Figure 10. Binding and release of antibiotics from beads functionalized with antibodies. (a) Binding
to DynaEpoxy beads functionalized with a-TC-Ab through protein G and elution of TC with different
conditions. The percentage of TC is referred to the initial amount of antibiotic added to beads, set as
100%. (b) Binding of different antibiotics to PureCubeNHS beads functionalized with the respective
antibodies and elution with citrate. (¢) On-chip purification of TC captured by a-TC Ab bound to
PureCubeNHS (solid squares) or DynaEpoxy (open circles).
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3.3. Strategy Based on Small Molecules (Sulfanilic Acid)

The third strategy considered for capturing antibiotics on the functionalized mi-
crobeads relies on the binding of small molecules to the beads surface in order to expose
suitable chemical groups (Figure 2, strategy c). This strategy was demonstrated as very
promising for TC purification by means of microbeads exposing copper ions [20], with the
only limit to be valid solely for tetracyclines.

3.3.1. Characterization of Sulfanilic Acid Binding

Here, sulfanilic acid was reacted with DynaEpoxy or PureCubeNHS beads in order
to introduce a strong negatively charged group (SO;), able to capture sulfonamides in
acid environment. The correct functionalization was verified for DynaEpoxy treated with
sulfanilic acid via XPS analysis (Table 6). Untreated DynaEpoxy does not contain any sulfur,
and therefore the presence of S 2p is only due to the reaction of sulfanilic acid. On treated
DynaEpoxy beads, indeed, a small but detectable amount of sulfur is found (Table 6).

XPS analysis was performed also on PureCubeNHS beads before and after the treat-
ment with sulfanilic acid, but in this case, no differences were observed, indicating that
sulfur, if present, is below the sensitivity of this technique.

Table 6. Elemental composition (%) determined by XPS analysis. The error does not exceed the 1-2%
of the reported value.

Sample 0 (%) N (%) C (%) S (%)
DynaEpoxy 28.7 4.1 67.2 0.0
DynaFpoxy + 275 44 68.0 0.1

sulfanilic acid

3.3.2. Binding /Elution Test

DynaEpoxy beads functionalized with sulfanilic acid were tested for the binding and
elution of two sulfonamides, i.e., SMZ and SDM (Figure 11). The best performance reuslts
in terms of both the capture and release of antibiotics were obtained for SDM, while SMZ
was bound in a little amount (8%) to the beads and eluted in an even minor amount (2%).
The binding test was performed also with PureCubeNHS beads and SMZ, finding an even
smaller binding of the antibiotic (4 £ 2%) and no detectable elution. The quite good result
obtained using DynaEpoxy beads and SDM, however, requires harsh binding conditions
(HC10.1 M) as well as quite harsh elution conditions (NaOH 28%/methanol in 35/65 v/v
ratio), making this strategy quite difficult for raw food processing. Moreover, these harsh
conditions hinder the use of the eluted antibiotic for further analyses without any treatment,
making, in this way, the whole idea behind the purification process ineffective.

35

DynaEpoxy
[ bound sulfonamide
30 4 [ eluted sulfonamide

sulfonamide (%)

0

SMZ SDM

Figure 11. Binding and elution test of sulfonamides from DynaEpoxy beads functionalized with
sulfanilic acid. The percentage of sulfonamides is referred to the initial amount of antibiotic present
in the reaction.
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4. Conclusions

The microfluidic purification of antibiotics could be a powerful instrument to detect
traces of residual antibiotics in food before they enter the food chain, becoming a great
issue for human health and for the environment. Microbeads inserted into a microchamber
lead to an increased surface-to-volume ratio of the microdevice. Therefore, if properly
functionalized, they have a huge potential in purifying and concentrating also diluted
antibiotics for easier quantification. Combining the two technologies, i.e., microfluidic
and functionalized microbeads, could offer an improved approach toward an efficient,
rapid, automated and easy-to-use analysis. Here, three strategies were evaluated for
the functionalization of microbeads and used for binding and eluting antibiotics. Every
strategy has its own pros and cons, but taking together all the presented results, the most
promising strategy for the on-chip purification of antibiotics seems to be the strategy based
on aptamers. Aptamers gave the highest yield in antibiotic capture and, at least one
aptamer (i.e., a-TCmu), was able to concentrate almost two times the initial amount of
antibiotics. Unfortunately, all the strategies evaluated in this paper showed some weak
points when applied to the purification of antibiotics directly from raw food, leaving room
for improvement in the interactions between the target and its ligand in complex food
matrices, such as milk or honey.
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titration; Methods: Functionalization of microbeads. Figure S1: FE-SEM analysis of the morphology
of all types of microbeads used in this study.
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Abstract: Uniform and stable droplet generation is critical for accurate and efficient digital nucleic
acid analysis (ANAA). In this study, an integrated microfluidic step emulsification device with wide-
range droplet generation capability, small device dimensions, convenient fabrication strategy, low
contamination and high robustness was developed. A tree-shaped droplet generation nozzle distri-
bution design was proposed to increase the uniformity of droplet generation by equating flow rates,
and the flow field in the design was numerically simulated. Theoretical analysis and comparative
experiments on droplet size were performed regarding the influences of nozzle dimensions and
surface properties. With incubation and hydrophobic reagent treatment, droplets as small as 73.1 um
were generated with multiplex nozzles of 18 um (h) x 80 pm (w). The droplets were then collected
into a standard PCR tube and an on-chip monolayer droplet collection chamber, without manual
transfer and sample contamination. The oil-to-sample volume ratio in the PCR tube was recorded
during collection. In the end, the droplets generated and collected using the microfluidic device
proved to be stable and uniform for nucleic acid amplification and detection. This study provides
reliable characteristic information for the design and fabrication of a micro-droplet generation device,
and represents a promising approach for the realization of a three-in-one dNAA device under a step
emulsification method.

Keywords: step emulsification; micro-droplet; integrated microfluidic chip; nucleic acid detection

1. Introduction

Nucleic acid amplification techniques can increase target nucleic acids into millions of
copies in dozens of amplification cycles. It has been widely used in scenarios such as food
safety evaluation, forensic identification, clinical diagnosis, and particularly during epi-
demiological investigation under the coronavirus disease 2019 (COVID-19) pandemic [1,2].

DNAA is a method used for the absolute quantification of nucleic acid molecules.
Samples are divided into enormous amounts of micro units with homogeneous volumes,
and then every unit undergoes an amplification process. The unit signals are read out
based on fluorescence detection, and the ratio of positive droplets to total droplets can be
obtained to calculate target nucleic acid concentrations [3].

Based on the insolubility between oil and water, droplet ANAA (ddNAA) is one of
the dNAA methods that disperses sample solutions into micro-droplets in an oil phase
fluid, using microfluidic approaches such as flow focusing, coaxial flow, step emulsification,
ink-jetting, ultrasound excitation, oscillating, etc. [4-9]. For a certain volume of sample
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solution, generating droplets with smaller sizes means larger numbers of droplets would
be obtained, which leads to a higher detection sensibility. For a 20 puL sample liquid,
typically 20,000-50,000 droplets are generated in the ddNAA process [10]. Therefore, high-
throughput droplet generation is significantly essential for investigation applications that
require fast test results.

Commercial microfluidic chips using the flow focusing method can disperse 20 pL
of sample mixture into 90 um-120 pm diameter droplets in 1.5 min-5 min, mainly under
shearing forces induced by the oil phase’s hydraulic force, but this method usually requires
a channel width of less than 80 um [11]. The fabrication difficulty and cost at such scale
are relatively high, regardless of soft lithography or precision machining, especially for
lab research and product prototyping applications. For microfluidic chips with larger
microchannel scales, small droplets can be obtained by raising the oil-to-sample volume
ratio. However, this results in wasted oil phase and poor amplification performance.
Moreover, the droplet size is extremely sensitive to the flow rates of the two phases in the
flow focusing method and T-junction method, which requires a precise flow rate control
group [12,13]. Step emulsification takes advantage of the density difference between the
two phases to enhance the Plateau-Rayleigh instability [14], and it is easier for the disperse
phase to form droplets under surface tension. Furthermore, the generated droplet diameter
is not sensitive to small flow rates until it encounters a sudden rise at a flow rate threshold
where the droplet generation principle transitions. Compared to generating droplets with
the same diameter by the flow focusing method, larger channel dimensions and easier flow
rate control in a step emulsification system can satisfy the same requirement.

Research involving multiple forms of devices has been conducted to help realize
ddNAA with a step emulsification method in recent years. In 2017, Ofner fabricated a
high throughput chip via glass etching [15]. The chip contains 364 microfluidic channels
(step from 20 pm to 120 um) in a comb-shaped distribution, and the total generation flow
rate can reach 25 mL/h. Droplets of 81 um diameter were generated. The glass chip is
reusable for its compatibility with a high-temperature autoclave, but hydrophilic glass is not
suitable for nucleic acid solution droplet generation. In 2021, Shi proposed a microfluidic
emulsification device that relied on centrifugal force [16]. A microfluidic nozzle (step
from 40 um to 180 um) fabricated with two-step soft lithography was connected with a
sample chamber, and a 2 cm X 2 cm droplet chamber was preloaded with the oil phase.
With a centrifuge rotor, the solution for SARS-CoV-2 N gene detection via droplet digital
loop-mediated isothermal amplification (dAdLAMP) can be dispersed into 130-175 pm
diameter droplets. In 2020, Li generated droplets based on an asymmetrical beveled
capillary [17]. The droplet diameter was proven to have a linear relationship with the
capillary inner diameter. Droplets of deoxyribonucleic acid (DNA) samples were collected
and successfully amplified. Furthermore, in 2020, Schulz designed a cartridge with eight
emulsification nozzles in a brush-shaped distribution, and the cartridge can fit into a 2 mL
standard polymerase chain reaction (PCR) tube [18]. As many as 6 x 10° droplets of a
66 um diameter were generated by centrifuging the tube in less than 10 min. The droplets
were then amplified directly in the 2 mL tube with droplet dPCR (ddPCR) and ddLAMP
reagents. Later in 2021, Schlenker, from the same group, proposed a four-plex ddPCR based
on a LabDisk [19]. The LabDisk contains 12 ddPCR units, and for each ddPCR unit, 6 uLL
of emulsification oil and 8 uL of PCR oil were used. Droplets of 82.7 um can be generated
from the single-step emulsification nozzle in the unit, and then amplified and read out
within a pyramidal PCR collecting chamber. The droplets were generated under centrifugal
force, using a centrifugal device instead of syringe pumps, which is inconvenient for
miniaturization and portability. Peng, in 2021, proposed a compact massive microfluidic
device that can be integrated into a PCR tube [20]. The PDMS devices, in three shapes,
contained 18-24 nozzles in a circumferential distribution, and were fabricated based on
two-step lithography. Droplets can be generated continuously without extra oil supply
after premium addition in Peng’s design, but the droplets need to be manually transferred
to a PCR tube for amplification. Among all of the above research examples, using in-
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tube cartridges involves contamination processes, such as cartridge removal or droplets
pipetting before/after amplification, whereas on-chip droplets storage usually leads to
limited droplet amounts or bulk device volumes.

Moreover, most collecting tubes and monolayer droplet collecting chambers are cus-
tomized, and are incompatible with commercial amplification devices. In developing a step
emulsification microfluidic device integrated with droplet generation, droplet amplification
and droplet detection (three-in-one device) facilities would be convenient for the realization
of low-contamination ddNAA nucleic acid quantification.

To improve the performance of step emulsification devices for nucleic acid analysis
applications, this study proposed a novel microfluidic chip that can be manufactured with
a convenient and cost-efficient method, and operates with fewer manual transfer processes.
The chip mold fabrication requires only one-step lithography, domestic printing and a
domestic UV exposure device. The pressure and flow rate imbalances at the nozzles caused
by nozzle distribution were studied and optimized, since these imbalances lead to irregular
droplet sizes and/or only a few nozzles that can emulsify the sample [21]. Via simulation,
the optimized 16-channel tree-shaped nozzle distribution was proven to have a better flow
rate distribution. The entire chip design is compact, and the microstructure is compatible
with an on-chip collecting chamber and PCR tube. The influences of microfluidic channel
dimensions and surface treatments on the sample droplet size were recorded and analyzed.
The collected droplets have a wide size range, a good sample-to-oil ratio, and remain stable
after amplification. The experimental results prove that the homemade PDMS chip can
be used as a highly efficient, reliable and integrated device for digital droplet nucleic acid
analysis applications.

2. Materials and Methods
2.1. Characterization of Droplet Generation in Microchannel

During step emulsification, the water phase samples were separated into microscale
monodisperse droplets in the oil phase, under the combined effect of Laplace pressure
difference, gravitational forces induced by the density difference of the two phases, iner-
tial forces, surface tension forces and viscous forces, among which the Laplace pressure
difference has less influence than the others in our study. From previous research and
our preliminary experiments, micro-droplets generation would transform into extra-large
droplets generation or jet flow in specific parameter ranges. Dimensionless number Ca
(capillary number), which represents the influence of viscous forces over surface tension
forces; Bo (Bond number), which represents the influence of gravitational forces over sur-
face tension forces; and We (Weber number), which represents the influence of inertial
forces over surface tension forces, are introduced in our study to characterize the droplet
generation processes [22-25]. The dimensionless numbers are defined as follows:

Ca = pgisv/y @
Bo = (Pcon - pdis)GD2 (2)
We = paisDv* /7 3)

where Jgis, U, Y, Peon, Pdis, G and D are the viscosity of the continuous phase, the velocity of
the dispersed phase, the interfacial tension between the continuous and dispersed phases,
the density of the continuous phase, the density of the dispersed phase, the acceleration of
gravity and the droplet diameter, respectively.

The critical Ca, Bo and We values are seen as the constraints on the dripping mode
to the jetting mode transition for multi-phase flow. It is commonly admitted in previous
research that the critical Ca and We are ~6 x 1073 and ~1072-10"!, respectively [26].
Droplet generation conditions with Ca and We lower than their critical values are consid-
ered to be stable, as the surface tension governs the flow. However, the critical value of Bo
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number varies in different studies. Since buoyancy is involved in this research, we assumed
~1073-1 to be the critical Bo number [20,27].

2.2. Numerical Simulation for Flow Rate in Microchannel

Variations in the flow rates in different nozzles can lead to unevenness in the droplet
sizes. It is difficult to measure the flow rate on a microscale level. Therefore, we conducted
a laminar flow simulation (COMSOL Multiphysics 5.6) to simulate the flow conditions
inside the microfluidic chip. The flow of sample fluid in microfluidic channels is governed
by the Navier-Stokes equation and continuity equation:

p(u-V)u=V-(—p+uVu) “4)

eV-u=0 (5)

where p, u, p and yu are the density, fluid velocity, pressure and viscosity, respectively. The
mass flow at the inlet was set as 0.2 uL/s, and the pressure at the nozzle outlets was set as
atmospheric pressure.

2.3. Nucleic Acid Sample and Reagents

Droplet generation oil for probes (BIO-RAD, Hercules, CA, USA) was chosen as the
continuous phase in this study. The samples for PCR amplification were the dispersed
phase. In a standard PCR sample with a volume of 15 puL, there were 7.5 pL. ddPCR
supermix for probes (no dUTP, BIO-RAD, Hercules, California, CA, USA), 0.75 uL A DNA
(SD0011, Thermo Fisher Scientific™, Waltham, MA, USA) as the PCR template, 2.25 pL of
customized probe and primer (Invitrogen Trading (Shanghai) Co., Ltd., Shanghai, China)
and 4.5 pL of water (Sangon, Shanghai, China) (Table S1). The details of the material
properties used for the study are listed in Table 1.

Table 1. Material properties used for the study.

Hdis Pcon Pdis v
1.005 mPa-s 1614 kg/m3 998.2 kg/m3 8.1 mN/m

2.4. Fabrication Process of the Microdevice

The microfluidic chip designed for droplet generation consists three parts: a glass slide
spin-coated with PDMS (polydimethylsiloxane, SylgardTM 184, Dow, Midland, MI, USA)
thin film as a substrate; a 3 mm thick PDMS layer with tree-shaped microchannels and an
ascending reservoir for step emulsification; and a 1 mm thick PDMS layer as a top layer for
sealing and droplet collection. In this study, the nozzles of the microfluidic channels were
designed with several different widths for pattern study. The heights of the microchannels
are 18 pum, 28 um, and 38 pm. The width-to-height ratios (w/h) are larger than 3.5 for all
the nozzles, in order to achieve better monodispersive generation [28-30]. Molds for the
microfluidic channel with heights of 18 pm (nozzle widths = 80, 90, 100, 110, 120, 130, 140,
150 um) and 28 um (nozzle width = 100, 110, 120, 130, 140, 150, 160, 170 um) were made
with classic one-step lithography with SU8. The mold with a height of 38 um (nozzle width
=100, 110, 120, 130, 140, 150, 160, 170, 180 um) was home-made, with photoresistive dry
film (Dupont, Wilmington, DE, USA), a high-precision ink-jet film printer and a UV light
source, which is convenient for prototyping. The inlet of the tree-shaped microchannel is
connected with a syringe pump containing sample solution. The 16 nozzles of the tree-
shaped microchannel are connected with a large reservoir. The sample fluid is divided
uniformly by four-stage binary divisions of the tree-shaped microchannel. The microfluidic
structures were fabricated with soft lithography, and the large reservoir was manually
carved out after the PDMS was cured. For on-chip monolayer droplets collection, a 15 mm
x 11 mm square collection chamber with a height of 120 um was added on the top PDMS
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Stacking

layer. The height of the chamber should be smaller than 1.5 times the droplet diameter
to prevent the droplets from overlapping and inaccurate quantification. Cylinder pillars
were added in the chamber to support the chamber ceiling and help fluid spread evenly via
surface tension. Four branches linked to the chip outlet were also attached at the end edge
of the chamber to help the droplets spread adequately and uniformly in the chamber. The
detailed design and dimensions of the soft lithography masks are provided in Figure S1.

The three layers were irreversibly bonded together using O, plasma treatment (60 s, 80 W).
Small assembled chip dimensions (three-layer integrated chip: 22 mm (I) x 18 mm (w) x 5 mm
(h)) and one-step lithography are significant advantages of this study’s design, compared
to other emulsification droplet generation devices. Since PDMS becomes hydrophilic after
O, plasma treatment, and hydrophily is unfavorable for sample droplet generation, the
internal surfaces of the chips were treated with three different methods after bonding
which were the following: incubating the chip 48 h at 120 °C; perfusing the channels with
hydrophobic reagent (1H, 1H, 2H, 2H -perfluorodecyltriethoxysilane (PFDTES, P122385,
Aladdin, Shanghai, China): engineered fluid (3M™ Novec™ 7500, 3M, Saint Paul, MI,
USA) (v/v) = 2%) and maintaining the chip at 120 °C for 5 h; and perfusing the channels
with hydrophobic reagent and keeping the chip at 120 °C for 48 h [31]. The complete chip
fabrication and treatment process is shown in Figure 1.

Exposure Developing Dissolving PDMS curing Punching and Carving

> (5> .

Qoﬂb
- <
Rinsing PDMS spin coating and curing Aligning Assembly Surface treatment
7 /\\\ ’ g5 —_— 05 u/c_‘
v e S b 0 s LS9

> /,// \tﬁ % %

Figure 1. Fabrication of the integrated microfluidic chip.

2.5. Experimental Setup

For all of the characterization experiments in this study, sample solution was pumped
into the microfluidic chip with a syringe pump (500 pL ball-end syringe, Tecan, San Jose,
CA, USA) at 12 pL/min. PCR oil was preloaded in the reservoir for droplet generation.
The sample solutions were pumped through the tree structure microfluidic channel and
dispersed from the nozzles into the oil reservoir. Droplets generated from the emulsifi-
cation were floated into the collection unit, since the amplification reaction solution has
a lighter density than the oil phase (Figure 2A). Droplets can be collected either into a
standard PCR tube through tubing (Figure 2B,C), or into an on-chip monolayer droplets
collecting chamber (Figure 2D). The droplets collected in the standard PCR tube were then
amplified in a commercial ddPCR thermal cycling device, and detected in a fluorescence
flow cytometry device. The droplet collecting chamber was overlapped on the tree-shaped
microchannels so that the 3D microstructure allowed a higher degree of device miniatur-
ization, as illustrated in Figure 2D. An optical upright microscope and a camera (99 fps)
were used to record the generation process. Then, the droplets were transferred into a flat
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monolayer observation chip, and microscopic photos were taken for droplet size statistics.
The observation chamber has a height of 120 um, and droplets with diameters larger than
120 pm were converted as a drum-shaped model to a spherical model for equivalent diam-
eter calculation. Droplets collected in the chamber can be in situ amplified in the future if
temperature control units are integrated on the chip substrate and/or materials/reagents
are modified. Extra treatments (Figure S2) were also applied on the chip, and the chip
containing the liquid was placed in a 60 °C incubator for 60 min to demonstrate the feasi-
bility of the chip in amplification with low-temperature reaction reagents. The positive and
negative droplets array in the on-chip chamber proved to be distinguishable with fluores-
cence microscopy (Axio Observer Al, Carl Zeiss AG, Oberkochen, Baden-Wuerttemberg,
Germany). However, due to the restrictions of PDMS, only droplet generation and droplet
imaging were performed in this study.

& PDMS 1 D n
ca . 1
Sample driven P Collectmg @ |
by syringe Droplet in PCR tube Fluorescence
pump | : ] Preloaded miSTOsOpY )
PR fluorinated -
H \:’ oil Syringe pump filled
<_with ANAA 1 excitation
PDMS-coated f h I~ . N sample  Jf
glassslide & 1 PDMS chip i -
outlet inlet
Microfluidic chip with A 1 —_—
B ==—=— tree §chtme channel —— 1! Biceoicrs
Syringe pump filled < chamber
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&>
Generation < ’
= layer
Substrate
layer

Figure 2. Experimental setup for droplet generation. (A) Cross-section illustration of the microflu-
idic chip. (B) Schematic diagram of ddPCR process with microfluidic step emulsification chip.
(C) Experimental setup. (D) Illustration of ddNAA process with integrated three-in-one step emulsi-
fication chip.

2.6. Performance Verification of the Collected Droplets

In order to verify the stability and biocompatibility of the microfluidic chip after the
fabrication, surface treatment and emulsification processes, droplets were collected and
amplified. Droplet amplifications were performed using a commercial PCR thermal cycler
(two-step amplification, 40 cycles, Genesy 96E, TIANLONG, Xi’an, Shaanxi, China). FAM
channel fluorescence droplet readouts were performed using a droplet reader (DS100 Digital
PCR Reader, ZK-Medical, Suzhou, Jiangsu, China) with flow cytometry principles. The
target nucleic acid concentration of the sample can be obtained via the Poisson distribution
law, with numbers of fluorescence positive droplets and negative droplets [32]. Control
group droplets were generated with the same sample solution using a commercial droplet
generation device (DS100 Digital PCR Generator, ZK-Medical, Suzhou, Jiangsu, China).

3. Results and Discussion
3.1. Simulation Results of Nozzle Pressure Distribution

In this study, finite element models were built of the tree-shaped and three classic
nozzle distribution designs; each design had 16 nozzles. Their flow rate distributions were
simulated and compared. The mass flow at the inlet was set as 0.2 uL/s, and the pressure at
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the nozzle outlets was set as atmospheric pressure. The cross-sections of all of the nozzles
were rectangular (28 um (h) x 150 um (w)).

The results of the simulations are shown in Figure 3. The mass flow rates are obtained
by integrating the sample velocity on the cross-section of the nozzle outlets. Among the
tree-shaped distribution, the comb-shaped distribution, the brush-shaped distribution and
the circumferential distribution, it could be seen that the circumferential distribution has
the largest non-uniformity of flow rates at the nozzles. The tree-shaped distribution has a
slightly more uniform distribution than the comb-shaped distribution and the brush-shaped
distribution. Therefore, droplets generated with the tree-shape distribution theoretically
have better uniformity than the other designs.

—=— Circumferential —— Brush

Circumferential B o12sf = Comb —*— Tree

0.0124

Mass flow rate (uL/s)

0.0123 F

0.0122 F,

0 2 4 6 8 10 12 14 16
Nozzle positions

Figure 3. Flow simulation of different chip designs. (A) Flow rate distributions in microfluidic
structures with four microchannel arrangements. (B) Average flow rates at droplet generation nozzles.

3.2. Droplet Generation

Multiple droplet generation tests were performed in our microfluidic chips. A dyed
sample fluid phase with a slow flow rate (6 pL/min) was used to better observe the droplet
emulsification process at the freshly processed hydrophobic nozzles. As shown in Figure 4,
the sample liquid was gradually pushed out of the nozzles under hydraulic pressure with
increasing upward Laplace force. In a very short time, the sample liquid shrunk at the
nozzles, broke at its “neck” under Rayleigh—Plateau instability, formed into a droplet and
floated upward due to buoyancy. Droplets with an average diameter of 101.2 pm were
generated at two droplets/s at each nozzle (width = 170 pm). Although large flow rates at
the nozzles would lead to jetting mode and result in sudden increases in droplet diameter
or droplet generation failure, the droplet generation rate can be compensated by increasing
the number of channels.

panannonon

200 developmg break
ﬂoatmg
t=0. SS t—OOGS t—007s t=0.08s t—009s

Figure 4. Droplets generation process at four adjacent nozzles.

Figure 5 shows the characterization results of step emulsification with various nozzle
heights, nozzle widths and surface treatment methods. In all of the tested conditions, the
Ca is between 2.27 x 10~* and 1.08 x 103, which is smaller than the critical Ca (~6 x 10~3)
in previous studies. The Bo is between 3.97 x 1072 and 1.8 x 10~2. The We is between
6.4 x 107° and 6.8 x 10~%. The Bo and We are both smaller than their critical values.
Therefore, the droplet generation processes in the tests should be stable in the dripping
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mode. As shown in Figure 5A-C, the droplet diameter increases linearly with increasing
channel width. Figure 5D shows that the droplet diameter also increases with increasing
channel height. With the combination of incubation and hydrophobic reagent, the droplet
diameter decreases to 77-89% compared to only the hydrophobic reagent treatment, and
84-96% compared to only the incubation treatment, which indicates improvement in the
dispersing performance. The decreasing degree is higher with lower channel heights.
Figure 5E compares droplets collected in eight typical generation conditions, with an
average droplet diameter that ranges from 73.1 um to 155.9 um; these results can meet the
droplet diameter requirements of most ddNAA applications. The coefficients of variation
(CV) are all smaller than 5%, and this proves that the droplet generation processes from the
16 channels are all stable and uniform.
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Figure 5. Characterization of droplets generation with the integrated microfluidic chip. Droplets
diameter changes with different surface treatments, nozzle widths and nozzle heights (h = 18 um
(A), 28 um (B), 38 um (C), respectively). (D) shows the increasing droplet diameter with increas-
ing channel height under the same flow rate and same surface treatment method (120 °C 48 h
incubation with 2% PFDTES). Error bars represent standard deviations of the droplet diameter.
(E) The corresponding droplet images of the generation conditions are marked in (A—C). The scale

bar measures 200 um in (E).
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3.3. Droplet Collection and Detection

Figure 6 shows images of the droplet collection tests of two different amplification and
detection approaches. In Figure 6A, after being generated at 12 uL/min, the droplets were
pumped out of the chip at 24 uL/min and collected in a standard PCR tube through tubing
connected with the outlet of the chip. The sample droplets were amplified in the tube,
and then detected using fluorescence flow cytometry. It is obvious that the oil-to-sample
volume ratio is small (less than one) at the generation stage (1-40 s), compared to a ratio of
about two during most flow-focusing ddPCR applications, which indicates less oil phase
consumption. Figure 6B shows a picture of the three-layer PDMS chip with on-chip droplet
collection, and 6C shows the generation and collection process with dyed droplets filling the
on-chip flat collection chamber above the tree-shaped generation structures. The sub-figure
in Figure 6C shows details of the droplets distribution as being in a good monolayer array
fashion. The on-chip generation and collection processes are shown in Video S1. The 11 mm
() x 15mm (w) x 120 pum (h) chamber can contain up to 23,500 droplets of a 90 pm diameter
with a total sample volume of 8.9 uL, and 13,200 droplets of a 120 pum diameter with total
sample volume of 11.9 puL. While remaining in the same flat chamber, droplets with target
nucleic acid can be in situ amplified, then be detected using fluorescence photography and
be counted later using image processing. Comparing to previous studies, this integrated
collection approach realized in situ amplification and detection in a compact structure, and
eliminated manual transfer tasks and possible contamination.

t=115s t=140s t=170s final

Figure 6. Droplets collection. (A) Droplets collection with a standard PCR tube; (B) droplets spreading
in the on-chip collection chamber; (C) droplets generation and collection process with on-chip
collection chamber under microscopy.

Droplets (diameter = 131 pm) containing ADNA templates were generated by the
proposed step emulsification device, collected in a standard PCR tube and amplified with
the ddPCR method. The control group were droplets (diameter = 128 um) that were
generated by the commercial DS100 Digital PCR Generator. DAPCR amplification and
fluorescence readouts for both droplets were completed with the devices mentioned in
Section 2.6. Figure 7 shows the droplet fluorescence distributions, where positive droplets
(containing amplified target gene) have obviously higher fluorescence intensities than
negative droplets (without target gene). Our readout results and the control readout
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results were both statistically analyzed under the Poisson distribution law to acquire the
quantitative nucleic acid concentrations. The concentration results show 614.63 copies/uL
with droplets generated by DS100 Digital PCR Generator and 624.22 copies/pL with our
device-generated droplets. The results of the two methods are consistent, demonstrating
that our integrated chip can realize stable droplet generation for accurate nucleic acid
quantitative measurement.

Fluorescence intensity
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Figure 7. Fluorescence distribution readouts using droplets generated by proposed microfluidic
device (A), compared with readouts using droplets generated by commercial DS100 (B).

The droplets array in the on-chip chamber can be counted using fluorescence imaging
and image stitching. Since the liquid in the chamber will vaporize and leak out during
PCR denaturation because PDMS is a porous material, on-chip monolayer amplification
was not performed in this study. However, the evaporation can be prevented for 60 min
at 60 °C in a chip with extra treatments, which could satisfy the time and temperature
requirements of ddRPA and ddLAMP (Figure S2). Multiplex fluorescence of negative
and positive droplets can also be detected with pre-amplified droplets injected into the
collection chamber (Figure S3), which indicates that the multilayer PDMS structure is
compatible with multiplex droplets in situ detection. These results could support the idea
that with thermal stable plastic chip and/or low-temperature digital amplification reagents,
on-chip in-situ amplification and detection are highly promising with our device.

4. Conclusions

Absolute nucleic acid quantification can be realized by dividing nucleic acid samples
into individual micro reaction units and analyzing the nucleic acid signal of each unit.
Dividing the liquid sample into appropriate volumes with commonly used microfluidic
flow-focusing droplet generation methods requires high precision in fabrication and flow
control, whereas step emulsification of droplets of similar volumes requires less precision in
both. Therefore, this study presented an integrated step emulsification ddNAA microfluidic
chip that avoids second-time lithography, regulates the unevenness in the multiplex flow
rate, collects droplets with two convenient options and operates with a high degree of
convenience, compared to previous step emulsification devices.

In this study, a step emulsification structure with 16 nozzles in a tree-shaped distri-
bution was fabricated simply with one-step lithography. Through flow field simulations,
the tree-shaped distribution proved to have a better flow rate distribution compared to the
other three distributions. With the microfluidic chip, we then conducted characterization
tests and data analysis on the generated droplet diameters. Surface treatments with PFDTES
and incubation are helpful for droplet generation by increasing the surface hydrophobicity,
which means smaller droplets can be obtained with the same microchannel dimensions.
The influences of surface properties, channel height and channel width on droplet sizes
were compared in further experiments. Droplets with diameters of 71.3 pm-155.9 pm were
generated using microchannels with height of 18, 28 and 38 um, and widths ranging from
73 pm to180 pm, which could be a reference while choosing an appropriate droplet size for
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droplet-based nucleic acid detection applications. Two droplet collection methods were
proposed in this study. The droplets that were automatically collected in a PCR tube were
amplified and successfully read. PCR amplification with on-chip-collected droplets in
a monolayer array was restricted because PDMS is gas-permeable, but the three-in-one
device was demonstrated to be applicable with low-temperature amplification approaches
in the future. Therefore, the research on this interesting step emulsification chip with
tree-shaped nozzles and its characterization results are referential for ddNAA applications.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/bios13090888/s1, Table S1: The sequences of primers
and probe; Figure S1: Mask film designs and dimensions of the microfluidic layer and the collection
chamber; Figure S2: Verification tests of on-chip amplification; Figure S3: Microscopic images of
droplets in PDMS—glass chip at fixed position; Video S1: On-chip progress of droplets collection.
References [33,34] are cited in the Supplementary Materials.
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Abstract: Intracellular delivery, the process of transporting substances into cells, is crucial for various
applications, such as drug delivery, gene therapy, cell imaging, and regenerative medicine. Among
the different approaches of intracellular delivery, mechanoporation stands out by utilizing mechanical
forces to create temporary pores on cell membranes, enabling the entry of substances into cells. This
method is promising due to its minimal contamination and is especially vital for stem cells intended
for clinical therapy. In this review, we explore various mechanoporation technologies, including
microinjection, micro—nano needle arrays, cell squeezing through physical confinement, and cell
squeezing using hydrodynamic forces. Additionally, we highlight recent research efforts utilizing
mechanoporation for stem cell studies. Furthermore, we discuss the integration of mechanoporation
techniques into microfluidic platforms for high-throughput intracellular delivery with enhanced
transfection efficiency. This advancement holds potential in addressing the challenge of low trans-
fection efficiency, benefiting both basic research and clinical applications of stem cells. Ultimately,
the combination of microfluidics and mechanoporation presents new opportunities for creating

comprehensive systems for stem cell processing.

Keywords: microfluidic; intracellular delivery; mechanoporation; stem cells

1. Introduction

Intracellular delivery is an important technique in molecular and cell biology research,
which introduces biomaterials into cells for investigating the regulation of gene expression,
functions of genes of interest, protein—protein interactions, the sub-cellular localization of
proteins, and for genome editing and gene therapy [1]. In recent decades, many effective
methods have been established to achieve intracellular transport with higher efficiency.

