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Abstract

Microfluidics is a rapidly advancing field essential for biomedical applications, including Lab-on-Chip (LOC)
systems, drug delivery, diagnostics, and broader healthcare innovations. This article explores commonly used
microfluidic devices available for commercial use, highlighting their contribution to enhancing medical diagnostics
through efficient transduction techniques tailored for Point-of-Care (POC) applications. Additionally, it examines
devices still in the developmental phase, discussing the challenges they face in reaching commercial viability. These

advancements underscore the growing potential of microfluidics in revolutionizing healthcare diagnostics.
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1. Introduction

Microfluidics is rapidly emerging as a pivotal technology in medical diagnostics and treatment,
offering the advantage of compact and portable diagnostic tools. This innovative field applies
principles of fluid mechanics to precisely control and manipulate minuscule quantities of fluids. Its
exceptional accuracy opens up extensive applications in medical diagnosis, drug delivery,
biotechnology, healthcare, and research. Integrating microfluidics has paved the way for developing
diagnostic devices that can be used close to patients, popularly known as Point-of-Care (POC) systems.

Current diagnostic methods, while effective in many scenarios, present significant limitations that
hinder timely and accurate disease detection. Traditional diagnostic approaches often rely on
centralized laboratory testing, which requires substantial time, financial investment, and expertise. For
conditions such as cancer and infectious diseases, these delays can lead to worsened patient outcomes,

emphasizing the need for more efficient and accessible diagnostic solutions.
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® Cancer Diagnosis: Traditional cancer detection techniques, such as biopsies and imaging, are
invasive, expensive, and often unable to detect early-stage cancers. Liquid biopsies, which are
enabled by microfluidic platforms, offer a promising alternative by enabling non-invasive, real-
time detection of biomarkers associated with various types of cancer. This approach could
significantly reduce the risk of late-stage cancer diagnosis and improve survival rates through

early intervention.

® Infectious Diseases: Existing diagnostic methods for infectious diseases, such as PCR-based tests,
require specialized laboratory equipment and trained personnel. These methods can also take
hours or days to yield results, which may delay appropriate treatment. Microfluidic devices offer
a rapid, point-of-care alternative that can detect infectious agents on-site, enabling quicker

treatment and better disease management, particularly in resource-limited settings.

Advanced diagnostic technologies, such microfluidic devices, are becoming more and more necessary
in light of these difficulties. These platforms promise to provide faster, more affordable, and highly

accurate diagnostics, addressing many of the drawbacks of existing techniques.

POC devices also present more efficient alternative to conventional laboratory setups, providing rapid
diagnostics, real-time data processing, and intelligent decision-making, whether handled by non-
experts at the patient’s side or in remote locations. These “smart microfluidic devices” are
distinguished by their compactness and quick analysis capabilities. At the heart of POC technology is
LOC microfluidics, which automates and integrates various testing processes while minimizing

reagent use and enabling controlled particle manipulation.

Moreover, microfluidic devices incorporate components such as microchannels, microvalves,
micropumps, and microneedles into unified operational systems. This design enhances the ability to
conduct multiple assays simultaneously, producing effective POC devices, particularly in applications
like Polymerase Chain Reaction (PCR), which facilitates precise molecular diagnostics through rapid

nucleic acid amplification.

A revolutionary platform, Drop Lab, built on magnetic digital microfluidics, exemplifies these
advancements. It enables the simultaneous execution of multiple Enzyme-Linked Immunosorbent
Assays (ELISAS), significantly enhancing sensitivity and diagnostic precision. Beyond diagnostics,
microfluidics plays a role in medical treatments such as drug delivery, with wearable microfluidic
devices enabling continuous biomarker monitoring and personalized drug administration. Recent
innovations in wearable sensors have further enhanced remote healthcare, utilizing electrochemical

and optical transduction techniques.
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Emerging applications of microfluidics extend to nanomaterial synthesis and DNA analysis, which
contribute to improving diagnostic precision, therapeutic interventions, and fundamental research in

healthcare.

2. Signal Conversion Strategies in Microfluidic Systems

Within the detailed architecture of microfluidic systems, biosensors play a fundamental role. These
analytical devices combine biological and chemical reactions to detect and measure specific analytes
or events. By integrating biosensing capabilities with microfluidic technology, significant advantages
are achieved, including reduced sample volume, faster processing times, compact form factors, and
seamless on-chip integration. These features make such devices highly suitable for various
applications, particularly in medical diagnostics and Point-of-Care Testing (POCT), offering enhanced

precision and efficiency in analytical processes.

The type of analytes or biomarkers targeted for specific medical conditions determines the selection
of the signal conversion method in microfluidic biosensors. Essential components include biosensing
elements, transducers, microfluidic channels, and signal-processing modules. Among these,
transducers are vital as they convert biological signals into measurable electronic outputs, such as
current, voltage, or light intensity. Electrochemical and optical methods are the two predominant signal
conversion techniques widely utilized in POCT systems. These methods stand out due to their

straightforward integration with microfluidic devices.