Cell transfections with DNA can be divided into transient transfections and stable
transfections according to the expression duration of the exogenous biomaterials in cells. In
transient transfections, exogenous DNA does not integrate into the host chromosome and
only lasts for several days because of the dilution upon cell divisions [2]. On the contrary,
the stable transfection of exogenous DNA could be integrated into host genomes and then
express target genes or proteins constitutively in the cells depending on the regulatory
sequences applied to drive the expression [3]. Currently, traditional transection methods
can be divided into three categories [4]: (1) biological transfection methods mediated
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by viral vectors, including lentivirus, adenovirus, and adeno-associated viruses [5-9];
(2) chemical transfection methods using different transfection media, such as calcium
phosphate [10], liposome [11], and cationic polymers [12,13]; and (3) mechanical methods
to achieve transfections through the disturbance or destruction of cell membranes, such as
electroporation [14], microinjection [15,16], the gene gun method [17], and acoustic hole
effect-mediated transfections [18,19].

The transfection of biomaterials into cells has greatly improved our understanding
of gene function and regulation. However, the above methods have their own shortcom-
ings that limit the applications of transfections into different types of cells, especially for
stem cells. For a viral vector-mediated transfection, although it exhibits high transfection
efficiency with the continuous and stable expression of exogenous genes [20], there are
safety concerns, because the insertion site of the viral vectors into the host genome is
uncertain. This uncertain gene integration may cause the activation of proto-oncogenes,
the inactivation of oncogenes, RNA splicing, and gene fusion, thus posing a risk of carcino-
genesis [21-24]. For chemical transfection methods, although the transfection efficiency has
been improved after liposome modification [25], it is still expensive, and the transfection
efficiency is still low for stem cells. Mechanical transfection methods have been successfully
applied to different cell types with high efficiency, including stem cells [15,18,26,27]. How-
ever, they require specific equipment and complex operation processes, which significantly
increase cell mortality [16,18,26,28]. Therefore, we expect an intracellular transfection
method that is suitable for many cell types, with high transfection efficiency, cell biosafety,
economy, ease of operation, and so on. Emerging microfluidic technology [29,30] is promis-
ing due to its low solvent consumption, low counter dose, small cell-like volume, and a
relatively high transfection efficiency and cell survival rate. It can be applied to a wide
range of applications. In addition, the microfluidic environment is close to the diameter of
cells, which is conducive to single-cell research and even in situ visual observations and
real-time monitoring [31-36].

Although there exist several excellent reviews on mechanoporation [37-39], there is
no review particularly targeting stem cells. We particularly selected mechanoporation
approaches that are integrated with microfluidic chips for intracellular delivery to stem
cells with high throughput and a low dead rate. In this review, we introduce different
methods based on microfluidic transfections, including microinjection [31,32,40—43], mi-
cro/nanoneedle arrays [44-48], cell squeezing based on mechanical confinement [33,34,49],
and cell squeezing based on hydrodynamic manipulation [35,36]. Furthermore, we briefly
introduce the current progress for applying microfluidic methods in stem cell research,
highlighting the advantages and limitations.

2. Microfluidic-Based Mechanoporation

As a critical step in microfluidic cell transfections, membrane disruption-based intracel-
lular delivery methods drew a lot of attention from researchers [50,51] and can be classified
into electroporation [52-57], optoporation [58-62], magnetoporation [63-65], acoustopo-
ration [66-69], and mechanoporation [34,48,70-73] based on pore creation mechanisms.
While each technique above possesses its own set of advantages, it is important to note
that all except for mechanoporation rely on an external energy field to disrupt the cell
membrane. However, this dependence on external energy fields can potentially impact
the biological function and viability of the cells being manipulated [74-76]. Therefore, this
review focuses on the mechanoporation techniques that are independent of an external
energy field. We will discuss four different mechanoporation techniques that employ only
mechanical structures without causing severe damage to cell membranes. Based on the dif-
ferent microfluidic device structures, microfluidic-based mechanoporation methods can be
classified as microinjection (Figure 1a), micro/nanoneedle arrays (Figure 1b), cell squeezing
based on mechanical confinement (Figure 1c), and cell squeezing based on hydrodynamic
manipulation (Figure 1d). All these methods exhibit advantages, such as high transfection
efficiency, high throughput, ease of handling, and high cell viability [34,48,70-73].
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Figure 1. Microfluidic-based mechanoporation methods. (a) Microinjection; (b) micro/nanoneedle

arrays; (c) cell squeezing based on mechanical confinement; (d) cell squeezing based on hydrody-
namic manipulation.

2.1. Microinjection

Microinjection, ever since its inception in the previous century [77], has remained a
commonly utilized method for single-cell transfections due to both its straightforward
concept and ease of manipulation. By inserting a glass micropipette into specific positions
of individual cells [78], almost any cargo can be successfully delivered into the cells via mi-
croinjection. This versatile technique finds applications in various areas, including in vitro
fertilization and nuclear transfer for cloning [79]. As one of the traditional microinjection
schemes, the AFM (atomic force microscopy)-based microinjection is adopted for the precise
intracellular delivery to single cells by functionalizing antibodies to the AFM probe [38,80]
or through the hollow AFM cantilever [81]. Benefiting from a size of 200-300 nm and a high
aspect ratio structure, the AFM tip can penetrate the cell and adhere to the substrate with
proper force and cause little or no damage to the cell membrane [39]. However, one major
limitation of this approach is its low throughput and limited suitability for suspended
types of cells, since it depends on the surface adhesion property of cells. The introduction
of microfluidic techniques provides a platform to better manipulate all types of cells for
microinjections, improving the intracellular delivery throughput and enabling suspension
cell transfections [31,32,40—-43].

By integrating microinjection and microfluidic techniques, Adamo and Jensen pro-
posed a microneedle-immobilized microfluidic microinjection device [31]. As shown in
Figure 2(ai), in this device, single cells were driven by fluid streams from channel A to
channel B and transfected by immobilized microneedles while valve 1 was opened and
valve 2 was closed. After cell transfection, the cells were driven by fluid streams from
channel B to channel C by closing valve 1 and opening valve 2. The experimental results
showcase an approximate throughput of 1 cell in 5 min, conducted with HeLa cells [31]. To
enhance the throughput of the microinjection system, Liu and Sun presented a vacuum-
based cell-holding device for single-cell immobilization and applied this device to a mouse
zygote microinjection [40]. In this study, mouse zygotes were immobilized into arrays of
5 x 5 through-holes (Figure 2b), making cell capture and immobilization easier and allow-
ing for the transfection of a total amount of 200 s at a speed of 9 cells/min, substantially
improving the throughput of traditional microinjection methods. The experimental results
demonstrate the progression of zygotes into the blastocyst stage after microinjection, pro-
viding evidence for the claim that the microneedle-immobilized microfluidic microinjection
device would not affect embryo survival and development [40].

To improve injection automation for effective transfections [32,41-43], an automated
quantitative microinjection platform was developed by Chow et al., showcasing the ability
to deliver precise quantities of materials into cells [32]. By immobilizing cells in a microflu-
idic chip and injecting a certain amount of substances through an injection pressure- and
time-controlled micropipette to cells one by one (Figure 2c), this microinjection platform
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achieved a precise single-cell microinjection. This microinjection platform, which was
applied to human foreskin fibroblast cells, achieved about 80% transfection efficiency and
82.1% cell viability. However, this microinjection still suffers from low throughput, limiting
its application to larger amounts of cells.
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Figure 2. Microinjection. (a) A schematic illustration of the microfluidic-based single-cell microinjection
system. (i) Cells are driven from Channel A to Channel B by fluid stream. (ii) Cells are transfected by
immobilized microneedle. (iii) Cells are driven from Channel B to Channel C by fluid stream. Reprinted
and modified from Ref. [31]. (b) The vacuum-based cell-holding device for single-cell immobilization.
Reprinted and modified from Ref. [40]. (c) A workflow illustration of the automated quantitative
microinjection platform. Reprinted and modified with permission from Ref. [32].

2.2. Micro/Nanoneedle Arrays

Compared with microinjections with a single pipette, the integration of micro/nanoneedles
into microfluidic-based devices could achieve high-throughput and efficient single-cell
transfections. Microfabrication techniques can fabricate different micro/nanoneedle array
structures in a straightforward and convenient fashion [44,45].

Zhang et al. proposed a microfluidic microneedle device with massively parallel
microinjector arrays, enabling a superhigh throughput microinjection [46]. As shown
in Figure 3a, this device operates by attracting the cell onto the hollow penetrator dur-
ing aspiration-based captures. Subsequently, exogenous cargos are injected into the cell
through the resulting membrane pore before the cells are released by a positive aspiration
flow. Each microinjector in the microneedle array incorporates a hollow penetrator with
a sub-micron tip with a base of approximately 1-2 pm in diameter. In this device, the
negative and positive aspiration flows ensure the minimal force required for cell capture
and penetration, since they allow for the minimal stress of the sub-micro tip to penetrate
the cell membrane. Moreover, the massively parallel microinjector array, which refers
to 100 x 100 capture sites, realizes an ultrahigh throughput microinjection. Further ex-
perimental results exhibit a transfection efficiency of approximately 93% at a flow rate
of 40 pL/min using an immortalized human T lymphocyte cell line-applied propidium
iodide dye [47]. In the case of delivering a green fluorescent protein plasmid, efficiency
rates of 82% in the primary human T cells were achieved, with over 87% cell viability.
Overall, this microfluidic microneedle device demonstrates high efficiency and throughput
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capabilities for microinjections, showcasing its potential in various cellular transfection
applications [47].

Furthermore, Huang et al. devised a microfluidic nanoneedle device including a
silicon nanoneedle array along with the staggered herringbone channel design [48]. In this
design, as depicted in Figure 3b, a PDMS structure featured a channel on its top surface,
which was composed of periodically staggered herringbone grooves. By incorporating
two asymmetrically shifted groups of staggered herringbone grooves, this configuration
facilitated the chaotic mixing of the substances introduced through the inlet port. Unlike
microinjections which directly deliver exogenous cargos into the cells, exogenous cargos
are diffused into the cell after the cells collide with the nanoneedle array and then form
pores on the cell membrane. The experimental results, achieved with human embryonic
kidney cells, demonstrate transfection efficiency of over 20% and cell viability exceeding
95% while transfected with GFP-expressing plasmids [48].
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Figure 3. Micro/nanoneedle arrays. (a) A schematic of the microneedle arrays for the single-cell
capture site. The arrows denote the flow direction and magnitude. Reprinted and modified from
Ref. [46]. (b) A schematic illustration of the PDMS-based nanoneedle arrays. Reprinted and modified
from Ref. [48].

2.3. Cell Squeezing Based on Mechanical Confinement

In response to the drawbacks of microinjections and micro/nanoneedle arrays poten-
tially causing irreversible damage to cell membranes, researchers developed mechanical
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confinement-based cell-squeezing strategies. In these methods, the cell membrane un-
dergoes rapid mechanical deformation when passing through a microfluidic constriction
smaller than its size, leading to the formation of transient holes. These holes are recoverable,
meaning that the damage caused to the cell membrane is almost negligible.

Sharei et al. [33] demonstrated cell squeezing based on the mechanical confinement
method for cell delivery, in which multiple cells undergo mechanical squeezing simul-
taneously when passing through parallel micro-constriction channels. Figure 4a clearly
demonstrates that when cells were subjected to a constriction channel narrower than their
size, a temporary disruption of the cell membrane was observed. Transient pores were gen-
erated, which promoted intracellular delivery based on the diffusion of biomaterials into
the cell. This method achieves an average throughput rate of 20,000 cells per second, which
is significantly higher than that of the microfluidic device that employs the aforementioned
microinjections and micro/nanoneedle arrays, exhibiting about 75% delivery efficiency and
a maximum of 95% cell viability while transferring blue-labeled 3 kDa dextran molecules
into HeLa cells [33]. By introducing key transcription factors (Oct4, Sox2, c-Myc, and
KIf-4) required for stem cell pluripotency into human fibroblast cells [82], Sharei et al.
implemented cell reprogramming. The identification of transformed colonies expressing
embryonic stem cell markers reveals the morphological transformation in human fibroblast
cells and the effect on gene expression, providing more possibilities for cell therapy and
regenerative medicine.

To further enhance cell delivery efficiency, Modaresi et al. introduced a microfluidic
platform to perform double cell deformation [34]. Figure 4b illustrates two microfluidic
device designs, one allowing for single deformation (Figure 4(bi)) and the other allowing
for double deformation (Figure 4(bii)). In the case of the first design, cells were subjected
to continuous paralleled constrictions, which were 20 pm in length and 8 pm in width,
permitting single deformation. Conversely, the second device translated one side of the nar-
row channel in the first design to create staggered squeeze constrictions with an 8 um gap,
enabling double transformation. The experiments showed that the double-deformation
approach resulted in the higher delivery efficiency of biomaterials into cells compared to
the single deformation method while applying human adipose-derived stem cells that were
transfected with Dex-FITC. This device, which allows for cell double deformation, is supe-
rior for delivering small-sized exogenous materials, achieving an 85% delivery efficiency
and improving cell viability to 95%, while maintaining a higher throughput. Furthermore,
it did not induce the cell apoptosis associated with the single-deformation method.

Joo et al. proposed a microfluidic device for droplet mechanoporation, where cells
encapsulated with biomolecules in one droplet are transported through multiple constric-
tions to prevent cell damage and increase cell viability [49]. This device, as illustrated in
Figure 4(ci), comprises two parts: the droplet generator and the cell-squeezing sections.
By injecting oil through separated inlet channels and utilizing a droplet generation tech-
nique [83], cell-biomolecule-encapsulated droplets are formed, leading to an increasing
localized concentration of biomolecules that enhances cell delivery efficiency. As cells
traverse through the constrictions within droplets, they experience a synergistic effect
of convection and diffusion-mediated transport. This dynamic combination enables the
efficient delivery of biomolecules through the cell membrane (Figure 4(ciii)). This method
maximizes transfection efficiency, with a remarkable 98% achieved in a high throughput of
1 million cells per minute, and provides a minimum cell survival rate of 80%. Moreover,
since each droplet carries the required cargo and most of the microchannel is occupied by
carrier oil, significantly less cargo is utilized, minimizing the risk of clogging issues.
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Figure 4. Cell squeezing based on mechanical confinement. (a) An illustration of the delivery hypothe-
sis, whereby the rapid deformation of a cell, as it passes through a microfluidic constriction, generates
transient membrane holes. Reprinted and modified with permission from Ref. [33]. (b) Two designs
of a microfluidic cell deformation device. (i,ii) Schemata of the two designs. (iii) An illustration of
the cell-squeezing process in two different cell deformation devices. Reprinted and modified from
Ref. [34]. (c) The droplet squeezing platform design. (i) A schematic of a droplet squeezing mi-
crofluidic device. (ii) An illustration of the working flow of the platform and high-speed microscope
images that show the three stages of the cell in the platform; (1) encapsulation, (2) deformation, and
(3) restoration. (iii) A schematic diagram illustrating the delivery mechanism of droplet squeezing,
owing to a convection-based cargo transport. Reprinted and modified with permission from Ref. [49].
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2.4. Cell Squeezing Based on Hydrodynamic Manipulation

As explained in Section 2.3, although cell-squeezing-type microfluidic devices based
on channel confinement can achieve high-throughput cell deformation, they often suffer
from cell membrane damage caused by the narrow channels as well as device failure due
to clogging. To overcome these challenges, researchers explored hydrodynamic forces to
control single cells stretching or squeezing in a microchannel. During this process, transient
pores are generated on the cell membrane, facilitating the delivery of exogenous material
through a blend of fluid convection and diffusion. The risk of microchannel clogging and
cell lysis is significantly reduced, since the cells are not squeezed using constriction channels.
Hydrodynamic techniques for creating transient nanopores offer several advantages, such
as a simple design, inexpensive equipment requirements, and the capability to achieve the
high-throughput intracellular delivery of diverse biomaterials into a broad spectrum of cells.

Kizer et al. reported a hydrodynamic manipulation-based cell-stretching approach [35]
that effectively eliminated the possibility of the device clogging observed in earlier designs
(Figure 5(ai)). In this proposed system, transient pores were formed on the cell membrane
through the rapid hydrodynamic shearing of the cells, and the stagnation point, at which
the transient fluid velocity is zero, is generated by two fluids with the same velocity but in
opposite directions. As the cells approached the cross-section, they experienced hydrody-
namic stretching and reached the maximum degree of deformation at the stagnation point,
leading to the generation of transient membrane nanopores (Figure 5(aii)). Due to the rapid
exchange of cytosol and external fluids across the cell membrane, this method facilitated
convection-based intracellular delivery during the cell-stretching process (Figure 5(aii)),
showing that transfection efficiency increased as the flow rates (i.e., Reynolds number)
increased, while the cell viability decreased as the Reynolds number increased. Therefore,
a suitable Reynolds number is the key to balancing transfection efficiency and cell viability.
As a result, the experimental results demonstrate the successful delivery of DNA into
various cell types, such as K-562, MDA-MB-231, HeLa cells, and so on, with a transfection
efficiency of over 90%, an approximately 80% cell viability, and a remarkable throughput of
over 1,600,000 cells per minute when the Reynolds number equals to 189. This approach
showcased its effectiveness in achieving efficient delivery while maintaining cell viability
by carefully controlling the Reynolds number to optimize the performance.

To simplify operations and improve the efficiency of material transportation, J. Hur et al.
introduced a hydrodynamic manipulation-based cell-stretching intracellular delivery plat-
form [36]. The device contained a T-shaped microchannel equipped with a small cavity,
which provided the intrinsic inertial flow to deform the cell passing by. In the T-shaped
microchannel, cells are exposed to elongational flows, enabling their lateral migration
toward the center of the channel through intrinsic inertial flow. This mechanism allows
for the uniform stretching of cells. As illustrated in Figure 5b, each cell hit into the cavity
due to the force of elongational flows, leading to a collision-induced deformation. Sub-
sequently, the cells were released from the cavity and reached maximum deformation at
the stagnation point and then underwent slight cell stretching downstream while moving
to the outlet. This study applied the cell delivery mechanism, which involves a mixture
of a convection and diffusion-based solution exchange across the cell membrane during
the cell-stretching and -recovering processes. J. Hur et al. achieved a knockdown of the
ITGA1 gene by delivering siRNA into Hela cells using this cell-stretching device. Cells
subjected to this microfluidic cell-stretching device exhibited a near-complete suppression
of the ITGA1 gene expression, with a knockdown efficiency of 97% [36], indicating the
tremendous potential of this technique in genetic editing. Overall, this intracellular delivery
platform offers several advantages, including a high delivery efficiency of up to 98%, a
high throughput of up to 1 million cells per minute, simplicity in operation, low material
costs, and the ability to deliver various cell types and biomaterials.
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Figure 5. Cell squeezing based on hydrodynamic manipulation. (a) Hydroporator. (i) A schematic
illustration of the design and operating principles of the vector-free intracellular delivery system.
(ii) An illustration of the delivery mechanism. Reprinted and modified from Ref. [35]. (b) A schematic
of the fluidic cell-stretching platform. High-speed microscope images showing the three stages of cell
deformation (1)~(3). All arrows indicate the main flow direction (scale bars: 15 um). Reprinted and
modified with permission from [36]. Copyright (2020), American Chemical Society.

2.5. Summary

In this section, four different microfluidic mechanoporation methods were discussed,
and each of them has its advantages and disadvantages (Table 1). Due to the accurate cargo
delivery by inserting the micropipette into cells, microinjections ensure uniform transfec-
tions and achieve high transfection efficiency. Nevertheless, this method has limitations,
such as low throughput rates and a high cost, which arises from the need for special-
ized expertise and expensive devices. Compared with microinjections, micro/nanoneedle
arrays offer advantages, such as higher throughput and ease of use, as they allow for
the simultaneous perforation of multiple cells. However, the manufacturing process of
micro/nanoneedle arrays is usually complex and costly. Also, the effectiveness of this
approach is dependent on the cell type utilized, as optimal results can typically be achieved
with adherent cells. As for cell squeezing based on mechanical confinement, this has the ad-
vantage of high throughput and the ability to achieve intracellular delivery for a wide range
of cells on the one hand and has the disadvantages of device clogging and non-uniform
transfections. Instead of transforming cells by narrow channels in the microfluidic device,
cell squeezing based on hydrodynamic manipulation avoids the issue of device clogging
and maintains high throughput at the same time. Meanwhile, it also has the drawback of
non-uniform transfections.
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Table 1. Comparison of four microfluidic mechanoporation methods.

Microfluidic Throughput Cell
Mechanoporation Advantages Disadvantages ( Ce(l)llé %mf:) Viabeilit
Method Y
Uniform transfection High cost o
Microinjection High transfection <100 82.5%
o Low throughput rates
efficiency
Higher throughput than ~ Complex and costly
Micro/nanoneedle microinjection manufacturing >10,000 95%
arrays Dependent on the
Ease of use
cell type
Cell squeezing based  High throughput Device clogging 0
on mechanical Suitable for a wide range =~ Non-uniform >1,000,000 95%
confinement of cells transfections
Cell squeezing based . .
on hydrodynamic High throughput Non—unlform >1,600,000 80%
manipulation No device Clogging transfections

3. Application of Mechanoporation in Stem Cells

Stem cells are critical for the homeostasis of tissues and organs. Upon each cell division,
the daughter cells can maintain as stem cells (self-renewal) or initiate a differentiation
program for functional cells to replace the old, dead, or damaged cells. Understanding
how the self-renewal and differentiation of stem cells is balanced is critical for clinical
applications. Exogeneous gene expression and genome editing are both crucial for not only
understanding how stem cells are regulated but also for the application of gene-edited cells
for clinical purposes, highlighting the importance of delivering biomaterials into stem cells.

They possess self-renewal and differentiation capabilities, thus holding broad prospects
for basic research and clinical applications. Human embryonic stem cells (hESCs) were
first isolated in 1998, and since then, several adult stem cells, induced pluripotent stem
cells (iPSCs), have been isolated as important models for basic research [84-86]. Due to the
unique self-renewal and differentiation potential of stem cells, stem cell therapy has the
potential to treat diseases, such as heart disease and type I diabetes [87,88].

Intracellular transfection technology is a crucial step for applications of stem cells,
since it can introduce exogenous genes or small molecule drugs into stem cells, thereby
changing the transcriptome state and physiological functions of stem cells for different
purposes. For example, transfecting CRISPR-related components into cells can be used for
the gene editing of stem cells [89],, and transfecting small molecules into stem cells can be
used to mark them, which can be applied to stem cell therapy [90,91].

3.1. Comparison of Different Transfection Methods in Stem Cells

In order to conduct stem cell research and application, many technical problems must
be solved, one of which is how to efficiently deliver external genes or drugs into stem
cells through intracellular transfection. To improve delivery efficiency, scientists have
established different means to optimize the delivery scheme (Figure 6). Common stem
cell-transfection techniques include chemical transfections, electroporation, and viral vector
transfections [92-95]. Although these methods can successfully introduce exogenous genes
or small molecules into stem cells, there are many limitations (Table 2).

Chemical transfections suffer from the cytotoxicity of the transfection material and the
low transformation efficiency in primary cells and stem cells [96]. Electroporation applies
an electric field across the cells to perforate the cell membrane, achieving higher transfection
efficiency, although specialized equipment and manual handling are required. In addition,
electrical cell perforation causes a high cell death rate and low stability [56,97,98]. Viral
vector-based transfections can achieve high-efficiency transfections, but there are biological
safety issues, and the random insertion of viral vectors into the genome may lead to
a disruption of local genes, resulting in unexpected risks, such as cell death [99]. It is
essential to apply the transfection method with high transfection efficiency, a high survival
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rate, easy operation, low cost, and the large-scale operation of cells for different types of
stem cells, enabling the application of stem cells and stem cell-derived functional cells for
regenerative medicine.

As mentioned above, mechanoporation is a new type of transfection method, which
promotes cell deformation through mechanical force, resulting in increased membrane
permeability. This strategy improves the incorporation of therapeutic substances, such
as DNA, RNA, and drugs, into the cells. Mechanoporation increases the transfection
efficiency and improves the survival rate of cells, thereby facilitating the research of stem
cells [36,90,91,100]. Therefore, mechanoporation may represent the best strategy for various
fields of stem cell research.
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Figure 6. Schematic diagram of different stem cell-transfection methods.

Table 2. Comparison of different stem cell-transfection methods.

Transfection Method Advantages Disadvantages

Chemical . . Low transfection efficiency

Transfection Simple operation Toxicity of the biomaterial
. . . . .. Low biosecurity

Viral Carrier High transfection efficiency Instability due to random insertion

Electroporation High transfection efficiency Low stability
P High mortality rate High cost due to difficult operation
High transfection efficiency
Mechanoporation Capable of mass operation

High cell survival rate
High stability

3.2. Application of Mechanoporation in Stem Cells

Transfection efficiency and cell viability are critical for applying stem cells for clinical
applications. Due to the characteristics of less cell damage, a high cell survival rate, and
high transfection efficiency, mechanoporation has shown great prospects in the clinical
treatment of regenerative medicine.

Adipose tissue-derived stem cells (ADSCs) are one of the well-studied stem cells for
clinical applications. As shown in Figure 7, Jung et al. employed mechanically perforated
ADSCs for rapid labeling for PET/MRI imaging [90]. The patient’s own stem cells can be
used to repair or regenerate damaged joint tissue. In this context, these transplanted cells
need to be labeled with in vivo molecular imaging tools to distinguish them from the host
cells. In the follow-up treatment, it is necessary to monitor and observe the implantation,
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survival, migration, and differentiation activities to achieve the purpose of predicting
the therapeutic effects. Jung et al. applied mechanical compression to transport iron
oxide nanoparticles and 18F-FDG into ADSCs for subsequent identification by PET/MRIL
The labeling process can be completed in a very short time during the operation, and
the labeling efficiency is similar to that achieved by passive incubation for 30 min. The
detection of labeled cells found that, compared with unlabeled cells, the survival rate of
labeled cells reached 94%, and there was no increase in long-term toxicity, and even DNA
damage was lower than that of passive incubation methods.
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Figure 7. Experimental scheme of mechanoporation, which enables the rapid and efficient radiolabeling
of adipose tissue-derived stem cells (ADSCs) for PET imaging. Reprinted with permission from Ref. [90].

On the other hand, stem cells cultured in vitro are an important research system for
applications in regenerative medicine. Intracellular transfection technology can be used
to introduce specific regulatory proteins or modified enzymes to explore the regulatory
mechanisms governing the self-renewal and differentiation of stem cells. Intracellular
transfection combined with gene editing technology has also been widely used in stem cell
research. Therefore, the difficult-to-transfect feature has become a major challenge in stem
cell research.

Chung et al. used fluidic cell mechanoporation to successfully transfect primary hu-
man stem cells with plasmid DNA. Cell viability, after mechanoporation, was significantly
higher than electroporation [36]. Garcia et al. demonstrated a novel microfluidic device
for the successful transfection of mRNA into human primary T cells, natural killer (NK)
cells, and CD34+ hematopoietic stem and progenitor cells (HSPCs) via volume exchange
for convective transfections (VECTs) [100]. In addition to the role of intracellular transport,
studies have found that mechanical stretching can promote the reprogramming efficiency of
fibroblasts to functional cells, even skipping the process of reprogramming into stem cells.
When suspension cells pass through a narrow microfluidic channel, the nucleus undergoes
a rapid extrusion. This reversible nuclear deformation process can significantly reduce the
methylation level of histone H3K9 and DNA, thereby improving chromatin accessibility.
Finally, it promotes the reprogramming efficiency of fibroblasts to neurons [101].

Through these stem cell studies, scientists can better understand the properties and
functions of stem cells and apply them in various fields of regenerative medicine and
disease treatment. Mechanoporation technology is an important tool for stem cell research,
which helps scientists better utilize the potential of stem cells to achieve more effective
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therapeutic effects (Figure 8). Although this technology may still have some limitations
and challenges at present, we believe that with continuous development and updating,
mechanical perforation technology will exert more potential and make greater contributions
in applying stem cells in regenerative medicine.
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Figure 8. Transfection of the stem cell and its main application.

4. Outlook and Conclusions

Microfluidic mechanoporation, as an emerging intracellular delivery approach, offers
huge potential in stem cell applications due to the following advantages.

First, mechanoporation offers the precious feature of no contamination or cytotoxicity,
which is critical for stem cell study or therapy. For stem cell therapy, there must be product
control, meaning the gene-edited stem cells should be exactly edited as we expect. But other
intracellular delivery methods can introduce potential complications, such viral vectors,
chemicals, and electrical stimulations, which may bring gene mutation or contamination.
Mechanoporation only uses mechanical forces to disrupt cell membranes introducing no
chemicals or viruses. In addition, a microfluidic chip can achieve the whole function of
stem cell therapy by integrating sample processing, such as filtering and purification, gene
editing using mechanoporation, quality checks, etc., in one personalized chip, holding
promising applicational potential. Even single-cell manipulation, gene editing, and quality
checks can all be realized in one microfluidic chip.

Second, microfluidic mechanoporation has great versatility, simplicity, and low fabri-
cation costs. It allows for different types of cargos, such as nucleic acids, small molecules,
and proteins to be delivered to various types of cells. It does not require any external energy
sources, such as an electrical field or an acoustic field, and is straightforward to use. The
fabrication of a microfluidic mechanoporation device is quite mature using conventional
soft lithography or standard silicon microfabrication.

Third, microfluidic mechanoporation can offer high delivery efficiency and high cell
viability, which is critical for gene editing and stem cell therapy. Low transfection efficiency
in stem cells is one of the main bottlenecks for both basic research and clinic applications.
Human pluripotent stem cells, including embryonic stem cells and induced pluripotent
stem cells, possess the capacity to differentiate into different kinds of functional cells for cell
therapy. However, the transfection efficiency is extremely low compared with cancerous cell
lines. Furthermore, the transfection of large-size plasmid DNA or proteins is also inefficient.
Cell state, extracellular components, and other cell membrane characteristics may “protect”
stem cells from taking exogenous materials, making the traditional methods inefficient.
Mechanoporation may substantially increase the transfection efficiency, because it stretches
cells by mechanical forces. High transfection efficiency and the potential for delivering
large cargoes will trigger both the mechanistic research and translational applications of
stem cells.

Microfluidic mechanoporation technology still has a few challenges to overcome,
including a lack of precise pore size control, a relatively low transfection efficiency for some
cell types, and potential cell damages, which could be solved with a further understanding
of the mechanoporation mechanisms and optimized device and operation parameters.

With a fast-growing interest in gene-editing-relevant applications, we can foresee more
research development and commercialization in microfluidic mechanoporation technology
toward more ideal technology that features high throughput, low costs, high cell viability,
excellent reliability, and a more straightforward utilization.
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Abstract: This manuscript offers a concise overview of paper microfluidics, emphasizing its sustain-
able sensing applications in healthcare, environmental monitoring, and food safety. Researchers have
developed innovative sensing platforms for detecting pathogens, pollutants, and contaminants by
leveraging the paper’s unique properties, such as biodegradability and affordability. These portable,
low-cost sensors facilitate rapid diagnostics and on-site analysis, making them invaluable tools for
resource-limited settings. This review discusses the fabrication techniques, principles, and applica-
tions of paper microfluidics, showcasing its potential to address pressing challenges and enhance
human health and environmental sustainability.
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1. Introduction

In the past few decades, the increasing demand for portable, cost-effective, and en-
vironmentally friendly sensing technologies has driven the rapid advancement of paper-
based microfluidics. Leveraging the inherent properties of paper, such as its low cost,
biocompatibility, and ease of fabrication, researchers have developed innovative sensing
platforms capable of performing complex analytical tasks with minimal resources.

One of the most compelling aspects of paper-based biosensors is their ability to meet
the ASSURED criteria outlined by the World Health Organization (WHO) for point-of-care
testing. These criteria emphasize the importance of tests being affordable, sensitive, specific,
user-friendly, rapid and robust, equipment-free, and deliverable to those in need [1-3].
The paper microfluidics concepts are prominently utilized in healthcare, where it has
revolutionized diagnostic testing, particularly in resource-limited settings. By integrat-
ing various biochemical assays and detection methods onto paper substrates, clinicians
can now perform rapid and accurate diagnoses of various diseases, ranging from infec-
tious diseases like malaria and HIV to chronic conditions such as diabetes and cancer.
Moreover, the simplicity and portability of paper-based diagnostic devices make them
well-suited for decentralized healthcare delivery, enabling point-of-care testing in remote
or underserved communities.

Beyond healthcare, paper microfluidics plays a crucial role in environmental monitor-
ing by providing cost-effective solutions for detecting pollutants and contaminants in air,
water, and soil. By functionalizing paper with specific reagents or sensors, researchers can
develop portable devices capable of detecting various environmental pollutants, including
heavy metals, pesticides, and toxic gases. These paper-based sensors offer real-time moni-
toring capabilities and can be deployed in field settings to assess environmental quality
and identify potential hazards.
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Additionally, paper microfluidics contributes significantly to food safety and secu-
rity by enabling the rapid and on-site detection of foodborne pathogens, adulterants,
and contaminants. With the global food supply chain becoming increasingly complex
and vulnerable to contamination, there is a growing need for robust and cost-effective
methods to ensure the safety and integrity of food products. Paper-based sensors offer
a promising solution by providing rapid, sensitive, and user-friendly tools for detecting
harmful substances in food samples, helping prevent foodborne illnesses, and mitigating
economic losses.

In summary, sustainable sensing with paper microfluidics holds immense promise for
addressing critical challenges in healthcare, environmental monitoring, and food safety.
Leveraging the unique attributes of paper, researchers are continuously innovating and
introducing new sensing platforms that have wide-ranging implications for enhancing
human well-being and preserving the environment. This manuscript provides a thor-
ough overview of the current advancements in paper-based sensing technologies and
their diverse health, environmental, and food-contaminant-detection applications. This
comprehensive review is a valuable resource for researchers, practitioners, and enthusi-
asts in microfluidics, biotechnology, and environmental science, offering insights into the
current state and future directions of biodegradable paper microsystems for health and
environmental applications.

2. Fundamentals of Paper Microfluidics
2.1. Paper Types and Their Characteristics

Paper-based sensors leverage a wide variety of paper substrates, such as filter pa-
pers [4-6], nitrocellulose membranes [7-10], office papers (70-180 gsm) [11-14], tissue
paper [15], photo (e.g., glossy) papers [16,17], waterproof papers [18], polyester papers [19],
flexible polyethylene naphthalate sheets [20,21], and chromatography paper [22,23]. No-
tably, Whatman brand chromatography papers are among the most extensively utilized
choices. This preference stems from the exceptional wicking ability that Whatman papers
exhibit. Whatman offers a range of fibrous filter papers, such as Grade 1 to Grade 4, each
characterized by distinct properties that find applications in various qualitative analytical
techniques. These applications span general laboratory filtration, qualitative air pollution
monitoring, soil analysis, food testing, and more. Whatman Filter Paper Grade 1, widely
utilized in laboratory filtration, is renowned for its superior fine particle retention and
rapid filtration capabilities. Composed of high-quality cellulose fibers, this filter paper
basis weighs 88 g/m?, with a nominal particle retention rating of around 11 um, making it
highly effective in separating very fine particles. With a moderate thickness of 180 um and
a porosity of 10.5 s, it balances quick filtration and efficient particle retention. Whatman
Filter Paper Grade 2, another well-established filtration medium, is recognized for its fine
particle retention and moderate flow rate. It is manufactured from high-quality cellulose
fibers weighing 103 g/m? and offers a nominal particle retention of approximately 8 pm.
Its balanced construction, with increased thickness (190 pm) compared to Grade 1, ensures
efficient particle retention while allowing relatively faster filtration. Whatman Filter Paper
Grade 3, made from high-quality alpha cotton cellulose (basis weight of 187 g/m?), pro-
vides a nominal particle retention of approximately 6 um, with moderate thickness (309 um)
and a porosity of 26 s. Finally, Whatman Filter Paper Grade 4, designed for robust and
versatile filtration, is crafted from high-quality alpha cotton cellulose, offering a nominal
particle retention of approximately 20-25 pm, with moderate thickness (205 pm) and basis
weight of 92 g/m?.

Nitrocellulose membrane papers, derived from the nitration of cellulose, are inte-
gral components in laboratory techniques such as Western blotting and immunoassays.
Renowned for their highly porous structure of 0.45 pm and 12 um pore sizes, these mem-
branes provide efficient protein binding, ensuring a large surface area for immobilization.
Their uniform pore size distribution guarantees consistent and reproducible outcomes,
while their hydrophobic nature facilitates the transfer of hydrophobic proteins during blot-
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ting. With a high binding capacity, compatibility with various immunodetection methods,
and versatility for protein and nucleic acid applications, nitrocellulose membrane papers
play a crucial role in molecular biology and biochemistry, offering purity and reliability in
experimental procedures.

Tissue paper is a versatile and widely used material characterized by its random packing
of cellulose microfibers. These microfibers, ranging from several hundred micrometers in
length to 50-100 pm in diameter, contribute to tissue paper’s softness, absorbency, and strength.
Derived from wood pulp or plant-based sources, tissue paper is known for its comfort and
durability, making it suitable for facial tissues, toilet paper, and napkins. However, it has been
used in research applications such as oil/water separation, wearable sensors, etc. [24].

Glossy paper, traditionally associated with printing and photography, has emerged
as a subject of study for paper-based sensors due to its unique composition. Comprising
cellulose fibers and inorganic fillers intricately blended into the paper matrix, glossy paper
offers distinct advantages in sensor development. For example, Arena et al. [25] explored
the use of glossy paper to create a flexible paper-based sensing device specifically designed
for detecting ethanol. Unlike traditional filter paper, glossy paper’s surface properties
are more amenable to modification, providing greater sensor design and customization
flexibility. This shift to glossy paper represents a novel approach, capitalizing on its
composition to enhance the performance and adaptability of paper-based sensors, thereby
expanding the scope of potential applications in analytical and diagnostic fields.

Chromatography paper, composed primarily of high-quality cellulose fibers, is de-
signed with specific technical specifications to facilitate the efficient separation and analysis
of substance mixtures. Chromatography paper is available in different formats, such as
sheets or rolls, tailored to specific chromatographic techniques, making it an essential tool for
diverse analytical applications. Figure 1 shows the morphology of different paper substrates.

Figure 1. Scanning electron microscopy (SEM) images of different paper substrates. (a) Filter paper
(Whatman Grade 1) (without treatment and with heat treatment at 600 °C). Reprinted with permission
from Jiang et al. [26]. ©2015 The Authors, licensed under a Creative Commons Attribution 4.0 Inter-
national License (CC BY-NC 4.0). (b) NC membrane (untreated and polyurethane acrylate-treated).
Reprinted with permission from Lin et al. [27]. ©2022 The Authors, licensed under a Creative Com-
mons Attribution 4.0 International License. Published by Springer Nature Limited. (c) Office paper
at 10x and 100x magnification. Adapted from Jabar et al. [28] ©2019. Laser. (d) Native tissue paper
(overview and close view). Reprinted with permission from Cao et al. [24]. ©2017 The Authors, li-
censed under a Creative Commons Attribution 4.0 International License. (e) Chromatographic paper at
150 (untreated and graphene oxide-modified), adapted from Fernandes et al. [29]. ©2019 The Authors,
licensed under a Creative Commons Attribution License. Published by Sociedade Brasileira de Quimica.
(f) Polyethylene terephthalate (PET) membrane. Adapted from Arahman et al. [30]. ©2017 The Authors,
open access article distributed under the terms of the Creative Commons Attribution License.
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2.2. Paper Selection Factors

The choice of paper substrate in biosensing relies on several characteristics, including
the capillary flow time (the time for the liquid sample to flow through lateral pores), paper
thickness, pore size, porosity (percentage of air in the porous structure), and surface quality.

In paper-based microfluidic devices, capillary flow time refers to the duration it takes
for a liquid sample to travel through the lateral pores of the paper substrate. The capil-
lary flow time is inversely related to the capillary flow rate and expressed as s cm ™. Tt
plays a vital role in defining the velocity and effectiveness of fluid movement within the
microfluidic system. Specifically, the capillary flow time holds significant importance in
creating paper-based diagnostic devices, especially in applications like lateral flow assays.
Assessing the capillary flow time is instrumental in determining the optimal placement of
the test and control lines on the nitrocellulose (NC) membrane.

The thickness of the paper substrate is an important parameter influencing the design
and performance of paper-based microfluidic devices. It directly affects the capillary action,
fluid flow dynamics, and device functionality. Thicker papers may impede the capillary
flow, extending the path length for liquid absorption and affecting the speed of fluid
traversal through paper channels. Moreover, paper thickness impacts sample absorption,
with thinner papers potentially having a lower sample retention capacity, influencing device
sensitivity and detection limits. The mechanical strength and integrity of the paper are
also thickness-dependent, where thicker papers contribute to enhanced device durability.
However, thicker papers may present challenges in fabrication processes such as cutting,
printing, or folding, necessitating consideration of compatibility with chosen techniques.
Consequently, optimizing paper thickness involves a delicate balance, requiring careful
selection based on the specific needs of the intended microfluidic application.

Pore size is a pivotal parameter in paper microfluidics, exerting a profound impact on
the performance and capabilities of microfluidic devices. Acting as conduits for capillary
flow, the pores within the paper substrate guide fluid movement throughout the device.
The capillary action hinges on pore size, with smaller pores facilitating slower yet controlled
fluid flow, while larger pores allow for faster capillary flow. The speed and efficiency of
fluid transport within the paper substrate are directly influenced by pore size. Fine-tuning
this parameter is critical for optimizing fluid dynamics, ensuring precise sample movement
to various device regions. Moreover, pore size governs the volume of sample absorption
by the paper, providing customizable control over the sample absorption capacity to
meet specific diagnostic or analytical needs. Pore size becomes pivotal in applications
necessitating analyte separation, such as chromatographic assays. Varied analytes interact
differently with the paper matrix, and adjusting the pore size enables selective separation.
The resolution and sensitivity of paper-based assays are intricately tied to pore size, where
smaller pores enhance resolution but may impede fluid transport speed. Striking a balance
between these factors is essential for attaining paper microfluidic devices’ desired sensitivity
and resolution.

Porosity refers to the percentage of air present in the porous structure of the paper
substrate. It is a crucial parameter influencing the capillary action and fluid flow dynamics
within microfluidic devices. The porosity of the paper directly impacts the movement
of fluids through its pores. A higher porosity generally allows for better capillary flow,
as there is more interconnected space for the fluid to travel. However, excessively high
porosity may lead to rapid fluid flow and reduced control over the movement, potentially
affecting the performance of the microfluidic device.

Permeability refers to the ability of the paper substrate to allow the flow of fluids
through its structure. It is a crucial parameter influencing the capillary action and fluid
transport dynamics within microfluidic devices. The permeability of the paper substrate
determines how readily and efficiently liquids can traverse through its porous structure.
A paper substrate with high permeability allows for rapid capillary flow, enabling the
swift movement of fluids along the paper channels. On the other hand, lower permeabil-
ity may result in slower capillary flow. The permeability of the paper is influenced by
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factors such as pore size, porosity, and the overall structure of the paper matrix. It is an
important consideration in designing and optimizing paper-based microfluidic devices,
particularly in applications where the precise control of fluid flow and transport dynamics
is essential. For porous materials consisting of fibers with a circular cross-section of radius
r¢, permeability can be approximated using the following empirical relation [31]:

k:T‘Z N(P(li\/lifp)z

Fa(1 - )32 @

For random fibrous media, the permeability can be determined using the following
correlation between permeability and porosity [32]:

G

Here, ¢ represents the critical porosity value required for permeating flow, often referred
to as the percolation threshold. The parameters C; and C; are associated with the net-
work’s geometry.

Furthermore, the Kozeny—-Carman equation can be employed to predict the perme-
ability of granular isotropic porous materials, such as nitrocellulose membranes [33]:
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Here, d represents the average pore diameter, and porosity ¢ was determined empiri-
cally by measuring the volume of liquid absorbed by the materials [34].

2.3. Principles of Fluid Transport in Paper

Paper microfluidics operates on fluid flow without external forces, relying on capillary
action to drive passive fluid movement through the paper substrate. The paper and
the fluid’s contact surface interplay involves cohesive and adhesive forces. Interactions
occur within the liquid at the liquid—air interface (cohesion) and between the solid-liquid
interfaces (adhesion). The adhesive force facilitates the liquid’s spreading onto the porous
substrate, while cohesive forces, such as surface tension, work to reduce the liquid—air
interface’s area. Fluid flow occurs when the effect of adhesion surpasses that of cohesion.
The wicking process is influenced by various physical and geometrical properties of porous
media, including the paper material, paper structure, pore size, permeability, paper size and
shape, and the physical properties of the liquid. Fluid transport can generally be classified
into the wet-out process and fully wetted flow [35]. In the wet-out process, the fluid front
wicks along the dry porous media and can be modeled using the classical Lucas-Washburn
equation. Conversely, fluid transport occurs along the wetted porous media in fully wetted
flow and is governed by Darcy’s law.

2.3.1. Classical Lucas-Washburn Equation (Capillary Flow)

- ke cos 6
I(t) =2,/ oy, Vi 4)

where [(t) denotes the length of the wetted region of the paper at time t; k represents
the permeability of the paper, reflecting how readily fluid can traverse a specific paper
substrate and contingent on pore size and geometry; p signifies fluid viscosity;  represents
the interfacial surface tension of the liquid; r, is the average pore radius; and ¢ stands
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for the liquid penetration time. The Lucas—Washburn equation can be formulated in the
following manner by incorporating the influence of tortuosity on capillary flow:

- 727 cos 0
1(t) =2 /721472 Vit )

In this context, tortuosity is defined as T = (L./ L)Z, where L. represents the effective
path length between two intermittent points in the liquid and L is the straight path length.
The parameter T consistently holds a value greater than one.

2.3.2. Darcy’s Law for Fluid Flow

Darcy’s Law is a fundamental equation describing fluid flow through porous media,
and it applies to various contexts, including paper microfluidics. In this context, the imbi-
bition rate of the fluid 71 through the paper substrate can be determined by Darcy’s law,
as per the following equation:
k;AP
pl(t)
In the given expression, k; = k/ ¢ represents the interstitial permeability of the paper
stripand ¢ =1 — ﬁ is the porosity of the medium [36]. Other variables include m, which
denotes the basis weight; p. and h representing the density and thickness of the porous
substrate, respectively; and AP, which stands for the pressure difference over the wetted
region, often referred to as Laplace pressure.

For a straight paper strip device, Darcy’s law for fluid flow can be modified as follows:

ﬁ:

(6)

Q=-A-k-2F )
L

Q represents the volumetric flow rate of the liquid; A (equal to w X h) signifies the cross-
sectional area of the paper; k stands for the permeability of the paper, which measures the
ease of fluid flow through the paper substrate; and AP = P(0) — P(L) indicates the pressure
drop across the paper, with P(0) denoting the pressure at x = 0 and P(L) representing the
average capillary pressure at the fluid front. L is the length of the paper. This equation
introduces a negative sign to consider the flow occurring in the direction of decreasing

pressure. Additionally, the term % is defined as the flow resistance (Rj):

Q= AP ®)

Rhyd

Equation (8) bears similarity to Ohm’s law in an electric circuit, expressed as AV = RI,
where I denotes the electric current, R is the electrical resistance, and AV represents the
potential drop. In hydrodynamic systems, the volumetric flow rate Q signifies the volume
per unit time, while in an electric system, the current represents the charge per unit time.
Moreover, AP (energy per volume) draws an analogy to potential drop (energy per charge).

Moreover, beyond the conventional linear channels in paper strips, researchers have
introduced a variety of configurations to control fluid transport, each characterized by
distinct dynamics attributed to shapes like circular, trapezoidal, sector-shaped, multisection
medium, and other arbitrary geometries [37—41]. For an in-depth exploration of these
geometries, readers can refer to the comprehensive summary provided by Kumar et al. [42].

2.4. Dimensionless Numbers for Fluid Transport

In paper microfluidics, the intricate phenomena of fluid flow can be effectively char-
acterized and understood by employing a series of dimensionless numbers [43]. These
dimensionless numbers play a crucial role in delineating the relative significance of differ-
ent physical factors governing the behavior of fluids within the porous paper substrate.
Dimensionless numbers are fundamental in scaling and normalizing various parameters,
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enabling researchers and engineers to draw meaningful comparisons and insights across
different systems and scales.

2.4.1. Capillary Number (Ca)
It is defined as the ratio of viscous forces to capillary forces and is expressed as
up
Y

Ca = )
Here, U (m/s) represents the velocity of the flow, 7 (N/m) denotes the surface tension at
the water /paper interface, and u (kg/(ms)) stands for the viscosity of the fluid.

The capillary number helps to characterize the dominance of capillary forces over
viscous forces in a given system. In the context of paper microfluidics, it provides insights
into the ability of capillary action to drive fluid flow through the paper substrate. When
Ca is small, viscous forces dominate, and the flow is slow and controlled by viscosity.
On the other hand, when Ca is large, capillary forces take precedence, resulting in faster,
capillary-driven flow. A low capillary number is often desirable for paper-based devices,
ensuring controlled and predictable fluid flow. Understanding and manipulating Ca is
essential for designing effective paper microfluidic devices, especially in point-of-care
diagnostics and environmental monitoring applications.

2.4.2. Reynolds Number (Re)

A dimensionless quantity characterizes the relative importance of inertial forces to
viscous forces in fluid flow. In paper microfluidics, the Reynolds number helps assess the
nature of fluid flow through the porous substrate. It is defined as

(10)

where p is the fluid density, U is the characteristic velocity of the flow, L is a characteristic
length (e.g., pore size, channel width), and yu is the dynamic viscosity of the fluid.

The Reynolds number classifies flow regimes into laminar and turbulent. In paper
microfluidics, where flow is typically slow and capillary-driven, the flows are often in
the laminar regime (low Re). Laminar flow is characterized by smooth and predictable
streamlines, making it suitable for the controlled transport of fluids within microchannels
or porous media. In a porous medium, if the Re is less than one, the flow is characterized as
laminar and linear, and Darcy’s Law is applicable. However, when Re exceeds 10, the flow
remains laminar but is no longer linear. In this regime, inertial forces become significant,
causing a departure from the linear behavior, and consequently, Darcy’s Law is no longer
valid [43,44].

2.4.3. Weber Number (We)

The Weber number (We) is a dimensionless parameter that characterizes the ratio
of inertial forces to surface tension forces in a fluid flow. It is particularly relevant in
understanding the deformation and breakup of liquid droplets. The Weber number is
defined as
_ pUPL
A

We (11)

where p is the fluid density, U is the characteristic velocity of the flow, L is a characteristic
length (e.g., pore size and channel width), and ¢ is the surface tension at the liquid—
air interface.

The Weber number indicates the dominance of inertial forces over surface tension
forces. A low Weber number is often desirable in paper microfluidics, where capillary
action and surface tension are crucial in fluid transport through porous substrates. A low
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We signifies that capillary forces and surface tension are sufficient to overcome inertial
forces, allowing for stable and controlled fluid flow.

2.4.4. Schmidt Number (Sc)

The Schmidt number (Sc) is a dimensionless quantity that characterizes the relative
importance of momentum and mass transport in the fluid flow. It is defined as the ratio of
the kinematic viscosity of the fluid to its mass diffusivity:

Sc = p% (12)

Here, v = y/p is the kinematic viscosity (m? s 1) and D is the is the mass diffusivity
(m?s71).

Sc plays a crucial role in determining the effectiveness of mass transport processes,
especially in cases involving simultaneous flow and diffusion. A high Schmidt number
suggests that the diffusional transport of mass is dominant compared to the convective
transport by fluid flow. Conversely, a low Schmidt number indicates that convective
transport prevails over diffusional processes. Controlling mass transport is essential for
applications such as chemical reactions, analyte detection, and other biological or chemical
processes in paper microfluidic devices.

2.4.5. Péclet Number (Pey)

The Péclet number (Pe;) is a dimensionless quantity that characterizes the relative
importance of convective transport to diffusive transport in a fluid flow system. It is defined
as the ratio of the characteristic time of convective transport to the characteristic time of
diffusive transport:

u
Per = Re x Sc = B/L (13)

The significance of the Péclet number lies in its ability to provide insights into the
dominance of convective or diffusive transport mechanisms. A high Pe; indicates that
convective transport is dominant, suggesting that fluid flow is crucial in transporting
species within the porous medium. On the other hand, a low Pe; means that diffusive
transport is more significant, indicating that the concentration gradient is the primary
driving force for mass transport.

For applications in paper microfluidics, such as chemical reactions, analyte detection,
or biological assays, understanding the Pe;, number is crucial for optimizing the design
and performance of the devices. Balancing convective and diffusive transport is essential
to ensure efficient and controlled mass transport, ultimately influencing the accuracy and
reliability of the processes carried out in paper microfluidic systems.

3. Classifications of Paper-Based Assays

Paper-based sensors are versatile diagnostic tools that utilize the properties of paper
to detect various analytes. These sensors fall into three main classifications: dipstick tests,
lateral flow assays (LFAs), and microfluidic paper-based analytical devices (WPADs).

3.1. Dipstick Assays

Dipstick test strips consist of paper pads with dried capture reagents affixed to a
supporting plastic strip. A paper strip is immersed into a liquid sample in the dipstick assay
process. The sample traverses the strip, interacting with specific reagents immobilized,
resulting in a discernible signal at the test line (Figure 2a). The intensity or shade of the
produced color in dipstick assays sometimes enables users to estimate the approximate
or semi-quantitative concentration of the analyte. Key advantages of dipstick assays
include their simplicity, cost-effectiveness, and the capability to test for multiple analytes
simultaneously. However, dipstick assays often exhibit drawbacks such as poor detection
limits and limited specificity [45,46].
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Figure 2. Schematics illustrating various paper-based assays: (a) Dipsticks typically comprise the
test line and control line printed on the NC membrane, with an absorbent pad (crafted from filter
paper) to soak up excess sample fluid. (b) Lateral flow assays (LFAs) encompass key components
such as SP: sample pad, CP: conjugate pad, NC: nitrocellulose membrane, T: test line, C: control
line, and AP: absorbent pad. (c) Microfluidic paper-based analytical devices (WPADs): a simple pat-
terned paper device designed for multianalyte detection (left), origami-based 3D uPADs with hollow
channels (center and right). Reprinted with permission from Renault et al. [47]. ©2014 American
Chemical Society and from Carrell et al. [48]. ©2019 The Authors, under a Creative Commons license
CC BY-NC-ND-4.0, Elsevier B.V.

3.2. Lateral-Flow Assays

Paper-based lateral flow assays (LFAs) consist of overlapping paper substrates, includ-
ing a sample pad (SP) for receiving the liquid sample, a conjugate pad (CP) with labeled
reagents (e.g., colloidal gold particles), a nitrocellulose (NC) membrane containing test
and control lines, and an absorbent pad (AP) to soak up excess sample fluid (Figure 2b).
The working principle involves applying the sample to the pad, initiating capillary flow
that guides the sample through the conjugate pad, which interacts with the labeled reagents.
The sample then traverses the nitrocellulose membrane, binding to immobilized capture
agents at the test line if the target analyte is present, forming a visible line. The control
line, containing immobilized capture agents for validation, always produces a line. The ab-
sorbent pad at the end facilitates liquid flow. This assay allows for rapid on-site detection,
with the presence or absence of lines providing a visual interpretation of results, and its
versatility makes it valuable for diagnostics and point-of-care testing.

3.3. Microfluidic Paper-Based Analytical Devices (1PADs)

Paper-based microfluidic biosensors (WPADs) represent an innovative class of diag-
nostic tools that integrate microfluidic channels on paper [49]. These biosensors leverage
the capillary action of paper to control the flow of liquids through predefined channels. Mi-
crofluidic components enable the precise manipulation of samples and reagents, enhancing
the sensitivity and specificity of assays. By incorporating various detection zones on the
paper, uPADs can be customized to detect multiple analytes simultaneously (Figure 2c).
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These paper-based assays are presently employed across diverse applications for detecting
diseases, pathogens, toxins, pollutants, food safety, and, most notably, in the recent context,
for detecting COVID-19 [50-52]. A detailed discussion on applications of these assays is
discussed in Sections 7 and 8.

4. Fabrication Techniques for Paper-Based Devices

Paper-based microfluidic devices have gained popularity due to their simplicity,
cost-effectiveness, and ease of fabrication. Several techniques are employed to fabricate
these devices, each offering unique advantages. The manufacturing processes for paper
microfluidics involve making specific sections of the paper hydrophilic to enable smooth
sample flow, while other sections are made hydrophobic to form the channel walls. Broadly,
fabrication methods can be categorized into two approaches: the first involves treating
hydrophilic paper with hydrophobic materials to shape the desired channels, while the
second approach entails cutting the paper using various tools such as knives or lasers to
generate the channel pattern. Here are some commonly used fabrication techniques for
paper-based microfluidic devices:

4.1. Blade Cutting/Plotting

Blade cutting or plotting is a versatile method providing a straightforward and precise
means of creating desired patterns and structures. This technique involves using a cutting
or plotting machine equipped with a sharp blade to cut through paper substrates precisely,
shaping them according to a predefined digital design.

The process begins with creating a digital design or blueprint of the intended paper-
based device using design software. This digital file guides the cutting or plotting machine,
detailing the specific features, dimensions, and patterns. The paper substrate, typically
selected for its compatibility with blade cutting, is then securely fixed onto the machine’s
work surface. The machine is calibrated to accommodate the specific properties of the
paper and the design requirements. Adjustments to parameters such as blade depth,
speed, and cutting force are made to ensure accurate and clean cuts. The digital design
file is loaded into the cutting or plotting machine, specifying the desired cutting settings.
The cutting or plotting machine, guided by the digital design, moves the sharp blade across
the paper substrate, accurately cutting or scoring along the defined lines. The process is
precise and repeatable, allowing for the creation of intricate patterns, microfluidic channels,
or other features.

Blade cutting/plottings offer advantages such as simplicity, cost-effectiveness, and quick
turnaround times. However, it may have limitations in achieving excellent features or complex
geometries compared to more advanced fabrication techniques. Nonetheless, it remains a pop-
ular choice for rapid prototyping and producing paper-based devices for various applications.

4.2. Laser Cutting

Laser cutting, a meticulous and versatile method for fabricating paper-based devices,
utilizes a laser beam to intricately cut or engrave patterns, channels, and features into paper
substrates, resulting in well-defined structures. The process involves several key steps,
including creating a digital design or blueprint using design software. This digital file
serves as a guide for the laser-cutting process, detailing specific features and dimensions.
Material selection is crucial, with the chosen paper substrate needing the right thickness and
properties to achieve precise cuts without excessive burning. Calibration of the laser cutter
ensures alignment with paper and design specifications, adjusting settings such as the laser
power, speed, and focus. Once the digital file is loaded into the laser-cutting machine,
the process is initiated, and the laser cutter faithfully follows the programmed path to cut
through the paper substrate. The high-energy laser beam vaporizes or burns away the
material along the designated cutting lines. Figure 3a depicts the conventional laser-cutting
method for fabricating paper devices. Laser cutting offers remarkable precision, minimal
material wastage, and the capability to craft intricate and personalized designs, making it
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ideal for applications like paper-based microfluidic devices and sensors requiring precise
and detailed structural features.
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Figure 3. Schematics of various fabrication techniques for paper-based sensors. (a) Laser cutting,
reproduced with permission from Mahmud et al. [53]. ©2018 The Authors, MDPI (Basel, Switzerland).
(b) Photolithography, reprinted with permission from Martinez et al. [54]. ©2007 John Wiley & Sons,
Inc. (c) 3D printing, reprinted with permission from He et al. [55]. ©2016 The Authors, published by
MDP]I, 2016. (d) Wax printing, reprinted with permission from Carrilho et al. [56]. ©2009 American
Chemical Society. (e) Patterning paper using the stamping method. (f) Design and fabrication process
of the origami-paper-based device. Reprinted with permission from Wang et al. [57]. Licensed
under a Creative Commons Attribution 4.0 International License, ©2024 Springer Nature Limited.
(g) Images and schematic representation depicting the process of crafting 2D and 3D vertical paper
analytical devices (VPADs) through the utilization of quilling and kirigami principles. Reprinted with
permission from Gao et al. [58]. ©The Author(s), licensed under a Creative Commons Attribution 4.0
International License.

4.3. Photolithography

Photolithography is a sophisticated technique employed in fabricating paper-based
devices, enabling the creation of intricate patterns and microscale features. The process
involves several sequential steps, beginning with preparing a photoresist-coated substrate.
The chosen paper substrate is coated with a light-sensitive photoresist material, forming a
uniform layer. A photomask containing the desired pattern is then placed near the coated
substrate. Exposure to ultraviolet (UV) light passes through the transparent regions of the
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photomask, initiating a chemical reaction in the photoresist. The exposed areas become
either more or less soluble, depending on the type of photoresist used. After exposure,
the substrate undergoes a development process, where a solvent is applied to remove the
soluble portions of the photoresist. This reveals the pattern on the substrate corresponding
to the photomask. The developed substrate is subjected to additional treatments, such as
baking, to enhance the pattern’s stability. The exposed and developed paper substrate can
now act as a template for creating hydrophobic barriers, fluidic channels, or other functional
elements. Various methods, such as wax printing or plasma treatment, can selectively
modify the paper’s properties. Figure 3b illustrates the step-by-step photolithography
methods for patterning paper devices.

Photolithography offers high precision and resolution, making it suitable for ap-
plications that require intricate designs and well-defined microstructures. However,
it may involve using specialized equipment and chemicals, adding complexity to the
fabrication process.

4.4. 3D Printing

3D printing, or additive manufacturing, is a cutting-edge technique in fabricating
paper-based devices. This method enables the creation of three-dimensional structures
layer by layer, providing precise control over design and geometry. The 3D printing pro-
cess involves utilizing digital design software to create a three-dimensional model of the
intended paper-based device, serving as a blueprint for the 3D printer. Material selec-
tion is crucial, with biodegradable and eco-friendly materials, such as specific polymers,
commonly used for paper-based devices compatible with 3D printing.

To ensure precise layer deposition, the 3D printer is calibrated, adjusting parameters
like layer thickness, print speed, and temperature based on the chosen material and design
specifications. The digital file is loaded into the 3D printer, specifying the desired settings.
The printer deposits layers of the selected material, building up the three-dimensional struc-
ture according to the digital model. This layer-by-layer approach allows for sophisticated
designs and complex geometries, as illustrated in Figure 3c.

After the printing process is complete, any support structures used during printing
are removed, and additional post-processing steps, such as sanding or coating, may be
performed to refine the surface and enhance specific properties of the 3D-printed paper
device. The overall 3D printing method offers advantages such as rapid prototyping,
customization, and the ability to produce complex structures that may be challenging with
traditional fabrication methods. However, careful consideration of the material selection,
printer calibration, and post-processing steps is essential to optimize the performance and
quality of 3D-printed paper-based devices.

4.5. Screen Printing

Screen printing is a versatile and economical technique for producing paper-based
microfluidic devices. This method facilitates the application of hydrophobic barriers and
functional inks onto porous paper substrates, thereby establishing fluidic channels with
diverse applications, including diagnostics and chemical analysis. The fabrication begins
with developing a digital design or stencil outlining the microfluidic channels, test zones,
and additional features. Subsequently, the stencil or design is secured onto the mesh screen,
aligning it with the intended microfluidic layout. The screen is then coated with a layer
of hydrophobic or wax-based ink. Execution of the printing process involves placing the
inked screen onto the paper substrate utilizing a squeegee to distribute the ink evenly
across the screen. This action propels the ink through the mesh, deposits it onto the paper,
and defines the desired pattern. The screen is lifted to unveil the printed design, and this
procedure is iterated for each layer or color in the overall design. Thorough drying of the
printed paper is imperative to ensure proper ink adherence and prevent smudging.

Depending on the ink formulation, specific devices may need post-printing treatments.
One standard post-printing treatment involves subjecting the printed paper to heat, en-
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hancing the hydrophobic properties of the ink, and ensuring the formation of effective
barriers. This step optimizes the paper-based microfluidic device, aligning its performance
with specific requirements.

4.6. Wax Printing

Wax printing relies on the hydrophobic properties of wax to create fluidic channels on
paper. The process involves selectively depositing wax onto the paper substrate to define
the boundaries of channels and hydrophilic zones. The hydrophobic wax barriers prevent
liquid flow in certain areas, while the untreated paper remains hydrophilic, facilitating
capillary-driven fluid transport.

The printing involves a multistage process. The desired fluidic channel pattern is
designed using graphic design software. This layout defines the paper’s test zones, chan-
nels, and other features. The designed pattern is then printed onto the paper using a wax
printer. The wax is typically melted and deposited onto the paper, creating hydrophobic
barriers. Commonly used waxes include paraffin or a mixture of paraffin and other addi-
tives. After printing, the paper is heated to allow the wax to penetrate the paper fibers,
enhancing its hydrophobic properties. This step ensures better control over fluid flow and
prevents lateral spreading. The paper may be layered or folded to create three-dimensional
structures, and additional materials, such as membranes or reagents, can be integrated at
specific locations. Figure 3d describes the step-by-step wax printing methods for patterning
paper devices.

4.7. Inkjet Printing

Inkjet printing emerges as a precise and versatile approach for crafting paper-based
microfluidic devices, relying on the controlled deposition of liquid inks onto paper sub-
strates. This method facilitates the generation of intricate patterns, microfluidic channels,
and functional elements. The process entails several key steps: First, design the desired
microfluidic layout, test zones, and other features using digital design software such as
AutoCAD and CorelDRAW. The resulting digital file guides the inkjet printer in creating
the specified patterns. Next, choose appropriate inks based on application requirements,
which may include hydrophobic barriers, conductive materials, or biofunctional agents,
depending on the intended purpose of the paper-based device. Calibrate the inkjet printer
to ensure accurate and consistent droplet deposition, with crucial parameters such as
droplet size, spacing, and positioning. Load the designed digital file into the inkjet printer,
specifying the desired settings. The printer then dispenses tiny droplets of ink onto the
paper surface based on the digital design, bringing the defined microfluidic features and
patterns to life. The inkjet printing process may be repeated for complex designs with
multiple layers or colors for each layer, necessitating precise alignment to achieve the
intended device structure. Thorough drying of the printed paper is crucial to prevent ink
smudging and ensure steadfast adherence to the printed features.

4.8. Embossing

Embossing is a technique that fabricates paper-based devices to create raised patterns
or structures on a paper substrate. The process involves designing the desired pattern
using digital design software such as AutoCAD and CorelDRAW. This pattern dictates
the expanded features of the paper device. A heated metal die is chosen as the embossing
material for the embossing process. The die, designed to match the intended pattern,
transfers the pattern onto the paper. The paper substrate is prepared on a clean, flat surface.
The metal die is heated to the required temperature. Heat is crucial in softening the paper
fibers, enabling them to conform to the raised pattern on the die. The embossing process
begins by positioning the heated die over the designated area on the paper. Pressure is
applied to the die, pressing it onto the paper substrate. The combination of heat and
pressure causes the paper fibers to deform, adopting the die pattern. The die is held for a
specific duration to ensure proper embossing. After embossing, the paper is allowed to cool
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and set. This step is essential for the paper to retain the raised pattern effectively. A quality
check inspects the embossed paper, ensuring the increased features are well-defined and
consistent. Figure 3e shows the step-by-step process for the stamping method.

Depending on the application, additional post-processing steps may be undertaken.
For instance, the embossed paper may be coated with hydrophobic substances to modify its
fluid-handling properties. Embossing is particularly useful for creating three-dimensional
structures on paper, such as microfluidic channels or detection zones. It is a relatively
simple and cost-effective method, making it suitable for various applications in paper-based
microfluidics and analytical devices.

4.9. Origami, Quilling, and Kirigami

Origami, quilling, and kirigami are innovative methods for fabricating paper-based
devices, leveraging folding, quilling, and cutting principles to create intricate structures
with diverse functionalities.

Origami, an ancient Japanese art form, involves precisely folding paper to create three-
dimensional structures without cutting or adhesive. In paper device fabrication, origami
provides an elegant means of constructing complex and functional designs. Researchers
and engineers use origami techniques to fold paper into specific shapes, forming containers,
channels, or dynamic components. The process typically begins with the design of a
flat pattern that, when folded along predetermined lines, transforms into the desired 3D
structure. The patterns are often created using computer-aided design (CAD) software.
Origami-based paper devices have been developed for pPADS applications, such as creating
fluidic channels and reservoirs through folding.

Quilling-based paper device fabrication involves creatively adapting quilling, a paper
art form, to construct functional microfluidic devices [59]. This innovative approach
utilizes the rolling, shaping, and arranging of paper strips to create intricate structures,
including microfluidic channels, reservoirs, and other components essential for analytical
or diagnostic purposes. The process includes designing and planning the device layout,
selecting suitable paper types, preparing quilling strips, employing quilling techniques to
form desired shapes, assembling the components, and integrating functional elements. This
method provides a cost-effective and customizable way to prototype simple microfluidic
devices, offering accessibility and creativity in fabricating paper-based analytical tools for
educational, research, or point-of-care applications.