Electrochemical methods are notable for their low-cost design, rapid detection, and high reliability in
analyzing a variety of analytes. Optical techniques, on the other hand, utilize fluid properties to
optimize optical signals and process them through optoelectronic circuits, ensuring exceptional
sensitivity and real-time detection. Some of the leading commercially available microfluidic devices

shown below (table 1).

Electrochemical methods offer low-cost, rapid, and reliable detection, while optical techniques ensure
high sensitivity and real-time monitoring by processing signals through optoelectronic circuits.
Combining both methods in microfluidic devices enhances detection capabilities and performance.

The devices shown below illustrate some of the leading commercially available microfluidic solutions.
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Table 1: Summary of Commercially Available Microfluidic Devices for Medical Diagnostics

Device Application Key Performance Metrics

Abbott ID NOW Infectious disease diagnostics Detection time: ~13 minutes;
(e.g., flu, COVID-19) Sensitivity: 95%-+

Cepheid GeneXpert Molecular diagnostics (e.g., Detection time: ~60 minutes;
tuberculosis, HIV) Sensitivity: 99%-+

Stanford Biosciences EasySense  Glucose and lactate monitoring Continuous monitoring; Real-time
for diabetes results

BD Veritor™ System Respiratory infection testing Detection time: 15 minutes;
(e.g., flu, COVID-19) Sensitivity: 97%+

These devices employ diverse signal transduction mechanisms, including electrochemical and optical
methods, to provide diagnostic results quickly and accurately. For example, Abbott ID NOW and
Cepheid GeneXpert utilize PCR-based detection methods integrated into portable systems, enabling
rapid pathogen identification. In contrast, Stanford Biosciences Easy Sense relies on continuous
monitoring of glucose and lactate, demonstrating the potential for chronic disease management.

Recent advancements in microfluidic devices have led to significant breakthroughs in diagnostic
capabilities, addressing critical gaps in medical diagnostics. One notable example is the development
of devices for the rapid identification of parasites in blood samples, such as Plasmodium falciparum
(malaria). These microfluidic platforms utilize microchannels to isolate and concentrate target
pathogens, significantly reducing the time required for diagnosis—from hours to mere minutes. A
study by Liu [20] demonstrated the efficacy of these devices, marking a critical step forward in the

fight against infectious diseases.

Another promising development is the use of wearable microfluidic devices for continuous glucose
monitoring in diabetic patients. These devices integrate microfluidic sensors with wireless technology,
allowing real-time tracking of glucose levels and providing greater convenience and accuracy in
diabetes management. The ability to remotely monitor glucose levels offers a significant improvement

in patient care, especially for those in remote or underserved areas [21].

Additionally, microfluidic platforms have shown great potential in the detection of cardiac biomarkers
such as troponin, crucial for the early diagnosis of acute myocardial infarction. Recent research has
focused on integrating electrochemical sensors into microfluidic chips, enabling rapid and highly
sensitive detection of troponin levels. This innovation could significantly enhance early diagnosis and
improve patient outcomes by facilitating quicker intervention in emergency situations. These
developments highlight the ongoing progress in microfluidic technologies, with each breakthrough

contributing to more efficient, cost-effective, and accessible diagnostic solutions [22].
4
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2.5. Electrochemical Signal Conversion

Electrochemical signal conversion transforms chemical signals into electrical outputs, making it a key
approach in microfluidic devices. This method supports easy fabrication, integration, and
miniaturization of electrodes, making it highly effective for POCT applications. Commonly used in
technologies like microfluidic fuel cells, Lab-on-Chip systems, and biosensors, it employs

electrochemical reactions and electrodes for signal detection.

Electrochemical methods are categorized based on the electrical parameters measured: amperometric,
potentiometric, and conductometric. These categories, illustrated in Figure 1, offer versatility in

detecting analytes.

Electrochemical Transduction Methods in Point-
of-Care (POC) Applications
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Amperometric Detection P i ic Dy i Ci ic D

Fig. 1. Electrochemical Transduction Methods in POC Applications
2.5. Current-Based Detection (Amperometric)

Amperometric detection involves measuring electric current in response to analyte concentration at a
fixed potential. This method is commonly used for detecting electroactive species undergoing
reduction or oxidation in microfluidic systems. The movement of electrons, driven by redox reactions,

forms the basis of this approach, enabling effective monitoring of biochemical analytes.

For example, glucose detection via glucometers is a well-known application of amperometric
biosensors, where glucose oxidase serves as a catalyst to monitor substrate depletion. The Cottrell

equation, shown in Eq. (1), describes the current-analyte concentration relationship:

. nFACOVD
LT T 1)

where the current, i (A); the number of electrons, n (to reduce/oxidize one molecule of analyte); the

Faraday constant F, taken as F= 96,487 C mol— 1; the area of planar electrode, A (cm2); the initial
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concentration of the analyte, c0 (mol mL— 1); the diffusion coefficient, D (cm2 s — 1); and the time

elapsed, t ().
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Fig. 2. Schematics of a wearable sweat sensing patch [1].