Kirigami, an extension of origami, introduces the element of cutting into the folding
process. This method allows for more intricate and flexible designs by strategically in-
corporating cuts and folds. In paper device fabrication, kirigami enables the creation of
structures that can expand, contract, or exhibit specific movements. Designers use kirigami
to craft patterns that, when folded and cut, result in functional and dynamic paper-based
devices. This technique is particularly advantageous for applications requiring mechanical
actuation or shape-changing capabilities. Kirigami-based devices have been found to be
useful in flexible electronics and biomedical devices.

Figure 3f,g illustrates schematic representations of origami, quilling, and kirigami
techniques employed in fabricating paper devices. These methods offer simplicity, low
cost, and the ability to create complex structures without advanced equipment. However,
precision in folding and cutting is crucial to achieving the intended functionalities. These
methods have garnered attention for their potential to develop innovative and accessible
solutions for various technological applications.

Table 1 provides a comprehensive summary of various fabrication techniques, de-
tailing their specific characteristics and applications for paper-based sensors. The table
encompasses a range of methods, highlighting each technique’s unique features, advan-
tages, and potential limitations. It serves as a valuable reference for understanding how
different fabrication processes can be tailored to enhance the performance and functionality
of paper-based sensors in diverse applications.
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Table 1. Summary of fabrication techniques for paper-based sensors.

Equipment and

Fabrication Techniques Materials Requirements Advantages Limitations Ref.
Blade cutting/plotting X-Y plotter, knife E}I;Z;(iiczsl il;;ﬂ:;rfee;tures, "% Limited to 2D designs [60,61]
Precise, customizable Req}nres specialized
designs, suitable for equipment and polymer
Laser cutting Laser cutter large—sc’ale production films to protect the paper [62-66]
high resolution (~60 H’m) device from damage, may
generate debris
;X) 1:)%3;32(3;12%0222;?;8 High resolution Equipment-intensive, may
Photolithography (positive/n,egative) mask (200 km), involve multiple complex 7 ¢q)
. . ! well-established steps and chances of
aligner, chemicals, microfabrication technique  channel contamination
oxygen plasma
Allows for complex Limited resolution
3D printing 3D printer, inks customized designs, compared to traditional [70-76]
microfabrication
Resolution may vary,
M suitable for relatively
o esh screen, hot plate, Low-cost, scalable for . .
Screen printing transparency film, wax mass production simple designs, new [77-83]
! screens are required for
different patterns
Limited resolution
. Simple, rapid, (~550 pm), wax spread,
Wax printing icl)it dpij:\i wax printet, cost-effective, and suitable  limited channel [84-89]
for prototyping height control,
temperature sensitivity
Resolution may be lower
Customized inkjet printer, Noncontact. suitable for than other techniques,
Inkjet printing hydrophobic ink, hot plate, id prot E : requires multiple steps, [90-96]
and chemicals rapid prototyping and post-printing heating
is required for some inks
Limited resolution, may
. Embossing tools, Simple, flexible, suitable affect paper integrity,
Embossing adhesivesigsilane for Igpid prototyping susce}?tilf)le to o (97-100]
contamination
Precision challenges,
Paper cutting and foldin, Foldable structures, design and assembl
Origami and kirigami P 5 & flexible design, enhanced & y [101-108]

tools, adhesives

functionality, scalability

complexity, limited
material compatibility

5. Detection Techniques

5.1. Colorimetric Sensing

Colorimetric detection is widely used in paper-based microfluidic devices to analyze
visual and quantitative data. Colorimetric sensing on paper-based devices operates on
the principle of visual color change as an indicator of the presence and concentration
of a specific analyte. Immobilized reagents on the paper matrix selectively react with
the target substance, leading to a detectable color change upon interaction. The sample
application allows the analyte to flow through the paper via capillary action, initiating vari-
ous biochemical reactions, such as enzymatic reactions, antigen—-antibody binding, or pH
changes. The resulting color change is proportional to the analyte concentration, providing
a simple and cost-effective means of on-site detection without the need for complex instru-
ments. This approach is widely applied in medical diagnostics, environmental monitoring,
and food safety, offering a user-friendly solution for rapid analyte quantification. Figure 4a
shows schematics of the colorimetric sensing of dengue NS1 using a paper-based lateral
flow assay [109]. In this assay, the sample is loaded onto the SP and migrates across the
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strip. At the CD, the NS1 antigen (Ag) interacts with immobilized Au-rGO-Ab conjugates,
forming Au-rGO-Ab-Ag complexes. These complexes travel through the membrane via
capillary action. At the test line, they bind to capture antibodies, creating a sandwich
(Au-rGO-Ab-Ag-Ab) and producing a colored band. The absence of Ag results in no band.
Excess-labeled antibody conjugates bind to secondary antibodies at the control line, creating
another colored band and confirming assay completion. The absorbent pad absorbs the
excess buffer and unbound nanoparticles.

5.2. Electrochemical Sensing

Electrochemical detection is a widely utilized method in paper-microfluidics-based
sensors. It enhances their versatility and efficacy by leveraging electrochemical reactions
at the sensor’s surface for target analyte detection and quantification. The integration of
paper microfluidics, driven by capillary action facilitating fluid flow, seamlessly combines
with electrochemical detection, resulting in efficient and portable sensing platforms. Key
components of electrochemical sensors, including the working electrode (WE), reference
electrode (RE), and counter electrode (CE), play crucial roles. The WE, typically made of
conductive materials like carbon or metal, is the primary site for analyte electrochemical
reactions, often modified for enhanced selectivity and sensitivity. The RE maintains a stable
reference potential, accurately determining the electrochemical reaction at the working
electrode. CE completes the electrical circuit by providing a pathway for the flow of
electrons during the electrochemical reaction. It is often made of conductive materials such
as platinum or graphite and is not directly involved in the analyte reaction.

In paper-based devices, these electrodes are embedded into the paper matrix. These
electrodes facilitate electrochemical reactions during the sensing process. Reagents, such as
enzymes or antibodies, immobilized on the electrodes selectively interact with the target
analyte, initiating an electrochemical response. Upon sample introduction, the immobilized
reagents induce electrochemical reactions, with changes in redox states, conductivity, or pH
depending on the sensing mechanism. The resulting electrochemical changes are detected
using instrumentation like a potentiostat, and the recorded signals indicate the presence
and concentration of the target analyte. The quantified electrochemical signals offer a
quantitative assessment through digital displays or data analysis software.

In Figure 4b, schematic diagrams of a paper-based electrochemical sensor are depicted.
These sensors utilize electrochemical sensing electrodes created by drop-casting a carbon
nanotube (CNT) suspension onto paper substrates with varying porosities. The fabrication
process involves a combination of laser cutting, CNT solution drop-casting, and origami
techniques to produce arrays of diagnostic devices. Laser cutting is employed to delineate
the electrode sensing area, facilitating the straightforward drop-casting of the CNT suspen-
sion without needing a separate patterning process. Origami techniques are then utilized
to establish connections between the working, reference, and counter electrodes with the
electrolyte, enhancing the functionality and manufacturability of the device.

5.3. Fluorescence

Fluorescence detection is a robust and widely utilized method in paper-microfluidics-
based sensors, offering high sensitivity and specificity for detecting various analytes [110-114].
This approach capitalizes on the innate fluorescence properties of specific molecules known
as fluorophores, facilitating target substances’ precise identification and quantification.

In the typical configuration of tPADs, specialized reagents or probes contain fluo-
rophores that exhibit selective interactions with the target analyte. When exposed to UV
light, these probes undergo distinct fluorescence changes upon introducing a sample con-
taining the target analyte. These changes may manifest as emission intensity or wavelength
alterations, which can be detected and measured using a fluorescence imaging system.
This imaging system allows for real-time monitoring and quantitative analysis, making it
particularly valuable in medical diagnostics, environmental monitoring, and food safety
applications. Integrating fluorescence detection into microfluidic paper-based sensors en-
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hances their capabilities, providing a powerful tool for the rapid, on-site, and multiplexed
detection of various analytes.

In Figure 4c, a schematic diagram illustrates the fabrication process and detection
mechanism of a double-layered, paper-based fluorescent sensor. This sensor comprises
an upper reaction layer containing two oxidases (lactate oxidase and choline oxidase) and
a bottom fluorescent layer loaded with composite porphine-grafted fluorescent polymer
colloids (PF-PDMTP/HQ). The sensor operates by detecting the significant and rapid
decrease in fluorescence of porphine resulting from the oxidation reaction between saliva
and the oxidases. This reaction is followed by fluorescence resonance energy transfer from
oxidized hydroquinone. As a result, the developed fluorescent paper sensor enables the
visual detection of oral squamous cell carcinoma (OSCC), which can be further confirmed
through grayscale variation analysis using smartphone scanning.

5.4. Chemiluminescence

Chemiluminescence is a detection method commonly employed in paper-microfluidics-
based sensors, offering a sensitive and versatile means of analyzing target analytes [115-117].
The fundamental principles of chemiluminescent sensing on paper-based devices in-
volve immobilizing specific chemiluminescent reagents, such as enzymes or light-emitting
molecules, onto the paper matrix. These reagents are selected for their ability to produce
light upon interacting with the target analyte. Subsequently, the sample containing the
analyte is applied to the paper surface, initiating a chemical reaction with the immobilized
reagents and resulting in light emission. The chemiluminescent response releases energy
through light, which is then detected and quantified using a photodetector or imaging
system. The light emission’s intensity correlates with the analyte’s concentration, providing
a quantitative readout that can be visualized through an imaging system or measured using
specialized instrumentation like a photodetector.

Figure 4d illustrates a microfluidic paper chip-based multicolor chemiluminescence
sensor designed to detect five antioxidants. This paper chip comprises four layers: a
polyethylene terephthalate (PET) film, a paper channel, a double-sided adhesive ring,
and a round-shaped detection paper. The paper channel includes a large sampling zone
connected to a small sampling zone. These components are mass produced using a home
craft cutter printer. The detection paper undergoes modification through the sequential
addition of 5 uL of 1 mM Co?T solution followed by 5 puL of 5 mM chemiluminescent (CL)
reagent, which could be luminol, a mixture of luminol and fluorescein, or a mixture of
luminol and rhodamine B. Subsequently, the PET substrate, paper channel, double-sided
adhesive ring, and modified detection paper are assembled to create multilayer paper chips
suitable for further experimentation.

5.5. Electrochemiluminescence

Electrochemiluminescence (ECL) represents a cutting-edge detection method seam-
lessly integrated into paper-microfluidics-based sensors, providing a robust and precise
analytical tool for detecting target analytes [118,119]. This innovative approach synergisti-
cally combines electrochemical and luminescent principles to achieve heightened sensitivity
and selectivity.

In an electrochemiluminescence-based paper microfluidic sensor, the device incorpo-
rates essential components such as electrodes and chemiluminescent reagents. The elec-
trodes are pivotal in facilitating electrochemical reactions that generate species in excited
states. These excited states subsequently release photons during relaxation, resulting in
luminescence. The beauty of this method lies in its ability to leverage the controlled elec-
trochemical reactions to induce luminescence, offering a precise and sensitive means of
detecting analytes.

The detection mechanism within ECL-based paper microfluidic sensors revolves
around measuring the emitted light. The intensity of the emitted light is directly correlated
with the concentration of the target analyte present in the sample. This quantitative
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correlation enables the precise analysis and quantification of analytes, making ECL-based
sensors invaluable in various applications, including medical diagnostics, environmental
monitoring, and bioanalytical research. Also, integrating electrochemiluminescence into
paper microfluidics enhances the analytical capabilities of these sensors and contributes to
the development of portable, cost-effective, and efficient platforms for on-site detection.
The sensitivity and selectivity achieved through ECL make it a promising technology for
advancing point-of-care diagnostics and real-time monitoring in diverse fields.
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Figure 4. (a) Paper-based lateral flow assay for colorimetric sensing of dengue NS1. Reprinted
with permission from Kumar et al. [109]. ©2018 AIP Publishing LLC. (b) Paper-based elec-
trochemical sensors for glucose sensing, reprinted with permission from Valentine et al. [120].
©2020 American Chemical Society. (c) Schematic diagram of the paper-based fluorescent sensor for
rapid early screening of oral squamous cell carcinoma. Reprinted with permission from He et al. [121].
©2023 American Chemical Society. (d) Paper-based chemiluminescence sensing of antioxidants
(dopamine, CT, Cys, GSH, and TA): CL spectra (top) and CL images (bottom). Reprinted with
permission from Li et al. [122]. ©2023 Elsevier B.V. (e) Illustration of a conceptual paper-based
bipolar electrode electrochemiluminescence platform for detecting multiple miRNAs. Reprinted with
permission from Wang et al. [123]. ©2020 American Chemical Society.

Figure 4e depicts the schematic of a paper-based bipolar electrode electrochemilu-
minescence platform designed to detect multiple targets, specifically miRNA-155 and
miRNA-126. In this setup, the electron transfer process in each bipolar electrode is elec-
trically coupled with the electrochemiluminescence (ECL) reaction of each light-emitting
probe due to the connection between the cathode and the anode. The DC power supply is
connected to the parallel bipolar electrode sensing platform, executing the most suitable
driving voltages for the two light-emitting probes (CdTe QDs and g-C3N4 NSs) with their
co-reactants. Applying a driving voltage of 9 V to the co-reactant K,S,0Og in the hydrophilic
unit, which is in close contact with the cathode region of the parallel bipolar electrode,
induces an excitation-radiative transition process with the emission of the light signal.
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Simultaneously, an oxidation reaction occurs at the anode when in contact with the solution
containing Hy O, resulting in the bipolar electrode facilitating the electron transfer between
the cathode and anode path.

5.6. Surface-Enhanced Raman Spectroscopy (SERS)

Surface-enhanced Raman spectroscopy (SERS) is an analytical technique that enhances
the Raman scattering signal of molecules adsorbed on or near metallic nanostructures. SERS
exploits the localized surface plasmon resonance (LSPR) phenomenon, where incident light
excites collective oscillations of conduction electrons in metal nanostructures. This results in
an enhancement of the Raman scattering signal by several orders of magnitude compared
to conventional Raman spectroscopy. The enhancement arises from two mechanisms:
electromagnetic enhancement due to the strong electromagnetic fields near the metal
surface and chemical enhancement due to charge transfer between the molecule and the
metal surface.

By incorporating SERS-active substrates onto paper substrates, researchers have cre-
ated SERS-enhanced paper devices for on-site and point-of-care applications. The fab-
rication of SERS-active substrates involves the synthesis of noble metal nanoparticles
(e.g., gold or silver) and their deposition onto paper substrates. Various methods, such as
chemical reduction, physical deposition, inkjet printing, and lithography techniques, are
employed to fabricate reproducible and uniform SERS substrates with high enhancement
factors [124,125].

These devices have been used for the qualitative and quantitative analysis of various
analytes, including chemicals, biomolecules, and pathogens. In healthcare, they can be
used for the rapid and sensitive detection of biomarkers for disease diagnosis, monitoring
of therapeutic drug levels, and detection of infectious agents. In environmental monitoring,
SERS-based paper devices enable the detection of pollutants, toxins, and heavy metals
in water, air, and soil. In food safety, they facilitate the identification of contaminants,
adulterants, and allergens in food products.

6. Signal Readout Approach
6.1. Qualitative

Qualitative readout methods focus on determining the presence or absence of a partic-
ular analyte within a sample through visual inspection or colorimetric assays. Color is one
of the most common signals in daily life, and a change in color can be easily distinguished
by the naked eye. In the traditional colorimetric detection assay, color changes at the test
zone depend on the concentration of the target (i.e., color intensity is proportional to analyte
concentration). One common example is a paper-based point-of-care pregnancy kit with
a colorimetric signal readout, which offers a convenient and accessible solution for the
early detection of pregnancy. It operates on the principle of detecting human chorionic
gonadotropin (hCG), a hormone produced during pregnancy, in urine samples. When hCG
is present, it triggers a chemical reaction that produces a visible color change on the paper
strip. This change serves as a positive indication of pregnancy. These types of paper-based
devices provide YES or NO information (i.e., subjective interpretation) and are suitable for
point-of-care diagnostics in resource-limited settings.

6.2. Quantitative

Quantitative analysis involves providing numerical data concerning the concentration
or quantity of the target analyte in a sample. Meanwhile, sensing techniques such as fluores-
cence and electrochemical-based sensing offer quantitative signal readouts. As discussed
previously, fluorescence-based paper sensors utilize fluorescent molecules that emit light
of a specific wavelength upon excitation by an external light source. The presence of the
target analyte induces a change in fluorescence intensity directly proportional to the analyte
concentration. This alteration can be quantitatively assessed using a fluorescence reader or
imaging system.
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Furthermore, the results of a colorimetric assay, characterized by a visible color change,
can also be quantified through digital image analysis using tools such as digital cameras
and smartphones [126].

Quantitative analysis presents several notable advantages, including the precise and ac-
curate quantification of analytes, detection of low concentrations of target molecules, and the
ability to monitor dynamic changes in analyte levels. However, it necessitates complex instru-
mentation and accessories and may involve more intricate sample-preparation procedures.

7. Applications in Health Sensing
7.1. Diagnostic Assays for Infectious Diseases and Others Analytes

Paper-based point-of-care (POC) diagnostic devices have garnered significant attention
due to their portability, cost-effectiveness, biodegradability, and ease of use [127]. These
devices leverage the unique properties of paper substrates to perform various diagnostic
assays, making them promising tools, especially in resource-limited settings, which fulfill the
World Health Organization’s POC device development guidelines. Paper-based diagnostics
typically involve using paper strips or cards that can wick biological samples, such as blood,
saliva, or urine, through channels or zones containing reagents for specific assays [128].

Paper-based microfluidic devices have been used for the point-of-care testing of vector-
borne and flavivirus families such as malaria [129,130], dengue virus [131-133], and Zika
virus [134,135]. For example, Suvanasuthi et al. [136] introduced a paper-based colori-
metric biosensor for detecting dengue virus serotypes (DENV1-4). The paper substrate’s
hydrophobic barriers were fabricated using 3D printing with polylactic acid (PLA) and
wax filaments. The developed prototype demonstrated the ability to differentiate between
dengue virus serotypes based on subtle nucleotide sequence variations. Figure 5a illus-
trates the schematics of device assembly and provides photographs showing the visual
color changes corresponding to different dengue virus serotypes. Karlikow et al. [137]
introduced a paper-based diagnostic platform for detecting Zika and chikungunya viruses
in serum samples. The tests achieved high accuracy and sensitivity by utilizing a cell-
free expression system, isothermal amplification, toehold-switch reactions, and a custom
portable reader and computer vision-enabled image analysis software. Figure 5b depicts
the detection mechanism schematics of the paper-based device. In suspected infection
cases, the tests demonstrated accuracies of 98.5% for both Zika (95% confidence interval,
96.2-99.6%, 268 serum samples) and chikungunya (95% confidence interval, 91.7-100%,
65 serum samples) viruses, with sensitivities ranging from 2 aM to 5 M, falling within
clinically relevant concentrations. The prototype’s performance was successfully validated
in field conditions.

Moreover, paper-based devices have been employed to diagnose other diseases and
analytes, including influenza virus H5N1 [138], Neisseria meningitides [139], nucleic acid
detection [140,141], noncommunicable diseases [142], cancer diagnosis [57,143,144], chronic
obstructive pulmonary disease (COPD) biomarkers [145], HIV [146,147], pregnancy, infertil-
ity [148,149], and bioanalytes (uric acid, glucose, HyO,, and cholesterol) [150-152], etc. In a
recent study, Bezdekova et al. [153] introduced a proof-of-concept paper-based device for
diagnosing prostate cancer (CaP) from urine samples. Initially, urine samples underwent
UV irradiation to induce the formation of fluorescent clusters. Subsequently, a selective
molecularly imprinted polymeric layer was prepared on a paper substrate, allowing for
the specific capture of these UV-induced fluorescent clusters within the urine sample to
be diagnosed. Figure 5c illustrates the process of the formation, capture, and detection
of CaP-specific clusters in UV-irradiated urine samples. These clusters, captured using
molecular imprinting technology, are then quantified using fluorescence spectroscopy.

Chaiyo et al. [154] introduced a novel 3D electrochemical paper-based analytical device
(3D-ePAD) coupled with near-field communication (NFC) potentiostat for the nonenzy-
matic detection of cholesterol. Figure 5d illustrates the design of the paper device and
the strategies employed for cholesterol detection. This integrated platform comprises an
origami PAD (oPAD) and an inset PAD (iPAD). -Cyclodextrin ($-CD) immobilized on
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the oPAD is the specific material for cholesterol detection without enzymes. The device
seamlessly integrates cholesterol detection with a battery-free NFC potentiostat on a smart-
phone. Cholesterol concentration is assessed through a [Fe(CN)s]>~/4~ current signal, a redox
indicator stored in the detection section of the iPAD. The 3D-ePAD/NFC system demonstrates
a linear detection range of 1-500 M and a maximum detection limit of 0.3 pM for cholesterol.
Furthermore, the sensor effectively measures cholesterol levels in real human serum samples,
yielding results consistent with those obtained from a commercial cholesterol meter.

Most recently, during the COVID-19 pandemic, uPADs have played a pivotal role
in point-of-care initial disease screening [155-161]. In one such example, Lee et al. [162]
developed a colorimetric lateral flow immunoassay (LFIA) using a recombinant protein
linker CBP31-BC to immobilize antibodies on a cellulose membrane in an oriented manner.
Figure 5e shows the schematic of the CBP31-BC-based LFIA for detecting SARS-CoV-2.
This LFIA demonstrated the sensitive detection of cultured SARS-CoV-2 in 15 min, with a
low detection limit of 5 x 10* copies/mL. Clinical evaluation using 19 samples validated
by a reverse transcription—polymerase chain reaction (RT-PCR) revealed 100% accuracy in
detecting positive and negative samples, even those with low viral loads.
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Figure 5. (a) Schematics of device assembly and photographs of visual color changes for different
dengue virus serotypes. Reprinted with permission from Suvanasuthi et al. [136]. ©2021 Elsevier
B.V. (b) Schematics of paper-based platforms for detecting the Zika and chikungunya viruses in
serum samples. Reprinted with permission from Karlikow et al. [137]. Licensed under a Creative
Commons Attribution 4.0 International License, ©2022 The Author(s). (c) Illustration of a paper-
based analytical device for detecting prostate cancer using UV-irradiated urine samples. Reprinted
with permission from Bezdekova et al. [153]. ©2023 Elsevier B.V. (d) The design concept of the
3D-ePAD, incorporating origami PAD (0PAD) and insert PAD (iPAD), and the detection mechanism
for cholesterol across different concentrations. Reprint with permission from Chaiyo et al. [154].
Licensed under CC-BY-NC-ND 4.0. ©2024 The Authors. (e) Schematic of the CBP31-BC-based LFIA
for detecting SARS-CoV-2. Reprinted with permission from Lee et al. [162]. ©2022 Elsevier B.V.
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These POC devices have been instrumental in enabling rapid and real-time testing for
the SARS-CoV-2 virus, facilitating the early identification and containment of infections.
Their ease of use, cost-effectiveness, and portability have made them particularly valuable
in various settings, including clinics, airports, and resource-limited areas.

7.2. Wearable and Portable Health-Monitoring Devices

Wearable health-monitoring devices utilizing paper-based microfluidic technology
represent a cutting-edge application at the intersection of healthcare and materials science.
These devices offer a novel approach to continuous health monitoring, leveraging the
unique properties of paper microfluidics to create flexible, lightweight, and cost-effective
wearable sensors [163-165]. Paper-based biosensors have shown efficacy in detecting spe-
cific biomarkers associated with various health conditions. Wearable devices utilizing these
biosensors offer the real-time monitoring of conditions such as diabetes, cardiovascular dis-
eases, and infectious diseases, fostering a proactive approach to healthcare. Such wearable
health monitors could measure parameters like biophysical features (body temperature,
blood pressure, heart rate, and biopotential), sweat biochemicals (pH, uric acid, glucose,
cholesterol, cortisol, etc.), lactate, or specific proteins, offering valuable data for individuals
managing chronic conditions or athletes optimizing their performance [15,166-170]. For ex-
ample, Yang et al. [171] designed a paper-based sandwich-structured wearable pH sensor
with in situ sebum filtering for reduced interference (Figure 6a). The sensor comprised five
layers: a PDMS-based cover layer, a sebum adsorption or ISE top layer (microfluidic snake
channel), a filter-paper-based middle microfluidic layer, a sebum adsorption bottom layer
(microfluidic snake channel), and an adhesive layer made of double-sided medical adhesive
tape for skin fixation. Sweat, introduced through the inlet, moved along the microfluidic
layer, allowing sebum adsorption. The sensor effectively adsorbed sebum mixed in sweat,
ensuring an accurate pH measurement and facilitating sweat evaporation through the out-
let window. Fiore et al. [172] innovated paper-based electrochemical biosensors for cortisol
detection in sweat, a stress biomarker (see scheme, Figure 6b). The device uses filter paper
for a reagent-free, competitive magnetic-bead-based immunosensor to orchestrate flow and
reagent loading. Fabricated with filter paper and solid wax-based printing, the microfluidic
pattern features hydrophilic channels defined by hydrophobic wax barriers. Magnetic
beads, functionalized with monoclonal antibodies, facilitate specific cortisol measurement
in the reaction zone. Integration with a near-field communication wireless module yields
a flexible, wearable analytical tool for cortisol detection in sweat. Cheng et al. [173] de-
vised a 3D origami-based pPADs wearable biosensor for multiplexed analyte detection in
sweat. Figure 6c illustrates the schematic of a wearable sweat sensor featuring an origami-
based 3D paper structure designed for the simultaneous analysis of multiple biomarkers.
The square-shaped wearable sweat chip, measuring 36 mm on each side, featured a mi-
crofluidic channel with distinct layers for effective analysis. The 3D channel incorporated a
collection layer, vertical and horizontal channels, an electrode layer, a colorimetric sens-
ing layer, and a sweat evaporation layer. Screen-printed electrodes were employed for
cortisol measurement, while the colorimetric sensing layer utilized cotton-thread-based
channels. Sweat absorbed through the collection layer underwent a chromatographic
process, reacting at the electrode layer and flowing into the lateral channel for colorimetric
analysis. The chip enabled electrochemical and colorimetric sensing, with image analysis
conducted using Image] and the electrochemical workstation. Recently, Lai et al. [174]
presented an ultralight and highly sensitive biological and bioinspired tactile sensation
system using printing paper to monitor human wrist pulses, acoustical vibration, and in-
formation encryption. The skin’s schematic fabrication involves pencil graphite frottage
(PGF) for the pressure-sensitive film, creating extended graphite electrodes through pencil
writing, and eliminating metal electrodes from the process. A protective ecoflex film is
spin-coated onto the printing paper’s back, providing a self-adhesive layer. The final e-skin
is assembled by placing two graphite-coated printing papers facing each other, with copper
wires attached to the graphite electrodes. This innovative approach achieves a versatile and
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lightweight tactile sensing system. Figure 6d shows a schematic of the skin’s tactile function
transmitting action potentials to the brain via nerves. In the top right, the photograph
shows the successful reproduction of a coin design using the PGF method. At the bottom
is the schematic of a graphite-based pressure-sensitive e-skin structure for tactile sens-
ing, comprising a graphite pressure-sensitive layer with an embossed microstructure and
graphite electrodes. Niu et al. [175] introduced a pencil-made paper-based hydration sensor
for health monitoring, particularly respiratory monitoring, noncontact switching, and skin
characterizations. Figure 6e illustrates the fabrication process and response mechanism
of the flexible pencil-on-paper hydration sensor, showcasing its potential applications in
health monitoring, noncontact switching, and skin characterization. The design and fabri-
cation approaches proposed in this study offer opportunities for the future development
of wearable, self-powered, and recyclable sensors and actuators. Karmakar et al. [176]
pioneered the development of an origami-inspired conductive paper-based folded pres-
sure sensor tailored for detecting human stimuli. In Figure 6f, the sensor schematics and
sensing mechanisms are illustrated, showcasing the intricate design and functionality of
the sensor. This innovative sensor design draws inspiration from the principles of origami,
leveraging folding techniques to create a flexible and responsive sensor capable of detecting
various stimuli. The intricate folding patterns and conductive materials integrated into
the paper-based sensor enable the precise detection and measurement of pressure changes,
making it suitable for applications in human-computer interaction, wearable technology,
and biomedical sensing.
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gram. Reprinted with permission from Yang et al. [171]. ©2023 American Chemical Society. (b) Cortisol
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monitoring during physical activity: Illustration of the sampling process, data measurement, and wire-
less transmission to a smartphone via NFC. Reprinted with permission from Fiore et al. [172].
©2022 Elsevier B.V. (c) Schematics of wearable sweat sensor with an origami-based 3D paper structure
for simultaneous analysis of multiple biomarkers (glucose, lactate, uric acid, magnesium ions, and pH
value). Reprinted with permission from Cheng et al. [173]. Licensed under a Creative Commons Attri-
bution 4.0 International License. (d) Biological and bioinspired tactile sensation system: Schematic of
skin’s tactile function, a successful coin reproduction using the PGF method, and the graphite-based
pressure-sensitive e-skin with embossed microstructure and electrodes. Fabrication process schematic
of the PGF-based graphite e-skin. Reprinted with permission from Lai et al. [174]. ©2024 Elsevier B.V.
(e) Schematics diagram depicting a pencil-on-paper hydration sensor designed to monitor physiologi-
cal signals and characterize the skin barrier function. Reprinted with permission from Niu et al. [175].
©2022 American Chemical Society. (f) Schematic diagram of the origami-inspired folded tactile sensor
for human stimuli detection. Reprinted with permission from Karmakar et al. [176]. ©2023 American
Chemical Society.

7.3. Animal Health Screening

Animal health is critical in various sectors, including agriculture, veterinary medicine,
and food production. The timely and accurate screening of animal health parameters
is essential for disease diagnosis, surveillance, and control. Conventional methods for
animal health screening often involve complex and time-consuming laboratory procedures,
which may not be suitable for on-site or point-of-care testing. Paper-based microfluidics
has emerged as a promising technology that offers a promising alternative due to its
portability; low cost; and ability to perform the rapid, sensitive, and specific detection of
various analytes.

Several studies have demonstrated the utility of paper-based microfluidics devices in
animal health screening, including disease diagnosis, monitoring of biomarkers, and de-
tecting pathogens [177-181]. For example, research by Li et al. [182] demonstrated the
utility of paper-based lateral flow biosensors (LFB) for the highly specific, simple, rapid,
and visual detection of Brucella-specific amplicons (See Figure 7a). Their device utilized
Brucella-MCDA-functionalized paper strips to capture and detect the Bscp31 gene (Brucella
species-specific gene), offering a rapid and cost-effective method for on-site screening. Sim-
ilarly, Jung et al. [183] showcased the development of a signal-amplifiable nanoprobe-based
chemiluminescent lateral flow immunoassay (CL-LFA) for the detection of avian influenza
viruses (AIVs) and other viral avian-origin diseases, offering a low-cost alternative to
conventional diagnostic methods (See Figure 7b). The nanoprobe allows for the selective
immobilization of antibodies and enzymes on sensitive paper-based sensor platforms,
enabling enhanced detection sensitivity. Tests conducted with low pathogenicity avian
influenza HON2, HIN1, and high pathogenicity avian influenza H5N9 viruses showed
detection limits of 103 to 10* 50% egg infective dose (EIDs()/mL, significantly lower than
those of commercial AIV rapid test kits. The CL-LFA also demonstrated high sensitivity
and specificity against clinical samples, indicating its potential as a diagnostic tool for
sensitive antigen detection in clinical settings.
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Figure 7. (a) Photographs showing the confirmation and verification of Brucella-MCDA products:
color change in Brucella-MCDA tubes (top) and visual detection through LFAs (bottom) of the
presence of Brucella species. Tube 1 (biosensor 1): positive amplification; tube 2 (biosensor 2):
negative amplification (Salmonella), tube 3 (biosensor 3): negative amplification (Bacillus cereus), tube
4 (biosensor 4): negative control (DW). Reprinted with permission from [182]. ©2019 The Authors.
This open-access article is distributed under the terms of the Creative Commons Attribution License
(CCBY). (b) Scheme for detection of avian influenza viruses (AIVs) using a signal-amplifiable
nanoprobe-based chemiluminescent lateral flow immunoassay (CL-LFA), reprinted with permission
from Jung et al. [183], ©2020 American Chemical Society.

8. Environmental Monitoring/Sensing

Environmental pollutants, spanning heavy metals, organic compounds, pathogens,
airborne pollutants, and other hazardous substances, pose severe threats to ecosystems
and human health [184-186]. Persistent soil and water contamination with heavy metals
such as lead, mercury, cadmium, and arsenic is primarily attributed to industrial activities,
mining, and improper waste disposal. Contributing to organic pollution in water bodies,
organic compounds like pesticides, herbicides, industrial chemicals, and pharmaceuticals
impact aquatic life and may enter the human food chain. Waterborne pathogens, encom-
passing bacteria, viruses, and microorganisms, pose health risks, necessitating effective
monitoring systems. Additionally, airborne pollutants, such as particulate matter, volatile
organic compounds (VOCs), nitrogen dioxide, and sulfur dioxide, contribute to air pollu-
tion, impacting respiratory health and disrupting ecosystem balance. Addressing these
multifaceted challenges requires comprehensive monitoring and mitigation strategies.

8.1. Detection of Soil Contaminants

Soil contaminants significantly threaten environmental ecosystems and human health,
necessitating efficient early detection and mitigation monitoring systems. Paper-based
microfluidic devices have emerged as promising tools in soil contaminant monitoring due
to their cost-effectiveness, simplicity, and portability. These devices leverage the capillary
action of paper to facilitate the flow of liquids through microchannels, allowing for the
detection of various contaminants. They are well-suited for applications in resource-limited
settings where sophisticated laboratory equipment may be impractical. These paper-based
systems can be designed to detect a range of soil contaminants, including heavy metals,
pesticides, and organic pollutants.

Suo et al. [187] developed a high-throughput paper-based fluorescence resonance
energy transfer (FRET) aptasensor for the sensitive detection of low concentrations of Pb?*.
Figure 8a illustrates the detection methodology. Fabricated on Whatman No. 1 chromato-
graphic paper, the device demonstrated the capability to detect Pb>" in a concentration
range spanning from 0.01 to 10 uM, with an impressive limit of detection (LOD) of 6.1 nM.
This innovative strategy successfully analyzed various real samples, including water, soil,
and food, showcasing its applicability in practical scenarios for environmental and food
safety assessments. Integrating FRET technology into a paper-based platform enhances
the efficiency and throughput of the aptasensor, offering a versatile and sensitive tool
for rapid detection in diverse sample matrices. Yu et al. [188] introduced a fiber-made
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filter-paper-based device for the real-time monitoring of Cd** in water, rice, and rice soil
(see Figure 8b). The developed test paper exhibited highly sensitive and visible sensing
capabilities for Cd?* in water, rice supernatants, and rice soil supernatants. The LODs in
these real samples were remarkably low, measuring at 0.0112 ppb for water, 1.1240 ppb
for rice supernatants, and 0.1124 ppb for rice soil supernatants. These LODs were found
to be lower than the national standards (GB 2762-2022) for food safety in China [189],
underscoring the device’s potential for precise and reliable detection, with implications
for ensuring compliance with stringent safety regulations in diverse environmental and
agricultural settings.

Furthermore, pesticides, vital for ensuring food security by controlling pests, weeds,
and plant diseases, have significantly increased food availability over the past 50 years.
However, their widespread use has led to environmental pollution, adversely affecting
ecosystems and human health [190,191]. Implementing efficient management practices
and user-friendly point-source monitoring systems accessible to farmers can alleviate
pesticides” environmental and health impacts. In this context, paper-microfluidics-based
devices have played a significant role in pesticide detection [192]. Zhang et al. [193]
developed an innovative paper-based colorimetric sensor for thiacloprid, a commonly used
agricultural pesticide, with a low detection limit of 0.04 uM. Figure 8c shows the schematic
representation of the principle behind the paper-based colorimetric sensor designed for
the real-time monitoring of pesticides. The quantification of the sensor’s output was
facilitated through RGB analysis, providing a simple and efficient method for detection.
Notably, integrating a smartphone app for output reading enhances the accessibility and
user-friendliness of the paper-based sensor, offering a promising solution for on-site and
real-time monitoring of thiacloprid levels in agricultural settings. Ranveer et al. [194]
designed a versatile paper-based dipstick assay for the colorimetric detection of fungicides,
organochlorines, organophosphates, carbamates, and herbicides in diverse matrices such
as animal feed, water, milk, and soil. Figure 8d presents a schematic illustration depicting
the detection of pesticides in dairy samples through the paper-based sensor. The developed
dipstick demonstrated versatile applicability with an impressive LOD for different pesticide
groups. Specifically, the LOD values ranged from 1 to 10 pg L~! for fungicides, 1 to
50 ug L~ for organochlorines, 250 to 500 pug L~ for organophosphates, 1 to 50 pg L~! for
carbamates, and 1 pg L~! for herbicides. This paper-based assay showcased sensitivity
across a range of pesticide residues. It illustrated its potential as a rapid and cost-effective
tool for assessing pesticide contamination in multiple environmental and food matrices.
Caratelli et al. [195] introduced a 3D flower-like origami paper-based device designed for
the electrochemical detection of pesticides, specifically paraoxon, 2,4-dichloro phenoxy
acetic acid, and glyphosate, in the aerosol phase, catering to applications in precision
agriculture. Figure 8e illustrates a schematic representation of the electrochemical biosensor
for pesticide detection based on an origami-based paper device. The innovative device was
seamlessly integrated with a smartphone for convenient output reading. Remarkably, this
paper-based system demonstrated the efficient detection of the three classes of pesticides
in the aerosol phase, achieving impressive LODs equal to 30 ppb, 10 ppb, and 2 ppb for
2,4-D, glyphosate, and paraoxon, respectively. Integrating electrochemical sensing with a
portable paper-based platform enhances accessibility and usability, offering a promising
tool for real-time pesticide monitoring in agricultural settings with potential implications
for sustainable and precise farming practices.

Paper-based sensors have been found to have a noteworthy application in detecting
explosive residues in soil, presenting a valuable forensic-oriented environmental monitor-
ing and security tool [196-200]. The unique attributes of paper microfluidic devices, such
as their portability, simplicity, and cost-effectiveness, make them well-suited for the on-site
detection of explosive remnants. These sensors can be tailored to detect specific volatile
compounds, offering a targeted and efficient approach to soil analysis. The detection
mechanism often involves incorporating reactive agents or biomolecules onto the paper
substrate, allowing for a rapid and selective response to the presence of explosive residues.
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This application is particularly crucial in areas where the remnants of explosives pose envi-
ronmental and safety concerns, such as former military sites or regions affected by conflict.
By leveraging the capabilities of paper-based sensors, ecological professionals and security
personnel can conduct real-time, on-site assessments of soil contamination, facilitating
prompt remediation efforts and contributing to a safer and more secure environment.
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Figure 8. (a) Illustration of a high-throughput paper-based FRET aptasensor designed for the detec-
tion of Pb2™. Reprinted with permission from Suo et al. [187]. ©2022 Elsevier B.V. (b) Schematics
of fiber-made filter-paper-based biosensors for the real-time monitoring of Cd?* in water, rice,
and rice soil. Reprinted with permission from Yu et al. [188]. ©2023 American Chemical Society.
(c) Principle illustration of the paper-based colorimetric sensor for real-time monitoring of pesticides.
Reprinted with permission from Zhang et al. [193] ©2022 Elsevier B.V. (d) Schematic illustration of
pesticide detection in dairy samples using the paper-based sensor. Reprinted from Ranveer et al. [194]
under a Creative Commons license ©2022 Elsevier B.V. (e) Schematic representation of the origami
paper-based electrochemical biosensor for pesticide detection. Reprinted with permission from
Caratelli et al. [195]. ©2022 Elsevier B.V.

8.2. Water Quality Monitoring

Water quality monitoring ensures clean and safe drinking water access, addressing
public health and ecological concerns [201]. Unfortunately, many developing regions
face challenges meeting this fundamental need due to inadequate water treatment plans
and infrastructure. Countries are grappling with water quality issues due to the rapid
growth of human activities like urbanization and industrialization, leading to significant
pollution [202]. Thus, ensuring access to clean water has emerged as a significant challenge
in recent decades, impacting developing and developed nations. Traditional methods
for detecting water contaminants involve chromatographic and spectroscopic techniques,
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necessitating costly equipment and specialized personnel [203]. Despite the emergence of
water toxicity biosensors employing enzymes, antibodies, and microorganisms in recent
decades, their specificity limits them to known chemicals, rendering them unsuitable for
monitoring unforeseen contaminants in water [204,205]. Addressing the pressing need for
on-site and real-time measurements of toxic components in water, there is a demand for a
rapid and portable sensor.

Paper-microfluidics-based devices have been instrumental in water quality monitoring
in the past decades due to their versatility, cost-effectiveness, and ease of use [206-211].
For example, Da Silva et al. [212] presented an innovative approach by developing a uPAD
tailored for the point-of-use colorimetric monitoring of water hardness, phenols, and pH.
The fabrication process involved using a cutter printer and 3D printing to create these paper
devices. The reading output of the device, specifically the discernible change in visible col-
ors in the presence of analytes, was quantified through captured images using an integrated
smartphone (Figure 9a). In a study by Xiong et al. [213], a colorimetric-based pPAD was
developed for the simultaneous detection of diverse water quality parameters, including
Cu(Il), Ni(II), Fe(IIl), nitrite, and pH. The fabrication involved creating hydrophobic flow
patterns on a Whatman Grade 1 filter paper substrate using a wax printer. The visible
color changes on the paper device induced by the presence of Cu(Il), Ni(II), Fe(IlI), nitrite,
and pH were quantified through RGB analysis using a smartphone app. Figure 9b shows
the schematics of the device assembly and detection methods. The device demonstrated
impressive detection limits of 0.4 ppm for nitrite, 1.9 ppm for Cu(lI), 2.9 ppm for Ni(II),
2.9 ppm for Fe(Ill), and 5 for pH, with rapid detection achieved within 5 min.

Lin et al. [214] developed a portable paper analytical device modified with nanoclus-
ters and integrated with a syringe for highly sensitive Hg?* detection. The device comprises
a paper substrate modified with fluorescent gold nanoclusters (AuNC-paper) enclosed in a
reusable cartridge connected to a syringe, facilitating the flow of a large sample volume
through the paper for enhanced analyte signal accumulation. The schematic illustration
in Figure 9c depicts the AuNC-modified paper device designed for Hg?* ion detection.
In the presence of Hg?* ions, the color of the paper substrate changes visibly, enabling
naked-eye detection. This technique allows Hg?" ion detection within 30 min, achieving a
low detection limit of 1.2 nM.

Aguiar et al. [215] recently presented a pPAD designed for copper detection in nat-
ural waters. The pPAD assembly comprises three filter paper discs (R: Whatman 42,
B: Whatman 1, E: Whatman 3) with a 9.5 mm diameter, arranged in twenty-four hydrophilic
units in each layer (Figure 9d). The R-layer paper discs were prepared by applying 12 uL
of Mod-RHOB ligand solution to each disc and were oven-dried at 50 °C for 10 min. The
B-layer paper discs were prepared with 10 pL of buffer solution and underwent the same
drying process. The E-layer was left untreated. To determine the copper concentration,
20 pL of standard /sample was loaded onto the assembled uPAD through the sample holes,
absorbing in approximately 2 min. The reaction between Mod-RHOB and copper produces
a pink color complex in the R layer, intensifying with increasing copper concentration.

Uhlikova et al. [216] introduced a pPAD for the colorimetric detection of inorganic
nitrogen in water and soil samples. Figure 9e illustrates the detection strategy employed
by the device. The developed device demonstrated the capability to detect ammonium
and nitrate using bromothymol blue (an acid-base indicator) with quantification limits of
6.5 and 18.2 mg N L™, respectively. Similarly, using nitrazine yellow (another acid-base
indicator), the quantification limits were found to be 2.1 and 4.2 mg N L~! for ammonium
and nitrate, respectively. The newly developed uPAD exhibited stability for 62 days when
stored in a freezer and 1 day at ambient temperature. Validation with certified reference ma-
terial confirmed its accuracy, and successful application was demonstrated in determining
ammonium and nitrate in spiked environmental water samples and soil extracts.

More recently, Thangjitsirisin et al. [217] introduced a uPAD for the colorimetric deter-
mination of ammonium ions in water. The device utilized a superhydrophobic eggshell,
an environmentally friendly material, to create a hydrophobic barrier on a circular What-
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man No. 1 filter paper substrate. As depicted in Figure 91, the yellowish color zone on the
paper device indicates the presence of the hydrophobic ‘eggshell” barrier surrounding a
hydrophilic reservoir. The figure also outlines the step-by-step method for the colorimetric
detection of ammonium ions in water. The procedure involves pipetting a 3.0 uL aliquot
of reagent A (salicylate and nitroprusside) onto the hydrophilic reservoir, followed by the
transfer of a 3.0 pL aliquot of the water sample or a series of standard NH, solutions
(5-100 mg N L~1). Subsequently, a 3.0 uL aliquot of reagent B (dichloroisocyanurate and
tri-sodium citrate) is added, and after a 5 min reaction period, a visible color change occurs
in the hydrophilic reservoir area. The device is then placed in a constant-light illumination
studio for image capture and the quantification of color intensity.

Overall, these uPADs offer a promising solution for the on-site and simultaneous mon-
itoring of multiple water quality parameters, showcasing its potential for environmental
monitoring and water analysis applications.
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Figure 9. (a) [llustration of the pPAD assembly: production of smartphone support parts, coupling
smartphone support with 3D-printed uPAD support, assembly of the “closed box” with integrated
support and LED white light, and data acquisition through smartphone image capture and conversion
of RGB to CMYK color standards using ImageJ® software. Reprinted with permission from Da
Silva et al. [212]. ©2020 Elsevier Ltd. (b) The schematic diagram illustrates the fabrication process of
the uPAD, the multiplexed colorimetric detection strategies, and the integration of a smartphone app
for its applications. Reprinted with permission from Xiong et al. [213]. ©2022 The Authors, published
by American Chemical Society, licensed under CC BY-NC-ND 4.0. (c¢) Schematic illustration of the
gold nanoclusters (AuNC)-modified paper device designed for detecting Hg?* ions. Reprinted with
permission from Lin et al. [214]. ©2021 Elsevier B.V. (d) Illustration of the uPAD assembly designed for
copper determination in water, along with actual photographs of the paper device depicting varying
concentrations of Cu?*. The components include laminating pouch sheets L1 and L2, a reagent layer
R, a buffer layer B, and an empty layer E. Reproduced with permission from Aguiar et al. [215].
Under a Creative Commons license, ©2024 The Authors. Published by Elsevier B.V. (e) Schematic
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representation of the pPAD designed for detecting inorganic nitrogen in water and soil samples.
Reprinted with permission from Uhlikova et al. [216]. Under a Creative Commons license, ©2024 The
Authors. Published by Elsevier B.V. (f) Diagram depicting the analytical steps for the straightforward
colorimetric determination of NH;™ utilizing the proposed paper-based analytical device. Reprinted
with permission from Thangjitsirisin et al. [217]. ©2024 Elsevier B.V.

8.3. Air Quality Monitoring/Gas Sensing

Air pollution poses a significant threat to public health and the environment. Con-
ventional air quality monitoring systems are characterized by their high cost, limited
portability, and dependency on sophisticated infrastructure. The emergence of paper-based
microsystems presents a cost-effective and portable alternative, leveraging the inherent
properties of paper substrates for the efficient detection of air pollutants [218-220].

Colorimetric paper-based sensors offer an innovative approach to environmental
monitoring, especially in detecting air pollutants. In their work, De Matteis et al. [221]
designed a paper-based analytical device (PAD) capable of detecting contaminants such
as Fe?t, Cu?t ions in water, and NH; and C,H,O in the air, even at low concentrations.
The researchers employed a wax pen to form a circular hydrophobic barrier on a Whatman
filter paper substrate to create distinct sensing zones. These marked spots were utilized to
detect the specified analytes at various concentrations. Figure 10a shows the schematics of
the detection mechanisms. Notably, the paper sensor displayed a colorimetric response
directly correlated with the concentration of the identified pollutant species.

Bordbar et al. [222] developed a paper-based optical nose by depositing bimetallic
silver and gold nanoparticles onto a paper substrate, synthesized using both natural
and chemical reducing agents. This assay was evaluated for its capability to distinguish
between gasoline and five ignitable liquids: diesel, ethanol, methanol, kerosene, and thinner.
The interaction between the sensor and sample vapors led to nanoparticle aggregation,
resulting in color changes captured by a scanner, producing distinct colorimetric maps
for each analyte (Figure 10b). Visual observations were corroborated using multivariate
statistical analyses, including principal component analysis and hierarchical clustering
analysis. Additionally, partial least-squares regression aided in estimating the quantities
of ignitable liquids present as counterfeit substances in gasoline samples, with root mean
square errors for prediction ranging from 1.7% to 3.4%. Ultimately, the fabricated sensor
demonstrated high efficiency for the onsite detection of pure industrial gasoline samples
versus adulterated ones.

Moreover, paper-based devices are extensively utilized for the electrochemical-based
detection of air pollutants [223,224]. Mettakoonpitak et al. [225] introduced an innovative
electrochemical paper-based device (ePAD) for the multiplexed detection of metals, specif-
ically Cd, Pb, Cu, Fe, and Ni, from a single particulate matter sample. The paper-based
device was designed with four independent channels and working electrodes, enabling
the implementation of square-wave anodic stripping voltammetry (SWASV) and square-
wave cathodic stripping voltammetry (SWCSV) for the simultaneous determination of
multiple metals. Figure 10c shows an example of electrochemical-based paper sensors for
air pollutant detection. Notably, the device exhibited impressive detection limits, rang-
ing from 0.5 to 400.0 pg L~! for Cd(II), Pb(II), and Fe(II); 1.0 to 400.0 ug L~ for Cu(Il);
and 0.5 to 200.0 pg L~ for Ni(Il). This multiplexed ePAD offers a versatile and efficient so-
lution for sensitively detecting various metals in complex samples, showcasing its potential
for environmental monitoring and analytical applications.

Davis et al. [226] engineered a flexible paper-based sensor for acetone detection at
room temperature. The paper-based electrodes were crafted through the application
of zinc oxide (ZnO)-polyaniline-based conductive inks (Figure 10d). These electrodes
exhibited remarkable conductivity (80 S/m) and stability under rigorous mechanical and
chemical conditions while demonstrating commendable flexibility (1000 bending cycles).
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The acetone sensor displayed a notable sensitivity of 0.02/100 ppm and 0.6/10 uL, with a
broad sensitivity range spanning from 260 to >1000 ppm under atmospheric conditions.
Moreover, the sensors exhibited an impressive response time of 4 seconds and a recovery
time of 15 s for acetone detection at room temperature without necessitating external
heaters. The proposed paper device’s high sensitivity and long-term stability make it
suitable for wearable biosensor applications.
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Figure 10. (a) Colorimetric detection of Fe?*, Cu’* ions, reprinted with permission from
De Matteis et al. [221] under Creative Commons Attribution (CC BY) license. ©2020 The au-
thors, published by MDPI. (b) Schematic representation of colorimetric detection process of
gasoline utilizing a paper-based optical nose. Reprinted with permission from Bordbar et al. [222].
©2022 American Chemical Society. (c) Electrochemical detection of metals in aerosol samples
using paper-based analytical device. Reprinted with permission from Mettakoonpitak et al. [225].
©2019, American Chemical Society. (d) Schematics of the paper-based flexible sensors for detection
of acetone at room temperature. Reprinted with permission from Davis et al. [226]. ©2023 American
Chemical Society. (e) Sensing mechanism of the milli-cantilever. Reprinted with permission from
Qin et al. [227]. ©2020 American Chemical Society.

Moreover, a cantilever-based paper-based sensor device was demonstrated by Qin et al. [227].
They developed an inexpensive and lightweight hydrocarbon gas sensor utilizing a smart-
phone camera for readout. The sensor relies on paper-based milli-cantilever bending
induced by polymer swelling. The sensing cantilever comprises three layers: a functional
layer of polyethylene film, an adhesive layer of double-sided tape, and a weighing paper
substrate. Figure 10e shows schematics of the milli-cantilever. The milli-fabricated sensing
cantilever has dimensions of 8§ mm length, 0.5 mm width, and 50 pm thickness. The sensor’s
response is measured as the displacement of the milli-cantilever-free end. Demonstrat-
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ing its capabilities, the sensor exhibited a linear response to hydrocarbon concentrations,
a broad detection range, low detection limits, and rapid response times. For instance, when
exposed to xylene, the sensor displayed a detection range of 15-140 ppm, a low detection
limit of 15 ppm, and a fast response time of 30 s.

9. Food Safety

Paper-based devices have emerged as valuable tools in ensuring food safety due to
their simplicity, cost-effectiveness, and ease of use. These devices are designed to detect
various contaminants and ensure the quality of food products. Here are some examples of
paper-based devices for food safety applications.

Paper-based devices are widely used to rapidly detect foodborne pathogens such as
Salmonella, E. coli, and Listeria. These devices often employ antibodies or DNA probes
to capture and identify specific pathogens, providing quick results for on-site testing.
For example, Zhuang et al. [228] developed an integrated microfluidic paper-based analyti-
cal device, termed RPA-Cas12a-uPAD, combining recombinase polymerase amplification
(RPA) with supersensitive surface-enhanced Raman scattering (SERS) detection. Figure 11a
illustrates the device schematics, operational steps, and microscopic image of the S. typhi
test zone with SERS mapping signals at 1075 cm ™!, along with the corresponding Raman
spectrum. The successful detection of Salmonella in milk and meat samples was achieved
with detection limits of 3.72 and 4.04 CFU/mL, respectively.

The detection of toxins in food, such as mycotoxins and chemical contaminants, is
critical for ensuring food safety. Paper-based assays can detect specific toxins through
colorimetric or electrochemical reactions, providing a visual indication of contamina-
tion [229-231]. Dos Santos et al. [232] developed curcumin-modified paper-based sensing
platforms for detecting ochratoxin A (OTA) in grape juice and beer samples (Figure 11b).
The sensor operates based on specific interactions between curcumin and OTA, involving
energy and electron transfer mechanisms in optical detection. Curcumin molecules form
complexes with OTA in electrochemical detection, enhancing the binding affinity between
OTA and the electrode surface. This results in a greater change in the impedance of the
double layer, easily detected by electrochemical impedance spectroscopy (EIS). Sensors
exhibit good sensitivity, with limits of detection (LODs) of 0.09 ng/mL and 0.045 ng/mL
for optical and electrochemical methods, respectively, remaining effective across various
food matrices and in the presence of potential interferents.

Paper-based tests are employed to detect allergens, helping to prevent allergic reactions
in individuals with specific sensitivities. These devices can detect the presence of allergenic
proteins, allowing for rapid screening in various food products such as ovalbumin and
egg white protein [233], milk allergen (B-lactoglobulin) [234-236], histamine in canned
tuna [237], and peanut allergen Ara h1 [238]. Recently, Lu et al. [239] developed a paper-
based mass spectrometric immunoassay platform for peanut allergen detection. Figure 11c
illustrates the microzone paper-based mass spectrometric immunoassay for food allergen
detection schematic. They introduced a novel quaternary ammonium-based mass tag
and a paper chip with a microzone, resulting in significant signal enhancement. This
method could detect Ara hl with a linear range of 0.1-100 ng/mL and a detection limit
of 0.08 ng/mL in milk matrices. Moreover, it accurately quantified Ara hl in various
milk-related beverages, biscuits, and candy bars with complex matrices, demonstrating a
capability for low-concentration quantitation.

Paper-based devices are utilized to assess the quality of food products. For example,
pH strips on paper can indicate a product’s acidity (e.g., carbendazim detection on the
skin of apple and cabbage [240] and acidic pH and bisulfite in white wine [241]), ensuring
it meets quality standards. Similarly, these devices can monitor the freshness of certain
perishable items. Another example is the detection of iodine speciation in seaweed samples.
Placer et al. [242] engineered a 3D origami microfluidic paper-based analytical device for
quantifying iodide and iodate levels in edible seaweeds via smartphone-based colorimetric
detection. The paper device was predesigned to generate hydrophobic patterns on What-
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man No. 1 filter paper using wax printing and assembled by folding the paper substrates.
Figure 11d illustrates the fabrication of the detection device and plots the analytical signal
against analyte concentrations.

The detection of food adulterants and contaminants, such as pesticides or additives,
is crucial for maintaining food safety. Paper-based assays can be tailored to identify
specific adulterants through selective reactions, quickly assessing food purity. Recent
examples include the detection of adulteration in Iranian honey [243] and milk adulteration
with melamine [244], starch [245], sugar [246], and urea [247]. Wu et al. [248] developed a
surface molecularly imprinted microfluidic paper-based device (SMIPs-uPAD) for detecting
butachlor in mung bean samples. When combined with a smartphone, this colorimetric
paper chip demonstrated high selectivity and sensitivity to butachlor, with a detection
limit of 1.43 ng/g and a detection time of 20 min. Figure 11e depicts the operation steps of
SMIPs-puPAD and real photographs of the paper device before and after color development.
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Figure 11. (a) [llustration of the device schematics, operational steps, and a microscopic image of the S.
typhi test zone, showcasing SERS mapping signals at 1075 cm ™!, alongside the corresponding Raman
spectrum. Reprinted with permission from Zhuang et al. [228]. ©2022 Elsevier B.V. (b) Schematic
representation of optical and electrochemical sensing platforms utilizing curcumin-immobilized
paper substrates for ochratoxin A detection in grape juice and beer. Reprinted with permission
from Dos Santos et al. [232] under a Creative Commons license, ©2023 The Author(s). Published by
Elsevier B.V. (¢) Schematic illustration of microzone paper-based mass spectrometric immunoassay
for detecting food allergens (peanut allergen Ara h1). Reprinted with permission from Lu et al. [239].
©2024 American Chemical Society. (d) Schematics of 3D uPAD with colorimetric detection for iodine
speciation in seaweed samples. Reprinted with permission from Placer et al. [242] under a Creative
Commons license, ©2022 The Authors. Published by Elsevier B.V. (e) The procedural steps of SMIPs-
uPAD and actual images of the paper device before and after color development. Reprinted with
permission from Wu et al. [248]. ©2023 Elsevier Ltd.
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10. Biodegradability and Sustainability
10.1. Environmental Impact of Traditional Microfluidic Devices

The environmental impact of traditional microfluidic devices encompasses various as-
pects, including their fabrication processes, materials, and waste generation. These devices
are typically manufactured in cleanroom facilities, requiring controlled environments with
stringent conditions. However, maintaining cleanrooms consumes significant energy and
entails specialized infrastructure, contributing to environmental concerns.

Traditional microfluidic devices are commonly crafted from silicon, glass, and poly-
mers. These materials’ extraction, processing, and manufacturing can have substantial
environmental footprints. Silicon wafers, for instance, are resource-intensive to produce,
and glass fabrication involves high-temperature processes.

The production of microfluidic devices often involves the use of chemicals, solvents,
and photoresists. Disposing of these chemicals and the potential release into the environ-
ment pose pollution concerns. Additionally, the energy-intensive processes associated with
traditional microfabrication techniques, such as photolithography and etching, contribute
to the overall environmental impact.

Waste generation has a significant environmental impact, with manufacturing pro-
cesses producing unused substrates, chemicals, and contaminated water. The proper
disposal and treatment of these wastes are crucial to minimize their ecological impact.
Some materials used in traditional microfluidic devices may have limited biodegradability,
raising concerns about long-term environmental persistence. Moreover, the single-use
nature of many microfluidic devices designed for research and diagnostics contributes to
increased waste generation and challenges related to disposal.

10.2. Advantages of Biodegradable Paper Microfluidics

Biodegradable paper microfluidics offers several advantages in alignment with sustain-
able practices. Derived from renewable resources like wood pulp, biodegradable paper is an
eco-friendly alternative to traditional microfluidic materials such as silicon or specific poly-
mers. The production processes for biodegradable paper are generally less energy-intensive,
resulting in a lower overall environmental impact throughout the material’s life cycle.

Cost-effectiveness is a notable advantage of biodegradable paper microfluidics, making
them particularly suitable for applications where cost is a critical consideration. The ease of
fabrication is another key feature as paper allows for straightforward manufacturing through
cutting, folding, and printing techniques. This simplicity reduces the complexity and cost
associated with manufacturing, enhancing accessibility for various applications.

One of the distinctive features of biodegradable paper microfluidics is their inherent
biodegradability [249,250]. After disposal, these devices naturally break down over time,
minimizing environmental impact and contributing to waste reduction. The customizability
and functionalizability of paper microfluidics are additional strengths, allowing researchers to
modify surfaces, integrate reagents, and tailor designs for specific assays or diagnostic tests.

The portability and simplicity of paper microfluidic devices make them well-suited for
point-of-care applications, especially in remote or resource-limited settings. The reduced usage
of chemicals in the fabrication process further adds to their appeal from an environmental
standpoint. Biodegradable paper microfluidics offers a sustainable, cost-effective, and cus-
tomizable solution with reduced ecological impact, promising them for various applications,
including eco-friendly and practical diagnostic tools.

11. Challenges and Future Perspectives
11.1. Current Challenges in Paper Microfluidics

In its current state of development, paper microfluidics encounters challenges in creating
intricate channels due to limitations in channel design and fluidic pathway complexity [251].
Achieving consistent and reproducible results is hindered by variations in paper properties
like thickness and porosity, impacting diagnostic assay reliability. Sensitivity limitations
persist, especially compared to advanced lab techniques, posing an ongoing challenge in
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detecting low analyte concentrations. The paper’s susceptibility to environmental condi-
tions, such as humidity, affects reagent stability, raising concerns about long-term stability in
resource-limited settings. Multiplexing, integrating multiple tests on a single paper device, is
challenging due to the potential for cross-contamination. Achieving uniformity in fabrication
processes like printing or cutting proves difficult, introducing variability that affects device
performance and reliability. The finite shelf life of paper-based devices, attributed to potential
paper and reagent degradation, prompts ongoing research to improve stability for extended
storage. While excelling in qualitative analysis, paper devices face challenges in achieving
precise quantitative measurements, impacting applications requiring accuracy.

11.2. Prospects and Potential Innovations

The potential innovations of paper microfluidic devices offer significant promise in
various fields, particularly in low-cost diagnostics for point-of-care testing in resource-limited
settings. The portability of paper devices is well-suited for on-site diagnostics, reducing
reliance on centralized laboratories. Advancements in multiplexing capabilities on paper
microfluidic devices can revolutionize testing methodologies, simultaneously detecting mul-
tiple analytes within a single test. This innovation can significantly impact healthcare and
environmental monitoring, particularly in detecting pollutants and contaminants in air and
water. Integrating paper microfluidics into wearable devices holds promise for developing
flexible and wearable paper-based sensors, providing real-time insights into biomarkers or
environmental factors. Advancements in fabrication techniques may enable more customiz-
able designs of paper microfluidic devices, tailoring them to specific applications or user
requirements and contributing to their versatility. Integration with smartphones for result
readout and data analysis enhances the capabilities of paper microfluidic devices, facilitating
remote monitoring and data sharing, aligning with the trend of leveraging smartphones for
healthcare and diagnostic applications. Detection methods and sensitivity advancements
can broaden paper microfluidics’ biological and chemical analysis applications, potentially
revolutionizing healthcare, food safety, and environmental monitoring. Exploring hybrid
systems that combine paper microfluidics with other technologies, such as electronic sen-
sors or microcontrollers, could lead to sophisticated and versatile platforms with enhanced
performance and functionalities, opening up new possibilities across various domains.

Ongoing research and development in paper microfluidics are expected to bring continu-
ous innovations, expanding their applications and impact across diverse fields.

12. Conclusions

In conclusion, the manuscript highlights the significant contributions of paper microflu-
idics in addressing crucial challenges across various domains. Through innovative applica-
tions in healthcare, environmental monitoring, and food safety, paper-based sensing platforms
offer versatile, cost-effective, and environmentally friendly solutions. This review underscores
the potential of paper microfluidics to revolutionize diagnostics and monitoring, providing
accessible tools for health assessments, pollution detection, and food quality assurance. As we
move forward, continued research and development in this field promise to unlock further
capabilities, paving the way for sustainable sensing solutions with widespread impact on
human health and environmental well-being.
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Abstract: This research explores the dynamics of a fluidically loaded Bi-Material cantilever (B-MaC),
a critical component of pPADs (microfluidic paper-based analytical devices) used in point-of-care
diagnostics. Constructed from Scotch Tape and Whatman Grade 41 filter paper strips, the B-MaC’s
behavior under fluid imbibition is examined. A capillary fluid flow model is formulated for the
B-MaC, adhering to the Lucas—-Washburn (LW) equation, and supported by empirical data. This paper
further investigates the stress—strain relationship to estimate the modulus of the B-MaC at various
saturation levels and to predict the behavior of the fluidically loaded cantilever. The study shows
that the Young’s modulus of Whatman Grade 41 filter paper drastically decreases to approximately
20 MPa (about 7% of its dry-state value) upon full saturation. This significant decrease in flexural
rigidity, in conjunction with the hygroexpansive strain and coefficient of hygroexpansion (empirically
deduced to be 0.008), is essential in determining the B-MaC'’s deflection. The proposed moderate
deflection formulation effectively predicts the B-MaC’s behavior under fluidic loading, emphasizing
the measurement of maximum (tip) deflection using interfacial boundary conditions for the B-MaC’s
wet and dry regions. This knowledge of tip deflection will prove instrumental in optimizing the
design parameters of B-MaCs.

Keywords: paper-based sensor; Bi-Material cantilever; paper-based valve; fluid imbibition;
hygroexpansion coefficient; hygroexpansion strain; Whatman Grade 41 filter paper; modulus of paper

1. Introduction

Lab-on-a-chip technology, employing innovative materials and components, has made
significant strides in diagnosing diseases and detecting a broad range of phenomena [1].
A crucial breakthrough is the development of the Bi-Material cantilever (B-MaC) valve in
microfluidic paper-based analytical devices (WPADs), which allows for autonomous control
of multiple fluid reagents. This paper-based cantilever, consisting of a sensing and an
actuating layer, responds to changes in moisture levels, initiating mechanical motion, a
concept inspired by microcantilever sensors in atomic force microscopy [2,3].

B-MaC valves are fundamental to the operation of pPADs for biosensing [4]. Their
self-actuation results from hygroexpansion, much like thermal expansion in thermostats.
Composite bilayers have found wide-ranging applications in electronics, biomimetics,
and biomedical applications [5-9]. Silicon-based pPADs have evolved to develop mi-
croactuators and lab-on-a-chip devices [10-14], and various polymers have also been
explored [15-18]. However, nonbiodegradable materials have significant drawbacks, ren-
dering paper-based pPADs attractive due to their biodegradability. Various valving config-
urations for pPADs have been developed [19-25]. Paper deformation upon fluid imbibition
is a common feature across different applications [26—29]. Fluid imbibition leads to the
expansion of cellulose fibers and subsequent B-MaC bending. This behavior is influenced
by solution properties, the paper material, and environmental conditions [30,31], and has
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been the focus of many studies [32-37]. Furthermore, the characteristics of micro check
valves have been extensively studied, highlighting their importance in microfluidic sys-
tems [38]. The bimaterial cantilever (B-MaC) actuator primarily emphasizes its use in
single-use, disposable applications. The design of the paper-based sensor aligns well with
low-cost, lightweight, and biodegradable requirements, making it a particularly effective
solution in scenarios where the sensor’s reusability might compromise the accuracy of
subsequent readings. Such applications could include certain biosensing or environmental
monitoring tasks. Furthermore, using the B-MaC design for one-time applications can help
avoid potential complications such as contamination, degradation, or material property
alterations over multiple uses, which could adversely affect the sensor’s reliability.

This research builds on and extends the recent work on the bending behavior and
modeling of these cantilevers [39]. Our research intensively explores the behavior of B-
MaCs under fluidic loading, with a specific focus on the impact of material properties,
particularly the Young’s modulus. Compared to our previous work, where the wetted
length and spatial coordinates were determined assuming the arc length for the radius
of curvature of bilayer beam, we now adopt a more nuanced approach. In our current
formulation, we utilize the classical beam theory to establish the curvature, factoring in
the deflection and curvature of the bilayer beam. We delve deeply into the behavior of
B-MaCs under fluidic loading, emphasizing the influence of material properties such as
the Young’s modulus. Moreover, we propose a mathematical model that accounts for the
hygroexpansive response of the paper [40,41].

One of the significant advancements in our study is the determination of the hygroex-
pansion coefficient of Whatman 41 paper and the Young’s modulus of both Whatman
41 paper and tape at different moisture levels. These values, previously unreported in the
literature, are crucial to accurately understanding the behavior of B-MaCs constructed with
these materials. Using arbitrary values does not predict real case deflections accurately;
thus, our research fills a critical gap in the existing literature. Despite progress in the
field, the current literature lacks a comprehensive model that considers the behavior of
bilayers under fluidic loading. Our study introduces a comprehensive model of a fluidically
activated B-MaC for the automation of a paper-based assay [42], implemented in a fluidic
circuit to sequentially load multiple reagents for analyte detection. By considering vari-
ous geometric and material properties, our model, which is validated using experimental
results, makes a novel and significant contribution to the field.

2. Materials and Methods

A borosilicate capillary is utilized to load a certain amount of fluid onto the paper-
based bimaterial cantilever (B-MaC). The sample fluid transfers from the fixed to the
free end of the B-MaC due to the capillary action. The fluidic loading of paper-based
B-MaC results in the hygroexpansion of cellulose fibers, and the B-MaC starts to deflect
over several seconds. In addition, an Instron pull test was performed on a paper-based
bimaterial Cantilever (B-MaC) to estimate the Young’s modulus of Whatman Grade 41 filter
paper. For this purpose, dog bone samples were utilized with iterations of wet and dry
Whatman Grade 41 filter paper and Scotch Tape.

2.1. Materials

The following materials were used in preparing, fabricating, and testing the paper-
based bimaterial cantilever (B-MaC) valves used in this study: Whatman filter papers
grade 41 (GE Healthcare Whatman 41-1441866) purchased from Thermo Fisher Scientific
(Waltham, MA, USA); Scotch® Tape 600 (3M, St. Paul, MN, USA); food coloring (Wilton
Icing Colors, Illinois, USA) for visual aid; ASTM Type 1 deionized water (resistivity >
18 MQ)/cm, (LabChem-LC267405, Pennsylvania, USA). The dimensions of the cantilevers
were cut using Vector 13 graphics software (CorelDraw X6 2022 v24. 1). The cantilevers
were then cut out from paper, in a cross-machine direction, using a laser engraver (Epilog
mini 40 W 800 Laser System). For material testing, Shimadzu EZ-LX Instron and SCG 1kNA
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grips were utilized. An 8-megapixel video camera with 30-frames-per-second capability
and media player (Avidemux 2.8.1) was used to record and play back the recording and
collect the data for the actuation of the cantilever valve.

Experiment Flow

A picture of the experiment model is shown in Figure 1, consisting of a stationary
component, paper-based Bi-Material cantilever (B-MaC) valve and capillary tube to load
the fluid and obtain the response deflection.

Figure 1. Experimental model representation for paper-based Bi-Material cantilever (B-MaC) valve.

The Whatman Grade 41 filter paper with one side laminated with tape was cut in a
cross-machine direction with a 4 mm width and a 20 mm length using an Epilog Mini laser
engraver. The picture of samples for B-MaC can be seen in Figure 2. A 2 mm diameter
capillary tube was used to introduce fluid into the paper-based Bi-Material cantilever (B-
MaC) valve. The fixture for the positioning of the paper-based cantilever and capillary was
designed and utilized to reduce the uncontrollable error of running experiments. Figure 3
shows (on the left) the tape-side-down (normally closed) B-MaC positioned on the fixture
in the unloaded condition and (on the right) actuated B-MaC in a loaded condition.

Figure 2. Paper-based Bi-Material cantilever (B-MaC) valve (on left); An exploded view of the
platform housing [42] (on right).
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Figure 3. B-MaC before (on left) and after (on right) fluidic loading.

The study was conducted to experimentally assess the Young’s modulus of paper and
tape. The modulus for different saturation levels of paper, obtained using six different
saturation levels of B-MaC ranging from 0% to 100%, was arbitrarily chosen with steps of
20% increments to cover the possible range of moisture content that a B-MaC can experience
in autonomous assays. Moreover, test specimens were loaded onto the Instron machine
after a dwell of 30 s to allow the specimens to have even distribution of fluid along the
gage dimensions. The paper and tape dog bone test specimens were prepared for the study
using Whatman Grade 41 filter paper and Scotch Tape. The filter paper and tape with a
4 mm gage width and a 10 mm gage length were cut using an Epilog Mini laser engraver.
A similar setting for moisture content and sample for W-41 filter paper with gauge lengths
10 mm, 20 mm, and 30 mm were utilized to determine the empirical hygroexpansion strain.

2.2. Modeling—Bimaterial Cantilever (B-MaC)

For this study, a 2D quasi-static model is adapted with the wetted length as a depen-
dent variable. The experiments were conducted under controlled laboratory conditions,
and the effect of temperature and humidity of surroundings are not considered to approach
a simpler model. It is important that the model takes dynamic deflection for the B-MaC
into consideration; this is handled by using a moving (variable) boundary condition for the
wetted length of the cantilever in a 2D model. B-MaC consists of a layer of paper, laminated
with tape on one side, and fluidic loading of B-MaC leads to the possibility of delamination.
However, significant observation during the experiment assures that the delamination does
not occur for the given time for the actuation process; therefore, delamination will not
be considered. A classical beam was used to develop the relationship for the curvature
of B-MaC, with the assumption that the thickness, h, of B-MaC is small in comparison to
the radius of curvature, R; the stress and strain profile in the B-MaC is homogenous; the
plane of remains normal before and after bending; and the deflection is the only function of
wetted length.

The B-MaC consists of a thin layer of tape (Scotch® Tape 600) laminated on the thinker
layer of filter paper (Whatman Grade 41). Figure 4 displays the behavior of the B-MaC upon
fluidic loading in two conditions (bonded and unbonded). The B-MaC remains in neutral
condition before the fluid is loaded onto the bilayer cantilever. In unbonded conditions the
filter paper exhibits hygroexpansion, but no deflection is achieved. However, in bonded
conditions, upon loading with fluid, the B-MaC absorbs the sample fluid through wicking
and actuates, resulting in bending. The paper layer exhibits hygroexpansion and tape
being hydrophobic in nature does not expand. Since the paper and tape layers are bonded
together, the hygroexpansion of paper shall be compensated with the inextensible tape
layer. Therefore, the generated inconsistency in the strain is responsible for tensile force
in the paper layer and compressive strain in the tape layer; these forces and moments
generated are equal and opposite in nature to maintain equilibrium.

186



Biosensors 2023, 13, 580

Un-bonded Bonded

Fluidic loading

|:| Dry Paper . Wet Paper |:| Scotch Tape

Figure 4. Paper-based bimaterial cantilever (B-MaC) valve upon fluidic loading.

2.2.1. Strain in B-MaC

Filter paper generally exhibits anisotropic and nonlinear mechanical behavior [43]. The
hygroexpansive strain field is locally defined for the filter paper as the relative displacement
of the length of the filter paper before and after deformation due to fluid imbibition. On the
other hand, the hydrophobic nature of tape does not allow for axial deformation of tape on
fluid imbibition.

A schematic representation of the homogenous strain field due to the hygroexpansion
of the B-MaC element at 100% saturation is provided in Figure 5. The hygroexpansive
strain can be expressed as:

Al
e = Th (1)

where Alj, is the change in length due to hygroexpansion and [ is the original length.

Deformation due to hygro-expansion

hy

v

& €
Figure 5. Hygroexpansive strain in B-MaC element.

Figure 5 represents the hygroexpansion strain in the paper layer and tape layer as eZ

and €} . Tape being hydrophobic in nature does not exhibit hygroexpansion, resulting in
zero value.

The paper and tape layer of B-MaC upon bending restore the bending strain that is
responsible for the curvature of B-MaC. In the pure bending state of B-MaC, the bending
strain is given in Figure 6:

€p = €, — 2K (2)

where ¢, is the reference plane strain and « is the bending curvature.
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Deformation due to bending

w Neutral Axis

Figure 6. Bending strain in B-MaC element.

\/
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The total strain in B-MaC under no external load is given by the difference in strain
due to bending (Equation (2)) and hygroexpansion (Equation (1)), where positive and
negative strain values are the result of tension and compression, respectively.

€ =€, — zK — €}, 3)

2.2.2. Stress of B-MaC

The paper upon fluidic loading is subjected to tensile force due to hygroexpansion;
the relation for stress and strain for anisotropic paper exhibiting elastic—plastic behav-
ior, established by Ramberg-Osgood form (1943) in slightly modified form, is given by
€ = (0/E) + (¢/Ep)", where E is Young’s modulus, E is the Hardening modulus, 7 is the
Hardening exponent, ¢ is the 1D axial stress, and € is corresponding strain. Filter paper in
elastic range (0/Ep)" vanishes from the relation, and future modification of the relation for
B-MacC results in

oc=¢€E 4)

2.2.3. Fluid Flow in B-MaC

Fluid imbibition phenomena in paper-like porous material are carried out due to
capillary action at the microscale; this is known as pore-level transport. The schematic
representation of the samples utilized for the study is provided in Figure 7. Fluid imbibition
in B-MaC is an ambiguous phenomenon, and to better understand the fluid flow in B-MaC,
we must model the fluid flow for the filter paper layer. The fluid flow in a porous system
driven by capillary action is exemplary of fluid flow in filter paper. In this study, the
capillary model is adapted for fluid flow into filter paper that obeys the Lucas—Washburn
relationship. According to the LW equation [44]:

ryCos ¢
ST (5)

lw

where [,—wetted length, r—average pore radius, y—surface tension of liquid, f—time
taken for fluid imbibition, ¢—contact angle of the liquid on capillary walls and #—viscosity

of the fluid. The equation can be modified by squaring both sides and using the diffusivity

. s r7yCos ¢
coefficient ¢ as TR

e

SR S — —
51T @ =l W

htT

Figure 7. Schematic representation of 2D wetted B-MaC at an arbitrary time.
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Simplifying,
I,? = ot (6)

2.2.4. Material Properties of B-MaC

In relation to the material properties of B-MaC, one of the critical aspects is the Young's
modulus of the paper and tape layer of B-MaC. A schematic representation of the fluidically
loaded paper and tape layer of B-MaC is provided in Figure 8, where E, and E; are the
Young’s modulus of fluidically saturated paper and tape respectively. The Young’s modulus
is the measure of elastic property defining the ability to withstand the change in length
under tension or compressive load before failure. Mathematically, the Young’s modulus of
B-MaC can be defined as the ratio of internal axial stress induced to the hygroexpansion
strain in the material due to fluidic loading, given by Equation (4).

p
E, €n
........
—
[ ] 6% =0
L

Figure 8. Young’s modulus of fluidically saturated filter paper and tape.

In conjunction with studying the behavior of B-MaC on fluidic loading, the material
properties of paper-based cantilevers were obtained experimentally. For this purpose,
an Instron tensile test was performed in laboratory conditions to attain values for the
paper-based cantilever’s Young’s modulus.

2.2.5. Linear Coefficient of Hygroexpansion

The tendency of matter to change its shape, area, volume, and density in response to
changes in moisture content results in the hygroexpansion of the paper-based cantilever.
The ratio of the hygroexpansion strain to the water imbibition content can be defined as the
linear coefficient of hygroexpansion. This paper later presents the empirical value of the
linear coefficient of hygroexpansion (f},) for the Whatman Grade 41 paper.

_ Cn
Bn = M ()

where B, is the coefficient of linear hygroexpansion and AM is the change in moisture
content.

2.3. Modeling of B-MaC

This paper models the response of B-MaC on fluidic loading of the paper-based
cantilever. Our previous work modeled the curvature of the bilayer cantilever utilizing
the average intralayer force and moment [39]. This paper presents the model for response
deflection considering interfacial conditions of continuous strain and slope between the
bilayers and the wet-dry zone, respectively. The wet zone determined by Washburn on
fluidic loading models the curvature for coupled fluid and structure bilayer model and
utilizes the classical beam relationship to obtain the deflection for a given wetted length.
The dry zone is perpetuated as a straight line and utilizes the slope at the interface to obtain
the tip deflection of the bilayer cantilever. The modeling of B-MaC determines the response
deflection over the period of actuation. Table 1 provides the details of the parameters
required for modeling,
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Table 1. B-MaC parameters.

Variables Description Dimension
1 Length of B-MaC L
w Deflection in y L
u Deformation in x L
R Bending radius L
Ly Wetted length L
b B-MaC width L
hy Tape layer thickness L
hy Paper layer thickness L
ts Time required for saturation T
o Stress per unit length ML—2T—2
Fy, Hygroexpansion force MLT 2
My, Bending moment due to actuation ML2T—2
E; Young’s modulus of tape ML~1T2
Ep, Young’s modulus of saturated paper ML~1T—2

Geometry is inspired by the bending of a paper-based cantilever when exposed to
fluid [1]. B-MaC actuation is considered as the system output defined by fluid loading,
please refer to Table 1 for parameters. A schematic representation of stress, force, and
moment in the paper and tape layer that evolved in B-MaC upon fluidic loading is provided
in Figure 9.

Figure 9. B-MaC element subjected to force and moment due to stress developed in layers.

The force and moment can be obtained by integrating the stress along the cross section
of B-MaC.
Force in B-MaC:

h h
F:/ (fdz:/ E(e, — zk — €y)dz 8)
0 0
Moment in B-MaC:

h h
M:/ azdz:/ E(ey — zk — €p)zdz 9)
0 0

The B-MaC undergoes bending until the hygroexpansion strain attains its maximum
value; at equilibrium, the net force and net moment in the cross section of B-MaC is

I U M = 0; (10)

on combining Equations (8)—(10) and writing in matrix form,

lo =R (3= L m
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where h ., h
p:/ Edz;Q:/ Ezdz;R:/ EZdz; (12)
0 0 0
h h
th/ Eey dz; Mh:/ Eeyzdz (13)
0 0
The reference strain and bending curvature can be obtained by solving Equation (11):
RE, — QM
=———" 14
€o QZ . PR ( )
PMy, — QF,
— 1
K QZ — PR (15)

To approach a static bilayer bending, Young’s modulus of paper on saturation is consid-
ered to be constant. Moreover, the hygroexpansion strain attained at full saturation of paper
corresponds to a constant value. The above Equations (8)—(15) were solved using MATLAB,
provided as supplementary information. Substituting values from Equations (12) and (13)
in Equations (14) and (15), we obtain

Erelhs (Ethe® + 6Ephpht® + 4Ephy + O hyhs ) — Epelhy (Eyphy® — 2Eshs® — 3Ethyhi?)
€ =

(16)
(Ehe* + 4E(Ephi*hy + 6E:Ephi®hy? + AEiEyhily’ + Ey?hy*)
6(E ,Et) (h i ) (1 + ) (&, — €]

K =
(Ehe* + 4EEphhy + OEEphi®hy? + 4EEphih,® + Eyhy*)

(17)

where (e,t1 - e,’f) is the actuation strain in B-MaC. Since the tape is hydrophobic in nature,

the hygroexpansion strain in tape, €], = 0.

On simplifying,
) (1 —2E,h,3 — 3E,h,2)
€0 = (_eh) 3 2 2, 4 (18)
1+ 4E,1,3 + 6E,h,% + 4E,h, + E,2h,
(e 6E i (1+ hy) (19)
hp (1 + 4E, 1,3 + 6E, 1,2 + AE,h, + Eﬂhr‘*)
E; ht
g _E g _ M (20)
r Ep r hp
6E.h, (14 hy) . 1)
3 5 5 4 — "Bilayer
(1 + 4,1, + 6E,h,2 + 4E,h, + E,2h, )

where Kpjjq., is the static curvature of bilayer beam.

The bending force and moment contribute to the deflection of B-MaC on fluid imbibi-
tion. The placement of tape on B-MaC plays an important role in deciding the curvature of
bending; in our case, the bottom surface of filter paper is laminated. A bottom-laminated
B-MaC will correspond to negative curvature of bending for B-MaC. From Figure 10, the
deflection of B-MaC is given by Equation (A5) (Appendix A):

— =K (22)
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v

Figure 10. Curvature of B-MaC at any time instance upon fluidic loading.

Substituting above expression with Equation (19), we obtain

d*w el
ﬁ = - <hh> KBilayer (23)
P

Further, the following boundary conditions are accompanied with the governing
equations to obtain specific solutions for the modeling of B-MaC. For fixed end (x = 0):
deflection w(x) = 0 and slope w'(x) = 0.

To synthesize the analysis of the modeling, a nondimensionless form is presented in
Table 2 below:

Table 2. B-MaC nondimensional parameters.

Variables Expression Description

I~

4T =
[—im—{E

I

<

Characteristic Wetted Length
Characteristic Deflection
Characteristic Thickness
Characteristic Time

o~
P

Nondimensional governing equations:
Wet zone (0 < X < Ly)

W = _‘:KBiluyer (24)

€‘U
where ¢ = (h}; /1.

Dry zone (L, < X < 1)

The dry length is the portion of the B-MaC that the wicking fluid front has not yet
reached. Since it is not wetted, it remains straight. As seen in Figure 11, the dry zone length
is the difference between the B-MaC total length and the wetted length:

(y—W) =m(x— Ly) (25)

where m = (%‘})l’ =W'(L"y).
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Figure 11. Wet and dry zones of B-MaC.

Boundary conditions:

Fixed-end (x = 0):

W(0) =0 (26)
W (0)=0 (27)

Interface (x = Ly):
W(Lw/)WetZone - W(Lw,)DryZone (28)

Specific solution for the modeling of B-MaC is evaluated for wet and dry zones using
the set of nondimensional equations formulated above with the boundary conditions.
Solution for Equation (24) uses boundary conditions in Equations (26) and (27):

2
x
W<x) = _ngilayerj (29)
To obtain the numerical values for deflection in future, the above solution requires
empirical values for modulus for bilayers, hygroexpansion strain, and other geometrical
parameters. Details for these parameters are discussed in the following sections.

3. Results

This study brings results for two important aspects of B-MaCs, i.e., the material
properties and the behavior of the B-MaC on fluidic loading. There are other factors
resulting from the experiment conducted for the B-MaC modeling, which will be discussed
in detail below. All the results were obtained using the variables in Table 3.

Table 3. Variables utilized for the study.

Variables Description Value
l Length of B-MaC 20 mm
b B-MaC width 4 mm
hy Tape layer height 58 x 1073 mm
hy Paper layer wetted height 246 x 1073 mm
E; Young’s modulus of tape 300 MPa
E, Young’s modulus of saturated paper 20 MPa
eZ Hygroexpansion strain in paper 0.008
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3.1. Fluid Flow in B-MaC

The results for fluid flow in the B-MaC that are adapted to the capillary flow model
are compared to the experimental results. The two-dimensional rectangular geometry is
inspired by the previous cantilever design utilized in pPADs [1]. The rectangular channel
model provides good accuracy using the LW theory (Figure 12). The flow is prominently
considered only in the lengthwise direction.

Change in Height of Capillary

Wetted Lenght of B-MaC

10
E E E 20 *
ol g _ :
x
E 15 L
*x
T O 1 T
*
E E
[$) H 10 *
L at o -—
*x
x
2r T 51 *
b
0 . . . . . . 0 . . . . .
20 40 60 80 100 120 10 20 30 40 50 60
Time [sec.] Time [sec.]

(a)

(b)

Figure 12. Fluid imbibition in B-MaC (cross-machined direction). (a) Change in height of capillary
water column /i (mm) vs. time ¢ (sec.); (b) wetted length I;, (mm) vs. time ¢ (sec.).

The results for fluid imbibition in the B-MaC (cross machined direction) for the change
in height of the capillary water column and wetted length vs. time are presented in
Figure 13. In case (a), the change in height of the capillary is inversely proposal to the
unsaturated area on the B-MaC; with time, the available unsaturated area of the B-MaC
decreases by the relation given in Equation (7). On fluid imbibition, the average change in
height of the capillary for the given B-MaC (20 mm x 4 mm) is found to be around 9 mm
for 100% saturation. Upon wetting of the B-MaC, the fluid front travels at a rate given
by the LW equation. This relation is validated by experimental results obtained for this
study, and the plot is presented in Figure 13. The wetted length of the B-MaC is found to
be proportional to the sq. root of time, endorsed by the experiment results of this paper.
The velocity of fluid imbibition in B-MaC is maximum at the start of fluidic loading and
gradually reduced to zero with time, indicating the high volumetric water ingress upon
loading B-MaC with fluid at the start and diminishing the volumetric water ingress by
the end of loading (or 100% saturation of B-MaC). The experimental results obtained for
capillary height and wetted length vs. time are in good agreement with the numerical
predictions, shown in Figure 13.

3.2. Young's Modulus of B-MaC

The modulus of elasticity is one of the important material properties of B-MaCs that
help us predict the behavior of paper-based cantilevers on fluidic loading. Experiments
were conducted to obtain stress and strain relationships for the Whatman Grade 41 filter
paper in CMD fiber orientation, as well as for Scotch Tape, as shown in Figure 14.
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Lucas-Washburn Fluid Flow
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Figure 13. Fluid imbibition in B-MaC (cross-machined direction).
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Figure 14. Stress vs. strain relationship: (a) Whatman 41 filter paper in CMD; (b) Scotch Tape.

The trend illustrated in Figure 14 provides a relation for different zones, i.e., elastic,
plastic, stress-hardening, and failure zones. The proportional limit of the stress—strain
relationship is utilized to obtain the Young’s modulus of W41 filter paper and Scotch
Tape. The experimental values of the Young’s Modulus are found to be ~300 MPa for filter
paper in the cross-machine direction and Scotch Tape. Additionally, it is important for the
study to obtain the Young’s modulus for saturated filter paper. For this purpose, the study
was conducted to acquire values of wetted cantilevers for different saturations (moisture
content), and the results are presented in Figure 15. It is evident from the data obtained for
the study that the value of the Young’s modulus is drastically affected by the saturation
levels of filter paper. The value obtained for the Young’s modulus of saturated filter paper
in a cross-machine direction was found to be ~20 MPa. The Young’s modulus drops to
~7% of the respective value for fully (100%) saturated samples. From Figure 15, these drop
values of the modulus are very evident for the slight wetting of cantilevers; the instant
that fluid is loaded onto the cantilever, the cellulose fibers of the paper start swelling and
disintegrating, causing them to lose their rigidity. This justifies the sudden fall in values for
the Young’s modulus of the B-MaC and PBC on wetting. These experimental values are
utilized for modeling and predicting the behavior of B-MaCs on fluidic loading.

195



Biosensors 2023, 13, 580

Whatman 41 Filter Paper
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Figure 15. Young’s modulus E (MPa) of Whatman Grade 41 filter paper with different saturation
levels MC (%).

3.3. Stress and Strain in B-MaC

The results of this section primarily focus on the behaviors of filter paper on fluidic
loading; therefore, further on, we will be discussing results obtained for the important
parameters concerning the modeling of B-MaCs. The stress and strain relationships for
paper-based cantilevers were discussed in the previous paper [1] and provided a detailed
discussion of the considerate factors for modeling PBC on fluidic loading. Unlike PBC,
B-MaCs consist of a layer of laminated tape that encourages us to study the effect of a
bi-layer cantilever on fluidic loading. Relationships established in the previous sections for
effective strain (€) in B-MaCs can be obtained by Equation (3), i.e., the effective strain is
the result of the bending and hygroexpansive strain of the B-MaC. The values of bending
strain (€;) and hygroexpansion strain (e,) for the B-MaC are carefully deduced empirically
and found to be around 0.2% (at tape and paper interface) and 0.8%, respectively.

The strain profile obtained for the wetted cantilever laminated with tape at the bottom
is shown in Figure 16a, which provides information on bending strain (e;) in the B-MaC.
The figure details that upon fluidic loading of the B-MaC, the paper undergoes hygroex-
pansion, to which the tape layer’s mechanical response results in a bending state to obtain
a sustainable deflection. The green and yellow sections in the plot represent the tension
and compression loading respectively in the B-MaC layers. During fluidic loading, the
paper layer (hy < z < hy + ht) experiences tension loading due to the hygroexpansion
of the constituent cellulose fiber of paper, and the tape layer (0 < z < h,), as depicted,
experiences compression loading to compensate for the actuation of the B-MaC. Figure 16b
demonstrates the path traced for the zero-strain location in B-MaC for the varied thickness
ratio hi,. The position of zero strains gives us information on the neutral axis. As the h; is
varied, the neutral axis moves up from the tape layer to the paper layer.

Comparative value plots for the hygroexpansion strain (€,) in W41 filter paper are
presented for different lengths in Figure 17. All cases illustrate that irrespective of the
length of the cantilever chosen, the hygroexpansion strain (e;,) reaches a constant value after
a given amount of time. The amount of time required by the cantilever to stabilize €, values
indicate the time taken by the cantilever to fully saturate on fluidic loading. Figure 17
presents the value, €, for 10 mm, 20 mm, and 3 mm cantilevers. The 10 mm filter paper,
being the smallest in length, requires the least amount of time for 100% saturation on fluidic
loading, evidently stabilizing the empirical value €j, quickest, whereas 20 mm and 30 mm
PBC take more time for saturation on fluidic loading and to reach the steady state value
for the hygroexpansion strain (e). At saturation, the €, for W41 filter paper is found to be
81073405 x 1073,
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Figure 16. Bending strain in B-MaC. (a) Strain profile in thickness of B-MaC; (b) zero strain position
in B-MaC with varied thickness ratio ;.
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Figure 17. Hygroexpansion strain €j, vs. characteristic time Ts for 10 mm, 20 mm, and 30 mm length
PBC in Whatman Grade 41 filter paper.

Additionally, it is important to study the strain in thickness for the paper layer of the
B-MaC. Upon wetting on the B-MaC, the volumetric change in configuration includes the
deformation in thickness, along with the length (considered in previous sections). The
strain in thickness (e;) is responsible for choosing the correct second moment of inertia and
final thickness of B-MaC modeling. The thickness strain presented in Figure 18 follows
a similar trend, with a sudden rise in the value on wetting and reaching a steady-state
value of 0.12. As detailed in the previous sections, the fabrication of B-MaCs utilizes W-41;
for PBC, the surface of the cantilever is not laminated with tape, encouraging loss of fluid
from the surface due to evaporation. However, the B-MaC’s bottom surface is laminated
with tape not favoring evaporation from the laminated surface. This experiment is not
suitable to capture the loss of source fluid from the specimen; hence, the results will not be
discussed in detail due to unsuitable data for the scope of the experiment.
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Strain in Thickness -W41 Filter Paper
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Figure 18. Plot for thickness strain €; vs. characteristic time T for Whatman Grade 41 filter paper.

3.4. Linear Coefficient of Hygroexpansion Paper

The coefficient of hygroexpansion is the ability of paper to change its shape, area,
volume, and density in response to moisture change. This definition is tailored to study the
change in the length of paper upon wetting, and the linear coefficient of hygroexpansion is
introduced, as per Equation (7). This change in the length of the paper is also representative
of hygroexpansive strain values at 100% saturation of the cantilever, providing information
that can be relayed as the coefficient of hygroexpansion. This study presents the empirical
value for the linear coefficient of hygroexpansion (f;) for Whatman 41 filter paper. The
value is found to be 0.008, based on the results obtained for the hygroexpansion strain
upon the wetting of the paper. Figure 19 plots the change in the length of the paper to the
original length vs. the change in moisture content for the W41 filter paper; empirical data
were utilized for the study to obtain the slope of the line expressing the value of B;, for the
W41 filter paper. The coefficient of hygroexpansion helps us understand the mechanical
properties of paper used for the fabrication of cantilevers, which further assists in studying
the behavior of B-MaC on fluidic loading.

OB Coefficient of Hygro-Expansion

——Scotch Tape
0.7+ —— Whatman 41 -

B, =0.008

B, =0
5 . . . .
0 0.2 0.4 0.6 0.8 1

AM [%]

Figure 19. Linear coefficient of hygroexpansion B vs. moisture content AM for Whatman Grade
41 filter paper.
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3.5. Deflection of B-MaC

To predict the sustainable deflection of B-MaCs on fluidic loading, theoretic analysis
was carried out to obtain results for temporal shape evolutions. These experimental and
numerical shape forms presented in Figure 20 illustrate that the observed behavior of
B-MaCs can be precisely predicted from the model presented in this paper. The governing
nondimensional Equation (25) was utilized to solve the deflection as a function of the wetted
length of the cantilever. To obtain response deflection numerically, Neuman boundary
conditions for deflection (w) and slope (w') of the cantilever at a fixed end were used.
However, empirically, the fixed end of the cantilever upon fluidic loading experiences a
sight deformation in the geometry of the B-MaC that constrains the use of the Neuman
boundary condition. To obtain the best-fitting solution for the accuracy of bending strain,
a polynomial fit was utilized in the plot. The result can also be utilized for the modeling
of bimaterial cantilevers with the assumption of no stretching in the neutral axis. The
modeling of the B-MaC is essential to understand the functionality of microfluidic paper-
based analytical devices (uWPADs), which are most suited for small-moderate deflection; for
this purpose, this paper will focus on results for the deflection of B-MaCs.

Behaviour of B-MaC on Fluidic Loading
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Figure 20. Deflection of B-MaC—numerical and experimental shape forms.

In order to validate the obtained results for the response deflection of B-MaCs, data
for deflection were obtained experimentally. The numerical values predicted by the model
were found to be within the predicted bound, shown in Figure 21. The empirical value for
the maximum (tip) deflection of B-MaC is ~7 mm, which is almost three times the value
obtained for PBC [1]. Tip deflection is the maximum deflection of the cantilever for any
given wetted length. Figure 22a provides tip deflection for 0%, 20%, 40%, 60%, 80%, and
100% wetted lengths (I,) of B-MaC. Other intermediate cases can be assessed by using
Equation (1) for any given time period of fluidic loading, as shown in Figure 22b.

The response deflection of the B-MaC obtained in Equation (29) justifies that the
curvature of the cantilever is constant over its length, and the deflection depends on the
factors E;, hy, and ¢. These parameters help in predicting the behavior of B-MaCs on
fluidic loading.
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Figure 21. Predicted bound—numerical and experimental deflection of B-MaC.
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Figure 22. Response deflection of B-MaC. (a) For a given wetted length; (b) for a given time instance.

3.6. Parametric Models

The parametric model helps us understand the material, geometrical, and physical
characteristics of B-MaCs under fluidic loading. The modeling of the B-MaC involves three
vital parameters: E,;, hi;, and ¢, which seek to provide information on the choice of material
and dimensional constraints for fabrication and the effect of fluid imbibition.

E, is defined by Equation (20), as the ratio of the Young’s modulus of tape to paper
used to fabricate the B-MaC. This parameter provides the relative ability of the choice of
material to withstand linear deformation of fluid imbibition. Figure 23, the parametric
model for E,—B-MaC, illustrates the behavior of fluidically loaded B-MaC deflection. The
characteristic deflection is plotted against the characteristic length of the B-MaC for different
E, ratios of 15, 10, 05, 01, and 0. As the values of E, start dropping, the response deflection
of the B-MaC reduces until E, — 0, which is the case of no deflection. E, — 0 signifies a
high Young’s modulus of paper with respect to the tape. Cases where the paper is replaced
with material of high E value on saturation will result in negligible deflection. E, = 0
indicates the absence of tape in B-MaC, and the bilayer theory cannot be utilized to obtain
a response deflection of B-MaC. Therefore, in such cases, the solution for a small deflection
model for a monolayer paper-based cantilever [1] shall be utilized to obtain response
deflection. Figure 24 indicates the case utilized for this study, which corresponds with
the characteristic deflection of 0.36 for the tip on the B-MaC located at 0.95 characteristic
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lengths. Additionally, E; = 1 represents the case for which the modulus of tape and paper
are the same, resulting in maximum characteristic deflection ~0.2.
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Figure 23. Parametric model for E,~B-MaC.
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Figure 24. Parametric model for /1,-B-MaC.

The h; is defined by Equation (20) as the ratio of the thickness of tape to the paper
layer of the B-MaC. This parameter provides information on the geometrical parameters
utilized for the fabrication of B-MaCs. Figure 24, the parametric model for /,—B-MaC, plots
the characteristic deflection of the B-MaC on fluidic loading for different /i,. As shown, for
hy from 0 to 1, the maximum characteristic response deflection reduces from 0.36 to 0.

This paper utilizes specific filter paper and tape types, described in the Materials
and Methods section. The W-41 paper of thickness 220 pum is laminated by a layer of
Scotch Tape of thickness 58 pm; this limits us to ignore the thickness of the tape. However,
distinguishing characteristics of these B-MaCs may consist of a thin film layer; for such a
case, where h, << 1, Equation (24) can be simplified to obtain the deflection for the B-MaC.

The ¢ is the ratio of change in length on wetting to the thickness of filter paper used for
fabricating the B-MaC. This parameter provides information for the physical characteristics
of filter paper. Figure 25, the parametric model for {-B-MaC, depicts the response deflection
of B-MaC on wetting for different values of ¢. For this study, a ¢ value of 0.0016 is obtained
for the parameters, which corresponds to a maximum characteristic deflection of 0.36.
The plot shows how reducing the value of ¢ proportionally decreases the characteristic
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deflection of the B-MaC. ¢ = 0, indicating the case of no fluidic loading, which is a result of
a null value for the hygroexpansion strain of paper. When the paper is dry before the fluid
is loaded onto the paper, the B-MaC remains at rest, corresponding to eZ = 0. Upon fluidic
loading, the eZ value increases until reaching a constant value. These increasing values of
65 will give different ¢; some of these cases are presented in Figure 25.
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Figure 25. Parametric model for {—B-MaC.

It is interesting to notice the effect of the varied modulus ratio E,, and the thickness
ratio i, together on the curvature of the B-MaC. In Figure 26, the Young’s modulus and
thickness ratio are varied from 0-15 to 0-10, respectively. This plot provides important
results to select a geometrical parameter for B-MaC fabrication for the purpose of optimizing
the curvature of the bilayer beam. A value for i, of 0.2 and E, of 15 will result in the
maximum curvature of the B-MaC.
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Figure 26. Curvature x of B-MacC for varied modulus ratio E, (0 to 15) and thickness ratio i, (0 to 10).

The model presented in this paper considers small-moderate deflection of B-MaC,
suitable for the application of NO-NC actuator/valves for uPADs and microfluidic assay.
This model can be utilized for the large deflection of the cantilever, presented as a limited
case for modeling. Figure 27 illustrates the curvature x of the B-MaC for varied hygroexpan-
sion/actuation strain €;,; the curvature obtains its maximum value at h, ~ 0.2 for different
strains, and decreases in value upon further increasing /,. The plot compares curvatures
for 0.8%, 3.2%, 5.6%, and 8% of actuation strains. Moreover, the plot demonstrates that
increasing the &, beyond the value of 4 hardly affects the curvature of the B-MaC.
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Figure 27. Curvature x of B-MaC for varied hygroexpansion/actuation strain €y,.

4. Discussion

This paper predicts the behavior of fluidically loaded B-MaCs and obtains response
deflection for the purpose of modeling the moderate deflection of the cantilever. A capillary
fluid flow model is considered for B-MaCs obeying the LW equation. Other important
material properties, such as Young’s modulus, hygroexpansive strain, and coefficient of
hygroexpansion, were assessed to aid the modeling of the B-MaC. The B-MaC moderate de-
flection model was also assessed with different parameters to provide a full understanding
of the change in behavior of response deflection of fluidic loading.

4.1. Fluid Flow in B-MaC

It is evident from the results obtained that fluid flow in B-MaC is governed by the
LW equation with a good degree of reliability. The change in capillary height helps us
understand the volumetric flux of fluid required for the saturation of B-MaC for this study.
Upon wetting the filter paper layer of the B-MaC, it indulges in fluid imbibition, and the
wetted length of the cantilever is obtained for the loading period. The results for the square
of wetted length vs. time show a linear relation with a slope of 0.8344. The empirical data
obtained for the plot closely follow this trend, asserting the choice of the capillary flow
model for B-MaCs.

4.2. Young’s Modulus of B-MaC

The material property helps us understand and predict the response deflection of
B-MaCs. We are aware that B-MaCs consist of a layer of filter paper and laminated tape,
and understanding the modulus of constituent material provides a complete picture of
hygroexpansive strain and stress relationships. The tape layer provides additional rigidity
to filter paper, resulting in strengthening the flexural rigidity of B-MaC. The fluidic loading
drastically affects the flexural rigidity of paper, and the plots are evident of this reduced
value, down to 7%, of dry paper vs. fully saturated paper. The higher values of the
modulus for a fully saturated cantilever indicate better flexural rigidity, which leads to
reduced response deflection. Similar trends are presented by Lee et al. for Whatman Grade
1 filter paper [45].

4.3. Stress and Strain in B-MaC

The stress—strain relationship helps us estimate the modulus of B-MaCs for different
saturation levels/moisture content and predict the behavior of a fluidically loaded can-
tilever. We have learned that two kinds of strains, i.e., hygroexpansion and bending, are
involved in a fluidically loaded B-MaC. The hygroexpansion strain helps us understand the
change in length of paper upon wetting, and the bending strain provides details regarding
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the shape form of the cantilever. The hygroexpansion of W41 filter paper for different
lengths of cantilever shows a similar response over time. The values of hygroexpansive
strain increase until a stagnant value is achieved. For W41 filter paper, a value of 0.008
for hygroexpansive strain is attained. The bending strain is evident in the presence of
laminated tape in the B-MaC. The bending strain results in 0 when no tape is present, or
the hygroexpansive strain predominantly results in an effective strain in the absence of a
tape layer. Lee et al. reports similar trends for Whatman Grade 1 filter paper.

4.4. Linear Coefficient of Hygroexpansion

As stated in this paper, the linear coefficient of hygroexpansion is the tendency of
paper to change length upon wetting. The B-MaC is fabricated using W41 filter paper and a
layer of Scotch Tape, and the linear coefficient of hygroexpansion is obtained for paper and
tape upon wetting to understand the relative trends. 8;, = 0 for tape shows its hydrophobic
nature; therefore, it does not involve hygroexpansion. Comparatively, W41 filter paper has
B = 0.008, reflecting the hydrophilic nature of paper.

4.5. Deflection of B-MaC

This paper brings important results in terms of the moderate response deflection
of B-MaCs on fluidic loading. The experimental results obtained for the deflection of
B-MaCs validate the predicted response of the B-MaC’s mathematical model. The 2D
quasi-static model provides a specific solution for the response deflection of the cantilever
as a function of its characteristic length for given free fixed-end boundary conditions. The
numerical and experimental shape forms were compared to understand the crucial details
of inconsistent boundary conditions. The polynomial solutions for the response deflection
assert the absence of the Neumann boundary condition of a slope at the fixed end; the
mathematical model obtains the solution for the deflection with the boundary conditions of
zero slopes and deflection at the fixed end. The filter paper, being docile on wetting, tends
to soften and lose its rigidity, leading to a slight variation (nonzero boundary condition)
at the fixed end of the cantilever. The moderate deflection model presented in this paper
predicts the behavior of the B-MaC upon fluidic loading with a high degree of confidence.
The empirical values obtained for the deflection fall under the 95% prediction bound,
validating the adapted model for the B-MaC'’s deflection. The maximum (tip) deflection
of the cantilever is a critical parameter that is obtained by using the interfacial boundary
conditions for the wet and dry regions of B-MaC. The dry length of the cantilever remains
unaffected by the fluidic loading and behaves as a straight line with rotation. The rotation is
defined by the slope of the wetted length of the cantilever. The results for the tip deflection
of dry length, corresponding to 0% to 100%, with an increment of 20% wetted length of the
B-MaC, are presented to predict the behavior of the B-MaC upon wetting. Tip deflection is
crucial to determine the design parameters for uPAD’s assays. The B-MaCs are utilized as
NO/NC valve actuators in microfluidic assays [3] for the sequential loading of reagents
onto sample pads and detection zone. Along with the tip deflection, the rate of loading and
unloading of reagents onto the reagent pads via B-MaCs is crucial to determine. The fluid
flow models presented in this paper predict this with the wetted length on the cantilever,
which is responsible for the loading time and the time to attain the response deflection for
a given B-MaC.

4.6. Parametric Models

The behavior of the B-MaC is mainly asserted for three parameters in this paper,
namely the material properties, geometrical properties, and physical properties of fab-
ricated materials utilized for the cantilever. The material properties of B-MaCs in both
layers help us predict the response of the cantilever, and the relative modulus value of the
cantilever provides an understanding of their relative stiffnesses. The E, as defined is the
ratio of the Young’s modulus of tape and paper, and B-MaC consists of a layer of paper
laminated with tape; therefore, practically, E, = 1 can be achieved when the values of the
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modulus of saturated paper will same as the tape modulus. In cases where E, >> E;,
E, — 0, which will result in no response deflection of the B-MaC. Along with material
properties, geometrical parameters are an important factor in accessing the response deflec-
tion of the B-MaC. /i, is given by the ratio of the thickness of paper to tape of the B-MaC
and provides the relative sizes of the cantilever that come together in the formation of the
B-MaC. The value &,= 1 indicates identical paper and tape layer thickness, which results
in ~0.1 maximum characteristic deflection. A thin film approximation is provided for
applications where the substrate layer thickness is negligible; the simplified model for
thin film approximation can be utilized to obtain the response deflection. Lastly the ¢
parameter provides the physical aspect to understand the hygroexpansion of paper upon
wetting to the thickness of paper utilized for the fabrication of B-MaCs. B-MaCs with
papers with high expansion on fluidic loading and the tape layer will result in a higher
response deflection; this result can be inferred from the increasing values of ¢. This study
depicts the response deflection of the cantilever, with ¢ varying from 0 to 0.0016. Ideally, a
high B-MaC hygroexpansion will result in greater response deflection if the thickness of the
paper layer is kept constant. This statement can be validated by comparing the deflection
of the B-MaC in the machine and cross-machine direction [3].

4.7. Limitation of Model

In our study, the modeling was primarily focused on water-based solutions given their
ubiquity in microfluidic biosensors. We did not consider other liquids such as oils due to
their substantially different physical properties, including viscosity and surface tension,
which would require considerable modifications to our current model to accurately depict
their interaction with the Bi-Material cantilever (B-MaC). However, we acknowledge the
potential of other fluids and foresee the expansion of our model to include such liquids in
future work to broaden its applicability across various applications.

We opted for analytical modeling to comprehend the fundamental principles gov-
erning the behavior of Bi-Material cantilevers (B-MaCs) under fluidic loading. While this
approach affords broad applicability and computational efficiency, we recognize that it
might not capture all complexities and subtle effects inherent in bilayer systems, which
may be better addressed through simulation software. Furthermore, the current scope of
simulation tools for bilayer cantilevers remains somewhat limited. As such, future studies
could substantially benefit from incorporating simulation methodologies. Building upon
the groundwork of our current bilayer cantilever model under fluidic loading, simulation
could serve as a logical next step for in-depth analysis, providing further validation and
potentially extending the applicability of our research.

5. Conclusions

This research developed a comprehensive model to predict the behavior of a Bi-
Material cantilever (B-MaC) under fluidic loading. The B-MaC, fabricated using Whatman
41 (W41) filter paper and Scotch Tape, demonstrated intriguing properties under fluidic
loading. The interplay between these materials and fluidic loading became central to the
understanding of the B-MaC’s behavior. We significantly advanced our understanding
of B-MaC behavior, as our model provided a specific solution for the response deflection
of the cantilever. This was confirmed by experimental findings, with empirical values
falling within the 95% prediction bound, asserting the credibility of our mathematical
model. Furthermore, our investigation unveiled critical insights regarding the material
properties of the constituent elements of B-MaCs. Specifically, the Young’s modulus of
W41 filter paper was found to decrease to approximately 20 MPa, which is about 7% of its
dry state value, upon full saturation. This drastic reduction in flexural rigidity due to fluidic
loading, along with the hygroexpansive behavior of W41 filter paper (which we empirically
deduced to be 0.008), played a decisive role in determining the deflection of the B-MaC.
We also examined different lengths of bilayer cantilever for strains in B-MaCs, including
hygroexpansion and bending strains. These investigations were crucial for predicting
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the B-MaC’s behavior under different saturation levels/moisture contents. Moreover, we
conducted an in-depth analysis of the parameters affecting the response deflection. By
altering these parameters, such as the ratio of the Young’s modulus of tape to the paper
layer (E,) and the ratio of tape to the paper layer height (/;), we can optimize the curvature
of B-MaCs for specific applications. This study’s significance is multifold. It opens new
possibilities for the development of compact, low-cost, and biodegradable microfluidic
devices. Our ability to predict and manipulate B-MaC behavior allows for the design and
optimization of these devices for various applications, such as environmental monitoring
and point-of-care diagnostics.

For future research, we propose investigating alternative materials for B-MaCs, im-
proving the model, and considering more complex interactions. These steps could lead
to a more comprehensive understanding of B-MaC behavior under different conditions
and further enhance microfluidic device versatility and effectiveness. In conclusion, our
work has elucidated the potential of B-MaCs for microfluidic biosensors. The findings
of this study, coupled with our developed model, are poised to pave the way for future
advancements in the field of microfluidics.
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Appendix A
From Figure 10:
ds = R-d6 (A1)
Radius of curvature:
1 do
= — = A2
K R ds (A2)
dx
ds = A3
° cosf (A3)

Substituting Equation (A3) in (A2), we obtain

1 do
K== £cos9 (A4)

For small 6, cos 6 ~ 1:
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d
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Abstract: Traditional drug development is a long and expensive process with high rates of failure.
This has prompted the pharmaceutical industry to seek more efficient drug development frame-
works, driving the emergence of organ-on-a-chip (OOC) based on microfluidic technologies. Unlike
traditional animal experiments, OOC systems provide a more accurate simulation of human organ
microenvironments and physiological responses, therefore offering a cost-effective and efficient
platform for biomedical research, particularly in the development of new medicines. Additionally,
OOC systems enable quick and real-time analysis, high-throughput experimentation, and automation.
These advantages have shown significant promise in enhancing the drug development process. The
success of an OOC system hinges on the integration of specific designs, manufacturing techniques,
and biosensors to meet the need for integrated multiparameter datasets. This review focuses on the
manufacturing, design, sensing systems, and applications of OOC systems, highlighting their design
and sensing capabilities, as well as the technical challenges they currently face.

Keywords: organ-on-a-chip; drug development; biomedicine

1. Introduction

The process of developing new drugs is a complex, costly, and time-consuming process
with a high attrition rate [1]. Specifically, a new drug must undergo laboratory experiments,
preclinical studies, and clinical trials (phases I, II, and III) before it can be approved for
marketing. Following market entry, it must also undergo phase IV clinical trials and
post-marketing approval [2]. Many candidate drugs are eliminated at different stages
throughout the development process due to poor efficacy, safety issues, high production
costs, and other factors [3]. Consequently, the average development cycle of a new drug
takes 10-15 years and costs over 2 billion US dollars [4].

Given these challenges, the pharmaceutical industry has sought more sophisticated
drug development models that are better at screening out compounds with serious off-
target effects. This urgent need has spurred the development of organ-on-a-chip (OOC)
technology based on microfluidics [5]. In OOC systems, microfluidic cell cultures are
integrated with circuits that precisely manipulate the cells’ microenvironment to simulate
the activities and physiological responses of various human organs, thereby providing an
efficient research model for biomedical study [6]. OOC systems have many advantages
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compared to traditional research methods. They can replicate more complex in vivo en-
vironments, including interactions among cells, tissues, and blood vessels. Additionally,
OOCs require fewer reagents, cells, and space while facilitating rapid analysis, high-
throughput experimentation, and automation [7,8]. Overall, this technology is expected
to mitigate the risks and costs associated with new drug development while enhancing
efficiency and output quality.

The global demand for OOC technology is rapidly increasing due to its enormous
potential in new drug development [5]. It is projected to grow from 131.11 million US
dollars in 2024 to 1.3883 billion US dollars by 2032, with a compound annual growth
rate of 34.3% during the forecast period [9]. This significant growth trend reflects the
market expansion and widespread acceptance and promotion of OOC technology from
academic research to commercial applications. As more biotechnology and pharmaceutical
companies invest in the research and development of OOC technology, this field is expected
to maintain rapid development momentum in the coming years.

This review summarizes the technical basis of OOCs based on microfluidic technology,
existing designs, integrated sensors, and their applications in drug discovery and preclinical
screening. Additionally, we analyze the main challenges and recent breakthroughs of the
technology, highlight future research directions, and discuss the broad application prospects
of this technology in drug development, personalized medicine, and disease treatment.
Overall, OOC technology is advancing swiftly, especially with respect to enhanced design
and the integration of multi-functional sensors. Despite existing challenges, OOC holds
significant and expansive potential for the foreseeable future.

2. Fabrication and Sensors of Organ-on-a-Chip
2.1. OOC Fabrication

The major framework of OOCs is generally based on microfluidic chips, which lever-
age microfabrication technology or micro-electro-mechanical systems (MEMS) technology
to fabricate micrometer-scale channels, reservoirs, valves, etc [10]. The most widely used
microfluidic chip technology employs soft lithography [11]. As shown in Figure 1, a mold
is first fabricated using ultra-violet (UV) lithography to define microstructures. The typical
mold material is photoresist, such as SU-8 (an epoxy-based negative photoresist), or it can
be silicon (Figure 1A,B). After the mold is ready, the liquid PDMS is typically mixed with
its curing agent in a 10:1 ratio then poured on top of the mold. After curing, the PDMS
mold is detached. The final step of the process is to bond the PDMS to a glass cover after
plasma treatment. After bonding, the PDMS and the glass substrate can be post-baked for
30 min at 70 degrees C to further improve the strength of the bonding. Microchannels of
other materials such as thermoplastic are fabricated using a similar process but with hot
embossing as the patterning step instead of material curing. After microchannel pattern-
ing, the bonding between thermoplastic can be thermal bonding, adhesive bonding, or
ultrasonic bonding [12].

Since OOCs normally require fluorescence imaging measurements, even though the
PDMS is almost transparent in the visible light range, it emits a certain amount of fluores-
cence that contributes to the background noise of the fluorescence signal [13]. In addition to
glass, which offers much better optical transparency and minimal fluorescence background,
researchers have also explored plastic materials such as polystyrene (PS), poly (methyl
methacrylate) PMMA, and polycarbonate (PC), which are usually patterned through hot
embossing and injection molding [14].
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Figure 1. Illustration of OOC chip fabrication: mold fabrication and microchannel fabrication.
(A) Mold fabrication using conventional UV lithography and etching: (a) Photoresist spincoating and
prebake; (b) UV-lithography exposure with a photomask; (c) photoresist development; (d) in cases
where photoresist mold is not sufficient, a more reliable silicon mold is fabricated starting with a
photoresist mold on silicon as step (c); (e) Reactive ion etching of silicon with photoresist as etching
mask; (f) Removing photoresist and rendering a pristine silicon mold; (B) Microchannel fabrication
using molding for PDMS or hot embossing for thermoplastics; (C) Various sensing implemented in
OOCs: (a) Electrical sensing mostly impedance sensing such as trans-epithelial electrical resistance
(TEER); (b) Strain and temperature sensors mostly made of strain gauges and thermistors; (c) Opti-
cal sensing and imaging to investigate the cell morphology and photoluminescence of molecules;
(d) Electrochemical sensors detect the presence and concentration of ions, gas molecules, glucose, etc.

2.2. Sensing Systems Implemented in OOC

Sensors can detect and analyze various parameters in biological systems, such as
physiological signals, biochemical reactions, and physical changes, providing real-time
detection of health or disease status [15]. Within OOC systems, sensors are crucial [16].
Integrated sensors allow for the real-time monitoring and analysis of cell behavior, tissue
function, and drug effects, thereby enhancing the OOC system’s capability to simulate
and predict biological responses accurately [17]. Figure 1C shows four representative
types of sensing including electrical impedance, strain, temperature, and optical and
electrochemical sensing.

Various types of sensors have been developed and integrated into OOCs to measure
distinct biological parameters, as illustrated in Figure 1C. For example, Trans-epithelial
electrical resistance (TEER) sensors are used to assess the barrier functions of epithelial
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and endothelial cells in OOC models simulating the intestine, lung, and blood-brain
barrier [18-20]. Electric cell-substrate impedance sensing (ECIS) sensors provide real-time
tracking of cell proliferation, migration, and differentiation, contributing significantly to
the study of diverse cell types, including cancer and endothelial cells under various culture
conditions [21-23].

In addjition to these, microelectrode arrays (MEAs) are employed to record the electrical
activity of heart and neuronal cells, providing insights into their electrophysiological
properties. These sensors have been implemented in heart-on-chip and brain-on-chip
models to study the effects of drugs and other interventions [24-26]. Strain gauges are
used to measure the mechanical forces generated by cells, particularly cardiomyocytes, in
heart-on-a-chip models, thereby helping us to understand the impact of drugs and diseases
on heart function [24,25].

Environmental factors such as temperature, pH, and oxygen levels are crucial to
driving specific cell phenotypes and are monitored using various types of sensors. For
instance, a general temperature sensor can monitor temperature in real-time by measuring
the electrical resistance change of temperature sensors [26]. Different methods are used
for detecting pH and oxygen levels [27]. A microfluidic optical platform constructed by
Mousavi Shaegh et al. allows for real-time monitoring of pH and oxygen in OOC systems
using low-cost electro-optical devices [24].

Mechanical force, including shear stress, is another key parameter that sensors need
to detect. For instance, heartbeat dynamics, a primary indicator for assessing heart health,
are studied using various methods [23]. Lind et al. integrated piezoresistive sensors into
a multi-layered cantilever beam to guide the growth of cardiac tissue and measure the
tissue’s contraction force [25]. In another approach, Aung et al. proposed a detection
method that is highly compatible with the OOC design, where the contraction of cardiac
tissue generates mechanical forces transmitted to the surrounding hydrogel, resulting in
measurable deformation [28].

Electrochemical sensors monitor the metabolic activity of cells by detecting the release
of metabolites such as glucose, lactate, and oxygen. For example, amperometric sensors
have been used to measure glucose consumption and lactate production in liver-on-chip
models [29-31]. Optical sensors, particularly those based on photoluminescence, monitor
parameters like oxygen levels and pH, providing insights into cellular respiration and
metabolic activity. These sensors have been integrated into various OOC models, including
liver-on-chip and lung-on-chip, to study cellular responses to hypoxia, drugs, and other
stimuli [32-35]. Sensors for real-time monitoring of specific proteins are also available. For
instance, Li et al. designed a novel label-free optofluidic nanosensor for real-time analysis of
single-cell cytokine secretion [36]. This sensor monitors the dynamic secretion of cytokines
without molecular markers, which can interfere with cell integrity and time resolution.

In most instances, OOC systems incorporate multiple sensor types to simultaneously
monitor various parameters. An example of this is a liver-on-a-chip model that combines
optical oxygen sensors with electrochemical glucose and lactate sensors. This approach
has been used to investigate the metabolic response of liver cells to drugs, offering a more
comprehensive understanding of cell function and toxicity [29].

In summary, the integration of diverse sensors into OOC systems underscores the
versatility of these platforms and their potential to revolutionize our understanding of
cellular behavior and response to stimuli. Examples of sensors implemented in different
types of OOC systems are summarized in Table 1.
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Table 1. Sensors implemented in different OOC platforms.

OOC Platform Measurements Sensors Applications Reference
Trans epithelial electrical resistance
The barrier integrity of the cells, (TEER) n}easuremen't " sodium .
. ; fluorescein permeability test, Lung disease models, drug
the secretion of inflammatory . . .
Lung . ELISA and ATP luminescence evaluation, mechanical [37-39]
markers, Mechanical stress, and . . .
; . assay, and special material that stretching effect
changes in cell mechanics - .
changes color in sync with
air pressure
Electrophysiological signals and Microelectrode arrays (MEAs),
mechanical contractions of cardiac ~ piezoresistive sensors, calcium Drug evaluation,
Heart . L . . . : . . [24,25,40,41]
tissue, and dynamic tissue transient dye, optical sensing cardiotoxicity detection
beating pulse technology, and nanowire probe
Electrochemical dissolved oxygen
sensors produced by inkjet
. Oxygen concentration, cell printing technology, Metabolic activity monitoring,
Liver . Lo - [29-31,42]
growth population electrochemical impedance hepatotoxicity tests
spectroscopy, and
amperometric sensors
pH, oxygen, temperature, barrier Fluorescent probes, TEER sensors, Barrier function test, ion
. integrity, ion flow resistance, electrochemical sensors, electrical transport monitoring,
Intestine A . L . [43-51]
sequential impedance cell-impedance sensors, anti-inflammation test, human
measurement and cell migration monitoring sensors disease models
pH, oxygen, temperature, shear MEA, External sensor-integrated Real-time brain activity
stress, secreted molecules (e.g., BOC (TEER measurement and monitoring, neurodegenerative
. cytokines, insulin), blood flow, cell ~ multi-parameter measurement), disease model, drug
Brain A ! . . . . [32,52-61]
viability, cell-cell interactions, and ~ and internal sensor-integrated development and screening,
BBB crossing of drugs BOC (microelectrode arrays and pre-clinical test of
and nanoparticles multi-sensor integration platform)  novel therapies
Optical pH, oxygen and
H, oxygen, temperature, tight ;?rrlls,r())erza:izit?:)(éﬁg(:isc,aﬁEER Skin barrier function test, drug
Skin Pt oxygen, p 118 4 y evaluation, toxicity test, [62-66]

junction formation

activated immune biosensors
attached to physical
microelectrodes

biomimetic artificial skin model

3. Design of Organ-on-a-Chip

The design of the OOC is crucial to its functionality. The complexity and diversity of
these designs determine the breadth and depth of the chip’s application in drug develop-
ment (Figure 2). In general, microfluidics-based OOCs can be divided into two categories:
single-OOCs and multi-OOCs. Single-OOCs simulate the function of a single organ, while
multi-OOCs integrate the functions of multiple organs to simulate complex physiological
systems.

3.1. Single-Organ-on-a-Chip Systems

Single-OOCs are microfluidic devices that mimic the microenvironment and function
of a single organ, providing an ideal in vitro model for studying a specific organ’s phys-
iological and pathological processes. Researchers can use these devices to analyze drug
interactions with specific organs and assess how organs respond to various physiological
conditions [67]. Consequently, these chips are widely used in drug screening, toxicity
testing, and disease modeling, identifying key biological mechanisms and thus provid-
ing reliable references for clinical trials [5,68]. In this section, we mainly discuss several
prevalent types of Single-OOC models and elucidate how their unique designs enhance
the in vitro simulation of respective organs. We also briefly summarize the other types of
OOCs established in recent studies (Table 2).
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Figure 2. Overview of distinct Organ-on-a-chip designs. The figure shows four chips and their corre-
sponding designs. The lung-on-a-chip simulates the dynamic deformation and gas exchange between
the alveoli and capillaries. The heart-on-a-chip simulates the periodic mechanical contraction of heart
tissue. The intestinal-on-a-chip simulates the intestinal environment. The liver-kidney chip simulates
the interaction between the liver and kidneys in the human body. Created with BioRender.com.

3.1.1. Lung-on-a-Chip

The lungs are the central organs of the respiratory system in humans and most other
vertebrates, playing a crucial role in maintaining cellular respiration by regulating blood
oxygen and carbon dioxide levels [81]. Microscopically, gas exchange occurs within millions
of alveolar units, the basic functional units of the lung. The alveolar walls comprise a thin
epithelial cell layer and a rich capillary network, facilitating efficient oxygen and carbon
dioxide exchange [82]. To replicate the biological functions of the lungs effectively, an
in vitro lung model must be designed with appropriate cellular components and a structure
that supports gas exchange. Microfluidic technology offers precise fluid flow and constant
gas exchange, creating a three-dimensional microstructure and microenvironment that
mimics the human lung [69,83].

Hubh et al. produced the first biomimetic microfluidic lung model using classic soft
lithography [69] (Figure 3). This model consisted of an upper and lower PDMS (poly-
dimethylsiloxane) frame with a PDMS porous membrane in the middle. The upper and
lower PDMS frames were seeded with epithelial and endothelial cells to mimic the mi-
crochannels of the airways and blood vessels, respectively. The PDMS membrane, coated
with extracellular matrix (ECM) proteins, separated the two chambers to simulate the
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alveolar—capillary barrier, facilitating gas and nutrient exchange. Applying a vacuum to
the two chambers reduces the pressure inside the microchambers, causing the PDMS mem-
brane to deform elastically. This deformation simulates the expansion of the alveoli during
inhalation. When the vacuum is released, the PDMS membrane returns to its original state
due to its elastic properties, causing the membrane and attached cells to relax, simulating
alveolar contraction during exhalation. This elastic recoil effect is crucial for mimicking the
dynamic deformation and interaction between alveoli and capillaries.

Upper

Porous
membrane

Lower
layer

Vacuum

Side chambers Vacuum

Figure 3. Illustration of the lung model produced by Huh et al. (A) The model consists of a PDMS
frame and a PDMS porous membrane coated with alveolar epithelial cells in the upper part of the
membrane (mimicking air channels) and endothelial cells in the lower part (mimicking microvascular
channels). (B) The left part simulates the contraction of the alveoli during expiration. The right
part simulates the application of vacuum to the lateral lumen, which produces a cyclic stretch that
simulates the expansion of the alveoli during inspiration. Reproduced with permission from [69].

In terms of applications, the research team has successfully simulated the inflamma-
tory process in the lungs, including the production of early response cytokines by epithelial
cells, the activation of the vascular endothelium, and the adhesion and penetration of
white blood cells. Furthermore, the team has explored the pulmonary toxicity of nanopar-
ticles. Findings indicate that respiratory motions amplify the inflammation triggered by
nanoparticles, evidenced by heightened ICAM-1 expression in endothelial cells and the
increased adhesion and infiltration of neutrophils. The lung-on-a-chip device thus shows
great potential for studying the pathological mechanisms of lung diseases, toxicology, and
drug development [69,83].

In addition, based on this design, Dasgupta et al. conducted a study on radiation-
induced lung injury (RILI), including the effects of radiation on cell structure and function
and the potential therapeutic effects of drugs [70]. The study showed that within 6 hours
of radiation exposure, both pulmonary epithelial and endothelial cells exhibited DNA
damage, increased cell proliferation, upregulation of inflammatory factors, and loss of
barrier function; the test drugs (lovastatin and prednisolone) showed potential effects in
inhibiting acute RILI These results support the use of organ-on-a-chip models as a novel
method for studying the molecular mechanisms of acute RILI and evaluating new radiation
protection therapies.

3.1.2. Heart-on-a-Chip

The heart is the central organ in the circulatory system, primarily responsible for
generating pneumatic pressure and driving blood circulation. The myocardium constitutes
the main body of the heart. The periodic contraction and relaxation of the uniformly
arranged cardiomyocytes in each layer provides the heart’s pumping action [84]. In order
to effectively mimic the heart’s biological functions, in vitro heart models must simulate
the periodic mechanical contraction of cardiac tissue and allow for real-time monitoring of
contraction stress.

Cardiotoxicity is one main reason for drug recalls. Drugs, if cardiotoxicity levels are
unidentified in preclinical studies, may cause lethal arrhythmias and death. Lind et al. de-
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veloped a 3D-printed heart-on-a-chip (HOC) system to study how cardiac tissue responds
to drugs [24] (Figure 4). This system was constructed by sequentially printing multiple
materials using direct ink writing (DIW). It mainly comprises three layers: a base layer
(dextran film, thermoplastic polyurethane (TPU)), a sensor layer (carbon black-doped TPU
ink (CB: TPU)), and a tissue-guiding layer (PDMS). These layers provide structural support
for the device, placement of sensors, and guidance for cell alignment and assembly. Cardiac
muscle cells are seeded onto the tissue guide layer, where they self-assemble into a layered
structure that simulates the natural arrangement of cardiac tissue. Furthermore, the inte-
grated sensors can non-invasively detect the contraction stress of the heart tissue and send
out the data in real time [85,86]. The researchers conducted a drug dose-response study
using this model to investigate the effects of the drug on the contractility and rhythm of
the heart tissue. The results showed that a drug (verapamil) produced a negative inotropic
effect (attenuated contractility) on cardiac tissue after administration, which is consistent
with previous studies. Similarly, a drug (isoprenaline) exhibited a positive inotropic effect
(enhanced contractility), which is also consistent with previous studies [87,88]. This model
construction method enhances the efficiency and accuracy of heart disease research, allow-
ing for long-term studies of heart tissue function. It provides new tools for heart disease
models and drug screening.

Anisotropic
)8 cardiac tissue

Contractile stress
measured as AR

Figure 4. Illustration of the heart model produced by Lind et al. The device is constructed with a
U-shaped cantilever that is connected to electrodes for measuring resistance changes. Contraction of
cardiac tissue causes deformation of the cantilever, which in turn changes the electrical resistance,
and the change in resistance can be used to quantify the contractile stresses exerted on the cardiac
tissue. Created with BioRender.com.

It is worth noting that classic HOC models lack the study of epicardial cells. Banner-
man et al. constructed a heart tissue model containing the outer layer of the heart, the
epicardium, based on the traditional HOC model containing the inner layer of the heart
muscle structure, and tracked the migration of epicardial cells in the experiment [89]. The
results showed that under conditions simulating ischemia-reperfusion injury, the epicardial
heart tissue had less cell death and less impact on functional characteristics than the control
group without epicardial tissue, which laid a foundation for future applications in the
study of heart disease and the testing of treatment methods.

3.1.3. Liver-on-a-Chip

The liver, an organ unique to vertebrates, serves as the principal site for critical physi-
ological processes including metabolism, detoxification, bile secretion, immune responses,
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and the synthesis of various biochemical substances [90]. The structural and functional
cornerstone of the liver is the liver lobule, typically hexagonal, comprising millions of
hepatocytes. This structure includes hepatocyte plates, hepatic sinusoids, and portal ar-
eas, orchestrating the primary physiological functions of the liver through their complex
structural and functional integration [91].

Liver-on-a-chip (LOC) is extensively employed to explore drug metabolism and liver
diseases, leveraging designs that emulate the architecture of liver lobules and sinusoids [92].
For instance, lobule chips designed by Ya et al. feature a hexagonal configuration mirroring
the liver lobule, incorporating a six-layer assembly with perfusion inlets and outlets at the
top, a central liquid distribution system, and a basal cell culture area [75] (Figure 5). The
chip simulates the hexagonal structure of the liver lobule, with the portal vein (PV) at each
vertex, the hepatic artery (HA) at the midpoint of each hexagonal edge, and the prominent
central vein (CV) at the center of the top surface. This design reproduces the blood flow
path of the liver lobule, with the cell culture medium entering from the PV and HA inlets
and finally converging to the CV through the flow channel system.
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Figure 5. Illustration of the lobules model produced by Ya et al. (A) The chip mimics the hexagonal
structure of a liver lobule, with the portal vein (PV) at each vertex, the hepatic artery (HA) at the
midpoint of each hexagonal edge, and the prominent central vein (CV) at the center of the top surface.
(B) The chip has a six-layer structure: the first and second layers contain fluid collection chambers for
the CV and PV. The third and fourth layers are designed with a raised platform to separate the flow
of the PV, HA, and CV. The fifth layer is the co-culture area, which is designed with micro-columns to
support cell growth and guide cell alignment to form hepatic sinuses. The sixth layer is the sealing
layer, which keeps the entire chip sealed and structurally stable. (C) Schematic diagram of the overall
structure of the chip and the inlet (PV/HA) and outlet (PV) of the culture medium. Reproduced with
permission from [75].

The Ya et al. study showed that hepatocytes cultured on a chip exhibited longer-
term biochemical functions (far exceeding conventional two-dimensional culture systems),
including protein synthesis, urea, and bile acid production. In addition, the researchers
also conducted drug toxicity tests and tumor growth simulations. For the toxicity test, the
long-term effects of the drug (acetaminophen) on liver function were observed, including
changes in enzyme activity and a sustained decrease in cellular metabolism. For the tumor
growth simulation, the chip simulated the growth of HepG2 liver cancer cells in liver tissue.
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In the experiment, HepG2 cells formed tumor spheres on the chip and simulated the tumor
microenvironment, including vascular networks and hypoxic areas.

Similarly, the sinus chip developed by Jang et al., akin to the lung-on-a-chip by
Hubh et al., includes dual microchannels: an upper hepatocyte-seeded channel and a lower
vascular channel lined with sinusoidal endothelial cells [76] (Figure 6). This design may
also incorporate Kupffer and stellate cells to stimulate immune responses and fibrotic
processes within the liver. The continuous fluid dynamics of the upper and lower channels
are controlled by microfluidic channels connected to an external pump system, simulating
liver blood flow and enhancing cell-cell interactions and drug metabolism.
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Figure 6. Illustration of the sinus model produced by Jang et al. The chip contains two parallel
microchannels, the upper one for hepatocytes and the lower one for blood vessels, separated by a
porous membrane. The chip is coated with an extracellular matrix (ECM) to support cell attachment
and growth. The upper channel is seeded with primary hepatocytes and the lower channel with liver
sinusoidal endothelial cells (LSECs), Kupffer cells (macrophages), and stellate cells. Reproduced with
permission from [76].

Additionally, the research team employed TAK-875, an experimental drug intended
for type 2 diabetes management, to investigate the risk of drug-induced liver injury. The
results showed that the potential accumulation of TAK-875 and its metabolites in liver cells
may lead to cell dysfunction, including inhibition of bile excretion and the activation of
cellular stress and inflammatory responses.

Based on the classic LOC, Jiao, Xie, and Xing built a gravity-driven perfusion model
of a pump-free LOC [93]. This design avoids the need for an external pump and complex
tubing connections, simplifies the construction and operation of experimental equipment,
and is more suitable for large-scale drug screening or multi-sample comparison studies. In
addition, because there are no external pumps or tubing restrictions, the pump-free chip is
easier to integrate with other experimental systems or equipment for a variety of research
scenarios. The results found that the chip exhibited similar hepatotoxicity responses to
traditional two-dimensional models in drug toxicity testing (aristolochic acid I and its
analog aristolochic acid II) but was more sensitive in detecting toxic substances. Overall,
this study demonstrates the potential application of this system in drug hepatotoxicity
research, especially in high-throughput drug screening.

3.1.4. Other Single-Organ-on-a-Chip Systems

In addition to lung-on-a-chip and heart-on-a-chip, developing other single-OOCs is
also crucial for biomedical research and drug development. For example, kidney-on-a-chip
(KOQ), intestine-on-a-chip (IOC), and spleen-on-a-chip (SOC) are indispensable tools for
studying drug metabolism, toxicology assessment, and disease mechanisms.

KOCs replicate the kidney’s filtration, absorption, and secretion functions. These
devices simulate the glomerulus or renal tubule and facilitate the study of acute kidney
injury, chronic kidney disease, and drug effects on the kidney [94]. Like lung-on-a-chip,
glomerulus chips feature an upper channel cultured with glomerular endothelial cells to
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mimic capillaries and a lower channel cultured with podocytes to replicate Bowman’s
capsule. An injection pump adjusts flow rates to simulate physiological and pathological
hemodynamic microenvironments [73]. Similarly, renal tubule chips have upper and lower
channels cultured with renal tubular epithelial cells to simulate luminal and interstitial
regions, respectively, with fluid shear stress applied by an injection pump [74].

I0Cs simulate the intestinal environment of the human digestive system and con-
tribute to the study of microbial interaction, intestinal barrier function, and inflamma-
tory bowel diseases [47]. Typically, an IOC comprises intestinal epithelial cells, vascular
endothelial cells, and a representative microbial community [47]. In the design by Jalili-
Firoozinezhad et al., the upper channel is used to culture intestinal epithelial cells to
simulate the intestinal lumen environment, while the lower channel cultures vascular en-
dothelial cells to mimic the vascular environment [71]. Additionally, an anaerobic chamber
with an oxygen sensor facilitates microbial culture.

The SOC replicates the spleen’s function of filtering blood, which helps to study the
function of the spleen in blood diseases such as malaria [77]. At the core of the SOC
developed by Rigat-Brugarolas et al. are two major microfluidic channels that simulate
the closed-fast microcirculation (the fast path through the spleen without filtration, which
accounts for about 90% of the total blood flow) and the open-slow microcirculation (the
blood passes through the reticular structure in the red pulp of the spleen and is filtered,
accounting for about 10% of the total blood flow). To mimic the filtration of blood by the
red pulp, the open-slow microcirculation is equipped with a columnar matrix area and
micro-contractile structures, which are responsible for increasing the residence time of red
blood cells and screening functional red blood cells, respectively.

In addition to the above-mentioned OOCs, which are widely used, more specialized
OOCs have been developed recently, including bone marrow-on-a-chip, bone-on-a-chip,
blood-brain barrier chips, and lymphoid follicle chips [68,78-80]. Bone marrow chips,
lymphoid follicle chips, and blood-brain barrier chips all adopt the classic lung-on-a-chip
structure, with a porous membrane separating the tissue culture chamber from the blood
flow channel [68,79,80]. A micropump continuously perfuses oxygen and nutrients while
removing waste products. The blood-brain barrier chip can change the oxygen concentra-
tion to induce cells to differentiate into different blood-brain barrier phenotypes [79]. A
similar design was used for the bone chips [78]. However, instead of a porous membrane,
it uses five PDMS triangular pillars to separate the two vascular channels and the bone mi-
croenvironment channel. The bone microenvironment channel can simulate different bone
conditions by changing the proportion of three types of bone cells (osteoblasts, osteocytes,
and osteoclasts).

3.2. Multi-Organ-on-a-Chip Systems

Multi-OOCs integrate various single OOCs to simulate complex interactions between
different organs, providing a model that closely replicates physiology [95]. Although
still in the developmental stages, significant advancements have been made with systems
incorporating two to ten organ models [67]. This section elaborates on two prominent
design approaches and their applications in biomedical research.

3.2.1. Horizontal Design

The horizontal design of a multi-OOC involves the integration of multiple organ
models that interact functionally with each other. The chambers containing different organs
are positioned horizontally and interconnected by microfluidic channels. This configuration
is instrumental for studying systemic diseases, multi-organ responses to pharmacological
interventions, and the metabolic pathways of drugs in vivo [96]. A typical example is the
liver-kidney chip, which combines these two critical organs to assess drug metabolism [97].
The liver, a central metabolic organ, and the kidney, a primary excretory organ, are pivotal
in evaluating the pharmacokinetics and potential toxicity of drugs, which are crucial for
clinical trial outcomes and market approval [98,99].
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This system is constructed with two interconnected bioreactors, each with independent
fluid input and output ports, facilitating isolated or combined organ studies (Figure 7).
Each bioreactor comprises fluidic channels, diffusion barriers, and cell culture areas. The
fluidic channels ensure precise control of nutrient and waste flow, which is essential
for maintaining physiologically relevant conditions. The diffusion barriers minimize
convective flow, protecting the cells from shear stress and air bubble formation. The liver
and kidney cells are co-cultured in the culture areas under microfluidic conditions simulated
by a low-pressure syringe pump system. This setup not only mimics the blood flow-
induced shear stress on cells but also enhances the metabolic and absorptive functionalities
of the cultured cells, offering insights into cellular responses to various drugs and their

metabolites [100].
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Figure 7. Illustration of the liver-kidney chip produced by Theobald et al. This chip has a total of
six inlets/outlets, three on each side (denoted by the number 1-6). And two bioreactors, the liver
and kidney, are connected by microfluidic channels that mimic the interaction between the liver and
kidney in the human body. Reproduced with permission from [97].

At the applied level, the system was also used to study the biotransformation and
toxicity of aflatoxin B1 (AFB1) and benz[a]pyrene (BaP). In the liver-kidney chip system,
the toxins were first exposed to the liver cells, and then their metabolites were transported
to the kidney cells via a simulated blood flow. The results showed that this metabolic
activity of the liver cells significantly increased the toxic burden on the kidney cells.

The results show that the system can be used to evaluate the toxicity and metabolic
response of drugs in a flow-dependent manner, demonstrating the great potential of the
horizontally designed multi-OOCs for studying the response of multiple organs to drug
intervention and the metabolic pathways of drugs in the body.

3.2.2. Vertical Design

Contrasting with the horizontal arrangement, the vertical design incorporates addi-
tional organ models to expand the scope of drug delivery studies and evaluate the effects
of different administration routes on drug toxicity and efficacy. Vertical designs are crit-
ical in simulating body systems that involve tissue barriers, transcellular transport, and
absorption. For instance, integrating skin, intestine, and bone marrow modules facilitates
the exploration of transdermal, oral, and intravenous drug deliveries [101].

A notable implementation of such a design is the intestinal-liver-cancer chip, devel-
oped by Jie et al. [102] (Figure 8). This chip integrates a Caco-2 cell-lined hollow fiber
simulating the intestine atop chambers containing HepG2 and U251 cells, representing the
liver and glioblastoma, respectively. Drugs administered into the hollow fiber undergo
simulated intestinal absorption, subsequent hepatic metabolism, and finally interact with
cancer cells, providing a comprehensive model for evaluating the efficacy and toxicity
of orally administered glioblastoma therapeutics. The design ensures that all drugs and
molecules must undergo cellular processing in the top layer of the intestine chamber before
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reaching the organ chambers in the bottom layer. This functionality cannot be achieved
with a standard horizontal design.

A B

Intestine

Outlets

Top layer

Glioblastoma Liver
Drug absorptionm/ transport

Figure 8. Illustration of the intestinal-liver-cancer chip produced by Jie et al. (A) The intestinal
bioreactor is embedded in the upper layer (hollow fiber) of the chip; the liver and cancer bioreactors
are embedded in the lower layer of the chip. (B) The chip has three inlets and outlets for introducing
and draining medium or drug solutions, respectively, to maintain the cell growth environment and
experimental conditions. U251 cells were cultured in the cancer bioreactor; HepG2 cells were cultured
in the liver bioreactor; and Caco-2 cells were cultured in the intestinal bioreactor. Reproduced with
permission from [102].

In practical applications, the research team used the model to evaluate the therapeu-
tic effect of a drug combination (irinotecan, temozolomide, and cyclophosphamide) on
glioblastoma. The results showed that the drug combination of irinotecan and temozolo-
mide exhibited stronger anti-cancer activity than single drugs and other drug combinations.
Interestingly, the authors have demonstrated that metabolites from compounds processed
by HepG2 cells were detectable in the extracellular medium, influencing the combined
efficacy of the drugs [49]. This provides an alternative to traditional animal models for
studying the effect of drug metabolites in cancer therapy. In addition, the multi-OOC model,
which employs human cells, might better represent human drug metabolism and efficacy
compared to animal models. However, it's worth noting that the use of an immortalized
hepatocyte cell line in the OOC may not fully mimic the body’s drug metabolism in this
study. For instance, the metabolite concentrations measured in the current OOC may not
be suitable as a reference for further pharmacokinetic studies on the effects of these metabo-
lites. As liver organoid culture techniques mature [75,103], the system could be optimized
further by incorporating liver organoids, thereby better replicating the conditions in the
human body. Nevertheless, these findings highlight vertical design in multi-OOCs for
investigating the impacts of specific or varied drug delivery methods on drug toxicity
and effectiveness.

Another implementation of this design is the heart-liver-skin chip, which assesses the
kinetics of drug absorption through the skin and its systemic effects [95]. The chip has three
bioreactors: skin, heart, and liver. The vertical design of the multi-OOC system simulates
transdermal administration (local administration). Cardiomyocytes cultured on micro-
electrode arrays and MEMS cantilevers within the heart bioreactor at the bottom provide
real-time data on mechanical and electrical activities. In addition, this approach mim-
ics body-wide fluid dynamics through a rocking mechanism, ensuring effective medium
circulation and simulating physiological interactions among the organs.

At the application level, the research team used the chip to study the different toxicities
of drugs (diclofenac, paracetamol, hydrocortisone, and ketoconazole) between transdermal
and systemic administration. The results showed that the effects of all drugs on cardiac
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and liver function were lower in the transdermal administration mode than in systemic
administration. When administered systemically, high concentrations of diclofenac and
acetaminophen had a significant effect on cardiac function, such as altering cardiac elec-
trical activity and contractility, while hydrocortisone and ketoconazole mainly affected
liver function.

4. Applications of OOC in Biomedicine and Clinics

The successful development of OOCs of various organs has significantly benefited
biomedical research and clinics. In response to the diverse and complex demands of
biomedical research and clinical therapy, a burgeoning body of research has been dedicated
to the precise design and development of OOC platforms. These innovative models
showcase a paradigm shift in the way biological systems are studied and offer immense
potential across various domains. Within the realms of biomedicine and clinical practice,
OOC technology holds promise in simulating organ-level functions, disease modeling,
drug screening, and personalized medicine approaches.

Specifically, OOC systems offer a dynamic and physiologically relevant microenviron-
ment that closely mimics the intricate structures and functions of human organs, providing
researchers and clinicians with a sophisticated tool for studying disease mechanisms and
drug responses. In comparison to traditional methodologies, OOC models offer advantages
such as enhanced physiological relevance, scalability, cost-effectiveness, and the ability to
perform high-throughput experiments with reduced reliance on animal models. These at-
tributes collectively underscore the transformative impact of OOC technology in advancing
biomedical research and clinical applications.

4.1. Disease Modeling and Drug Evaluation

Drug discovery is fundamentally an innovative process that relies on an in-depth
understanding of biological targets to design or screen potential drug candidates from
vast chemical compound libraries [104]. This process is based on extensive research into
the pathological mechanisms of specific diseases to identify molecular targets for drug
intervention. By utilizing disease-specific OOC systems, researchers can study the patho-
logical mechanisms of diseases. For instance, OOC technology is a critical method for
exploring cancer development, including cancer cell phenotype, growth, migration, and
invasion [105-108]. Specifically, Toh et al. created a system that mimics the tumor microen-
vironment, representing cancer cell migration dynamics in a microfluidic environment and
providing an effective platform for evaluating anti-cancer drugs. Similarly, Marturano-
Kruik et al. developed a perivascular niche chip for studying breast cancer cell metastasis
and drug resistance in bone [105]. Beyond solid tumors, OOCs have also been instrumental
in studying hematological cancers [5,109]. A chip-based leukemia model revealed potential
mechanisms of chemoresistance in the bone marrow microenvironment of B-cell acute
lymphoblastic leukemia (B-ALL), where B-ALL cells utilize factors from the surround-
ing vasculature, endosteal, and hematopoietic microenvironment (e.g., CXCL12 cytokine
signaling, VCAM-1/0PN adhesion signaling, and leukemia-specific NF-kB pathways) to
maintain survival and quiescence [5]. These studies suggest that OOCs can potentially
replace or complement existing animal models in exploring disease pathomechanisms. One
of the primary advantages of OOC models is the utilization of human cells or organoids,
or even patient-derived cells or organoids. This approach potentially provides a more
accurate reflection of human pathologic mechanisms. However, current OOCs primarily
mimic the micro or local environment of targeted organs, encompassing a limited variety
of cells or organs. In the human body, disease development and drug responses often
involve more complex systemic metabolisms and interactions between organs. For instance,
tumor development is not only influenced by the interactions between cancer cells and
neighboring fibroblasts, adipocytes, endothelial cells, and macrophages, but also by the
infiltration of neutrophils, T cells, and other immune cells from the bloodstream. Addition-
ally, hormones from the endocrine system can also significantly impact tumor progression.
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These interactions between tumor cells and other cells and organs also play crucial roles in
the tumor’s response to drugs. Therefore, there is a need for more complex OOC models
that incorporate as many cell types as possible.

4.2. Drug Screening and Discovery

Drug screening and development require the identification of targeted and effective
compounds from chemical libraries [110]. An efficient and precise screening platform is
crucial for successful drug development. Traditional drug screening often relies on the
use of common or engineered cell lines. While these approaches offer advantages such as
easy access to cell lines and simple platform design, they come with inherent limitations.
A major shortcoming is that 2D cultured cells lack complex structure, composition, and
intercellular communications found in vivo, leading to differences in drug metabolism
and responses. In contrast, OOC technology offers a more sophisticated solution by better
mimicking the in vivo environment and addressing these issues. OOC platforms replicate
the physiological conditions of organs more accurately, enabling the study of complex
cell interactions, tissue responses, and drug effects in a more physiologically relevant
manner. By providing a more representative model of human biology, OOC systems have
the potential to revolutionize drug screening processes and enhance the efficiency and
accuracy of drug development efforts [5]. For example, Jalili-Firoozinezhad et al. investi-
gated radiation-induced cell death and drug responses using a Gut-on-a-Chip platform.
By simulating gamma radiation exposure, they observed increases in the generation of
reactive oxygen species, cytotoxicity, apoptosis, and DNA fragmentation. Furthermore,
pretreatment with the radioprotective drug dimethyloxalylglycine (DMOG) significantly
inhibited these damage responses [111]. In addition, Liu et al. developed a vascular-cancer
chip model to evaluate the efficacy and impact of drugs on microvascular networks and
tumor cells. In this model, human endothelial cells and fibroblasts are co-cultured to form
a microvascular network, and colorectal cancer cells are introduced simultaneously. The re-
search team tested the effects of the anti-cancer drugs fluorouracil, vincristine, and sorafenib
at different concentrations. The results showed that the effects of these drugs on endothelial
cells and tumor cells at different concentrations were dose- and time-dependent [112].

4.3. Preclinical Studies

Preclinical studies serve as a critical stage in the drug development process following
the initial identification of a drug candidate. The goal is to collect essential feasibility data,
conduct iterative testing, and assess the drug’s safety and efficacy prior to its progression
to clinical trials [2]. Traditionally, preclinical studies have been primarily conducted using
animal studies [113,114]. However, animal studies are inherently low-throughput and
cannot accurately predict drug effects in humans due to differences in pharmacodynamic
(PD) and/or pharmacokinetic (PK) responses [115-117]. In June 2022, the U.S. House of
Representatives passed the Food and Drug Amendments of 2022, which included OOC
and micro-physiological systems as separate evaluation systems for non-clinical trials of
drugs. In August, the FDA approved the first new drug (NCT04658472) to enter clinical
trials based solely on preclinical efficacy data obtained from OOC studies.

Different types of drugs require various preclinical studies, including PD, PK, and
toxicology testing. PK studies focus on the drug’s concentration in different organ sites
during its metabolism, encompassing absorption, distribution, metabolism, and elimination
(ADME). PD studies examine the drug’s biological effects on the target organ or tissue and
its mechanism of action. Toxicology testing evaluates the potentially harmful effects of the
drug to ensure that it does not pose unacceptable risks to humans and the environment.
These preclinical indicators can be detected by the OCC system, which offers a powerful
tool to optimize preclinical research [118].
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4.3.1. PD-PK Testing

Single-OOCs, such as lung-on-a-chip models, play a pivotal role in PK-PD testing
for specific organs with unique drug delivery methods. For instance, pulmonary drug
delivery is a prominent approach for treating respiratory conditions like asthma and cystic
fibrosis [119]. Drugs administered via inhalation traverse bronchial and alveolar tissues,
ensuring high bioavailability and therapeutic effects in the lung. In the study by Barros,
Costa, and Sarmento, a lung-on-a-chip model was employed to replicate the alveolar—
capillary interface, providing a sophisticated platform for predicting PK-PD parameters
during drug screening processes. This innovative approach allows researchers to evaluate
how drugs interact with lung tissues at the cellular level, offering insights into drug
absorption, distribution, metabolism, and excretion within the pulmonary system [120].

Moreover, the advent of multi-organ OOC systems has significantly advanced PK-
PD studies by enabling comprehensive investigations under various drug administration
conditions [121]. As vital organs for drug metabolism and detoxification, a multi-organ
OOC system with liver and kidney chips is particularly important for systematic in situ
PK-PD study [122]. Researchers such as Sung, Kam, and Shuler have pioneered the
development of multi-OOC systems, including the tumor-liver-bone marrow model, to
explore PK-PD relationships [123]. This device comprises multiple cell culture chambers
with fluid systems representing different organs. The toxicity and mechanism of action
of the anti-cancer drug 5-fluorouracil were evaluated by adding the chemotherapeutic
drug and its modulator uracil to the cell culture medium. Herland et al. developed an
integrated intestinal-hepatic-renal and bone marrow-hepatic-renal multi-OOC system for
PK-PD studies under diverse dosing conditions [113]. This system, utilizing OOC lined
with blood vessels to mimic human organ functions, facilitates drug transfer between
organs via a microfluidic network containing a blood substitute. By simulating different
drug administration routes (e.g., oral and intravenous), researchers were able to accurately
predict drug absorption, metabolism, and excretion pathways, in line with clinical data.
The intestinal-hepatic-renal chip effectively simulated cisplatin’s metabolism and excretion,
aligning with clinical data. The bone marrow-hepatic-renal chip also assessed cisplatin’s
pharmacodynamic effects, particularly its toxicity to hematopoietic cells, consistent with
clinical observations. This pioneering work highlights the development of OOC platforms
in integrating multiple metabolic organs into a single chip, a feature that was lacking in
previous studies. On one hand, this system facilitates the discovery and evaluation of
the PK and PD parameters of drugs in a systemic metabolic manner, closely mimicking
the process in the human body. On the other hand, it potentially enables simultaneous
monitoring of therapeutic effects of the metabolites processed by the liver and the potential
toxicity of these liver-processed metabolites on the kidney. This multi-organ integration on a
single chip offers a more comprehensive and realistic model for studying drug metabolism,
efficacy, and toxicity, paving the way for more accurate predictions of drug behavior in the
human body.

4.3.2. Toxicology Testing

As noted, preclinical studies traditionally involve laboratory animals. However, many
drugs may not exhibit adverse effects in animals during preclinical stages but can cause liver,
heart, or kidney damage in patients during clinical trials [124]. This underscores the impor-
tance of toxicology testing, where OOCs can serve as more effective and accurate systems
than animal models [125]. Ma et al. developed a LOC featuring three-dimensional liver
lobular microtissues [126]. These biomimetic microtissues maintain high basal CYP-1A1/2
and UGT enzyme activities, dynamically responding to drug induction and inhibition,
effectively simulating toxicology studies in vitro, and providing a screening platform for
drug toxicity during combination therapy.

Moreover, multi-OOCs can facilitate the study of drug metabolism between organs.
Zhang et al. developed a multi-OOC platform integrating physical, biochemical, and optical
sensors for non-invasive and continuous monitoring of microenvironment parameters and
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dynamic organ responses to drug compounds. The platform assessed drug toxicity in
liver and heart chips separately, verifying that anti-cancer drugs like capecitabine exhibit
liver toxicity when metabolized by liver cells and cardiotoxicity [110]. In an impressive
study by Novak et al., eight vascularized organs, including the intestine, heart, lung, liver,
kidney, skin, brain, and blood-brain barrier, were unified [117]. This comprehensive multi-
OOC platform allows for systematic toxicity testing across all major organs simultaneously.
More importantly, such a platform provides a superior simulation of drug and metabolite
circulation within the body. This is crucial because it takes into account potential synergy;,
feedback, or consequential reactions of different organs to a drug. This kind of holistic
approach could revolutionize drug testing, potentially leading to more accurate predictions
of drug responses and side effects in humans.

4.4. Precision Medicine in Clinics

Precision medicine customizes healthcare choices for individual patients based on
their anticipated response or disease risk. Due to genetic and microenvironment hetero-
geneity, patients often respond differently to drugs, necessitating accurate assessment and
optimization of individual efficacy. OOCs can be used to construct patient-specific models
for evaluating drug efficacy and safety in specific patient groups, aiding in developing
precise treatment plans.

By integrating primary cells from patient donors into an OOC system, it is possible to
evaluate the patient-specific drug response [127]. For instance, using epithelial cells from
patients with chronic obstructive pulmonary disease allows the OOC system to reproduce
the characteristics of the disease [127]. Similarly, by differentiating patient-derived induced
pluripotent stem cells (iPSC) into cells that differentiate into blood—brain barrier (BBB) cells
and using this as the basis for establishing a BBB chip, researchers can create personalized
models that reflect the genetic background and pathological characteristics of specific
patients [128].

Despite promising results of cancer immunotherapies in clinical trials, most patients’
responses remain suboptimal, emphasizing the need for precision medicine to optimize
treatment [129]. For example, PD-1 checkpoint immunotherapy has shown potential in clin-
ical trials. However, its effectiveness varies due to the genetic heterogeneity of glioblastoma
(GBM) in patients and the immunosuppressive tumor microenvironment [130]. Researchers
used a GBM-on-a-Chip system to explore immunosuppressive tumor microenvironment
heterogeneity and optimized anti-PD-1 immunotherapy for different GBM subtypes, pro-
viding a personalized screening approach [131]. In addition, researchers compared CAR
T cells from different donors and constructs using micro-patterned tumor arrays (MiTA),
finding significant differences in migration, aggregation, and tumor cell killing efficiency,
highlighting individual treatment differences [132].

5. Technical Challenges and Future Prospects

As OOC and microfluidic technologies rapidly develop, they show significant potential
in drug discovery and development but also face numerous technical challenges.

5.1. Cost and Manufacturing

First, the high cost of developing and producing OOCs is a primary barrier to their
widespread use. Currently, most OOCs are manually fabricated in research laboratories
using soft lithography and PDMS, which leads to high costs and design limitations. High-
precision microfabrication techniques and expensive materials, such as PDMS and microflu-
idic devices, are required for precision processing. PDMS also has other disadvantages,
such as adsorption for specific drugs and poor light transmission for imaging. Additionally,
specialized technicians are needed to maintain and operate these complex instruments. To
achieve large-scale applications, it is necessary to standardize the manufacturing process,
develop more cost-effective manufacturing methods and materials, and reduce operational
complexity and costs. Three possible approaches include current standard manufacturing
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materials and techniques, advanced additive manufacturing methods, and modular design.
For standard manufacturing materials and processes, injection molding and laser cutting
can replace PDMS with plastics [97]. Advanced additive manufacturing methods like 3D
printing can pre-program and automatically print high-fidelity and controllable tissue
structures, complex scaffolds, or device templates [24]. This technology offers a one-step
tissue reconstruction and culture platform, potentially revolutionizing OOC manufactur-
ing [133]. Modular design involves breaking OOCs into multiple independent functional
modules, which can be flexibly combined to simulate different physiological systems and
pathological states. This design enhances system flexibility and applicability while reducing
development and production costs.

Integration of sensors also poses a challenge in OOC manufacturing, as they require
precise microfabrication processes, including thin-film deposition and photolithography.
These processes must be meticulously controlled to achieve the desired sensor geometry
and placement within the OOC system. Sensors should be placed in positions that provide
the most relevant and least perturbed measurements, which can be influenced by factors
like cell distribution and flow dynamics within the device. Optical access is a concern for
sensors placed above or below cells, as it may obstruct the view for microscopy-based cell
characterization. The use of transparent electrode materials or strategic positioning of the
electrodes can help mitigate this issue. Standardization of sensor integration methods and
OOC designs is another ongoing challenge. Sterilization of OOC devices is essential for
maintaining sterile conditions, but standard sterilization techniques like autoclaving or
gamma irradiation can be harmful to some sensor materials. After all, the integration of
sensors significantly adds complexity to an OOC system, increasing manufacturing costs
and the potential for variability between devices.

5.2. Sensing Systems in OOC

In the development of OOCs, the miniaturization and complexity of the OOC systems
necessitate precise and continuous monitoring of various parameters such as oxygen levels,
pH, temperature, and metabolite concentrations. However, the integration of real-time
sensors also presents a multitude of challenges that span various scientific disciplines. First,
material selection is a fundamental aspect of sensor integration. The chosen materials must
exhibit biocompatibility and non-toxicity to avoid interference with cell growth or function.
Additionally, the materials need to possess the necessary electrical, electrochemical, or
optical properties suitable for the various sensing applications simultaneously. Therefore,
innovative polymer materials other than PDMS are needed. Second, the design of the
sensors is another crucial factor. For electrical sensors like TEER and ECIS, electrode
configuration can significantly affect the measurement outcome. The design must ensure
uniform electric fields and minimize contact impedance. Third, the long-term stability of
the sensors is a critical aspect. Sensors must maintain their performance over the duration
of the experiment, which can span several weeks. Issues like sensor drift, degradation of
the sensing element, and biofouling, where biological materials adhere to the sensor surface,
can affect long-term stability. In addition, the biocompatibility of sensor materials and
fabrication processes is paramount to avoid adverse effects on cell viability and function
in OOCs. To prevent biofouling, which can alter sensor responses, antifouling coatings
may be applied to the sensor surfaces. This is particularly important for sensors that
are used over extended periods or for multiple experiments. When multiple sensors are
integrated into a single OOC system, there is a risk of crosstalk or interference between the
sensors, which can complicate data interpretation. Lastly, the integration of sensors must be
compatible with mass production processes, including the use of materials and fabrication
techniques that can be scaled up for commercial applications. Addressing these challenges
requires a deep understanding of materials science, microfabrication, cell biology, and
sensor technology. Advances in these areas are essential for the development of reliable
and effective sensor-integrated OOC systems. Future research should focus on overcoming
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these obstacles to fully exploit the potential of OOC technology in drug discovery and
personalized medicine.

5.3. Cell Source and Variability

Second, the scarcity and variability of patient-derived cells hinder the development
of precision medicine based on OOC systems. OOCs developed from patient-derived
materials can play a crucial role in precision medicine. However, the invasive collection
of specific samples is impossible in some special conditions. For example, obtaining brain
tissue samples from patients with neurological diseases may be too risky and unacceptable.
The limited number of patient tissue cells and low proliferation potential can also be
problematic. However, iPSCs are cells that have been genetically reprogrammed to an
embryonic stem cell-like state, which means they have the potential to differentiate into
any cell type in the body [134]. This makes them an excellent source for generating various
cell types required in OOC systems. The controlled differentiation of iPSCs could provide a
continuous, patient-specific source of cells for OOCs, overcoming the limitations of donor
availability and ethical concerns related to primary human cells.

For instance, iPSCs derived from skin fibroblasts can be an alternative source of
unlimited cells to generate autologous target organs or tissues [135,136]. This enables the
construction of patient-specific organ OOCs for personalized disease modeling and drug
screening [137]. Despite their potential, iPSCs face challenges in OOC systems, including
optimizing differentiation efficiency and consistency to ensure stable expression of target
cell characteristics. Cells derived from iPSCs may undergo phenotypic drift during long-
term culture, necessitating the development of refined culture and differentiation strategies
to maintain cell stability [138].

5.4. Integration of the Immune System

Third, most OOC systems currently do not integrate immune cells or the immune
system. Incorporating the immune system into OOCs represents a significant, yet neces-
sary, frontier in the advancement of this technology. The immune system’s integral role
in numerous biological processes and pathologies underscores the current limitations of
OOC models that do not include this complex network. The development of an immune
system OOC, integrating a diverse array of immune cell types such as T cells, B cells, and
macrophages, presents an ambitious research direction. The challenge lies in accurately
emulating the intricate interactions between immune cells and other cell types, which en-
compasses mechanisms like cell signaling and cytotoxicity. The task is further complicated
by the organ-specific functionality of the immune system, making the integration of im-
mune system OOCs with existing single-organ or multi-organ OOCs a daunting endeavor.
Incorporating a specific sensing system into OOC models to monitor and evaluate immune
responses presents another notable challenge. Inmune responses, including inflammation,
are typically characterized by altered levels of representative cytokines, as well as the
proliferation and migration of immune cells. The development and integration of sensors
that can detect these changes would significantly enhance the utility and functionality
of immune system-integrated OOCs. For instance, electrochemical sensors might be em-
ployed to measure cytokine levels, while optical sensors could track cell migration and
proliferation [139]. The development of such sensors, however, is not without its challenges.
These sensors must exhibit high sensitivity and specificity to accurately detect and quantify
the biological markers of interest. Additionally, they must be biocompatible to avoid inter-
fering with the biological processes they aim to monitor. Moreover, they should be capable
of continuous, real-time monitoring to track dynamic changes in immune response.

Despite these hurdles, the potential applications are vast. Immune system OOCs
could revolutionize drug discovery and clinical trials by facilitating the identification and
screening of potential anti-inflammatory or anti-tumor drugs and the evaluation of novel
immunomodulatory drugs. Furthermore, when these models utilize cells derived from
specific patients, they could enable precision medicine by predicting individual immune
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responses to treatments, thereby optimizing therapeutic strategies. Despite the challenges,
the integration of the immune system into OOC models is pivotal for creating more accurate
human biological models, with the potential to drastically enhance our understanding of
disease mechanisms and therapeutic development.

5.5. Influence of OOC Nanostructures

Fourth, there is currently no comprehensive study on the influence of OOC nanos-
tructures on the growth and metabolism of organoids. Some studies indicate that nanos-
tructures can significantly affect cell behavior, including adhesion and proliferation. Re-
search shows that moderate surface energy and roughness provide optimal cell adhesion
and growth conditions, with higher proliferation and differentiation under these condi-
tions [140]. Additionally, pore nanostructures significantly affect cell behavior. For example,
electrospun scaffolds with pore sizes ranging from 50 to 400 microns can influence cell
adhesion and proliferation, with specific pore sizes having different optimal effects on
various cell types, such as bone marrow mesenchymal stem cells, chondrocytes, and tendon
cells [141]. Future research should further explore the impact of different nanostructures
on multiple cell types and organoids, providing more theoretical and practical guidance
for OOC design and application.

5.6. Prospects for the Commercialization of OOC Technology

As technology matures and applications expand, the commercialization of OOC
technology will accelerate. Despite the challenges of commercialization, such as limited
venture capital in the field, publications in the field of OOC are booming worldwide, and
government agencies and universities in developed economies are working with companies
to promote the widespread use of OOC technology [142-144]. Among them, the EU has
adopted Directive 2010/63/EU and established a regulatory framework to support the
development of new microphysiological systems and other bioengineering alternatives
to animal research, which is of great significance for the promotion of OOC systems [145].
As the use of OOC technology in drug development, disease research, and personalized
medicine increases, market demand is expected to grow rapidly, potentially reaching
billions of dollars [142]. This growth will drive more investment and research to improve
OOCs’ performance and application diversity [142]. As standardized production processes
and regulatory frameworks are established, the accessibility and reliability of OOCs will
significantly improve, providing more effective and accurate tools for medical research
and clinical applications [142]. In the future, OOCs are expected to become a vital pillar of
biomedical research, driving innovation and progress in medical technology [144].

6. Conclusions

This review article focuses on the role that microfluidic-based OOC technologies play
in transforming drug discovery. By replicating human physiology, OOCs offer a devel-
oping platform for biomedical research, particularly in drug discovery. This technology
can potentially reduce the risks and costs associated with drug development while sig-
nificantly enhancing the efficiency and safety of new drug post-market entry. From early
drug discovery to preclinical trials, OOC combined with sensors constitutes a system that
can precisely control experimental conditions and deliver real-time data, optimizing the
drug development pipeline. Additionally, the various OOC designs, and multi-OOCs,
enable the simulation of complex biological processes, organ crosstalk, and pathological
states, which is crucial for understanding disease mechanisms and evaluating drug efficacy.
Despite the considerable potential of OOC technology in advancing drug development
and personalized medicine, it is important to acknowledge the technical challenges and
commercialization barriers it faces. Future research must focus on improving manufactur-
ing efficiency, reducing costs, and continually exploring and optimizing OOC designs, as
well as developing and integrating novel sensors to support a broader range of biomedical
applications. In conclusion, although challenges remain, the future of OOC technology
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is highly promising. With ongoing technological advancements and enhanced interdisci-
plinary collaboration, OOC is poised to play a pivotal role in future biomedical research,
bringing revolutionary changes in drug development and disease treatment.
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