A microfluidic patch device for analyzing salt levels and sweat rates during exercise uses
electrochemical sensors to measure ion concentrations, such as sodium and potassium. The device

design is shown in Figure 2.
2.5. Voltage-Based Detection (Potentiometric)

Potentiometric detection quantifies chemical signals by measuring the voltage difference between two
electrodes. One electrode acts as a reference with a stable potential, while the sensing electrode detects

analytes, generating a potential difference proportional to their concentration.

This voltage difference is then converted into a measurable signal that is directly related to the analyte
concentration, allowing for precise quantification. Potentiometric sensors are widely used in various
fields, including environmental monitoring, clinical diagnostics, and industrial process control, due to
their high sensitivity, simplicity, and cost-effectiveness. Additionally, they are particularly effective
for detecting ions in solution, such as pH levels, metal ions, and other charged species, making them

a versatile tool for a wide range of analytical applications.
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Fig. 3. Microfluidics-based potentiometry and conductometry detection systems. (a) Microfluidic chip for electrochemical
analysis in an aquatic environment. (Reprinted with permission from Ref. [2], copyright 2019 Elsevier). (b) On-chip ion-
selective electrode calibration procedure. (Reprinted with permission from Ref. [3], copyright 2018 Elsevier). (c) Schematic
of the system for small DNA sequence detection of Staphylococcus aureus. (Reprinted with permission from Ref. [4],
copyright 2017 Royal Society of Chemistry). (d) Fabrication process of DMF chip for in situ detection of endospore
germination. (Reprinted with permission from Ref. [5], copyright 2019 American Chemical Society). () Schematic of
sensing electrodes on AM-DMF chip. (Reprinted with permission from Ref. [6], copyright 2022 10P Publishing, Ltd.).

This technique is implemented in microfluidic channels with electrodes and is commonly used in
devices like pH meters. Examples include lon-Sensitive Field Effect Transistors (ISFETS) and pH-
Sensitive Field Effect Transistors (pH-FETSs). A calibration curve translates the measured voltage to
analyte concentration. The Light-Addressable Potentiometric Sensor (LAPS), shown in Figure 3, is a

notable advancement, offering label-free detection with high integration and miniaturization [7].
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2.5. Conductivity-Based Detection (Conductometric)

Conductometric detection measures changes in the electrical conductivity of a solution, making it
suitable for detecting both electroactive and electroinactive substances. This method can be

implemented in two modes: contact (direct interaction with the sample) and contactless (separated by

an insulating layer).
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Fig. 4. (a) A set-up of microfluidic channel adhered with biosensor (b) The various changes in conductance are
demonstrated by the injections of PBS (mark a), BSA (mark b), and cardiac biomarker (mark c) [8]

Contact-mode detection provides high sensitivity but may cause electrode degradation, while
contactless methods overcome this limitation by introducing a thin insulating layer. Conductometric
biosensors, such as those using Polyaniline (PANI) nanowires, can detect biomarkers like cardiac

troponin | with high sensitivity, as illustrated in Figure 4.
2.5. Optical Signal Conversion

Optical signal conversion leverages interactions between light and analytes to detect chemical signals.
This on-chip detection approach is advantageous for applications such as biosensors, Lab-on-Chip
systems, and microfluidic imaging, providing non-invasive, real-time, and highly sensitive

measurements.
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Fig.5. Optical Detection Techniques in Microfluidic Systems

Popular optical techniques include Surface Plasmon Resonance (SPR), fluorescence spectroscopy,
absorbance spectroscopy, interferometry, and Raman spectroscopy, as shown in Figure 5. These
methods enable precise detection despite challenges like limited analyte volumes in microfluidic
systems. Optical components such as gradient refractive index lenses, optical fibers, and laser diodes
are commonly integrated into microfluidic devices. Table 2 lists various microfluidic devices with
optical and electrochemical transduction mechanisms that are intended for medical applications. One
of the examples of optical transduction was developed by Alves et al. a micromixer combined with an
optical circuit for RNA detection, as illustrated in Figure 6, which demonstrates the potential of optical

methods for molecular diagnostics.
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Fig.6. A Microfluidic chip design for CML detection using UV spectroscopy [9]
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Table 2 Microfluidic POC devices following different transduction methods for various applications.

Reference Material Used for Signal Conversion Application
Microchannel Method
Jiang et al. [10] Polyethylene terephthalate  Electrochemical Sweat analysis during
(PET) physical activity
Lee etal. [11] Paper microfluidics (filter ~ Electrochemical Glucose detection in
paper) urine
Ramalingam etal. Molded plastic Optical HIV diagnosis
[12]
Chen et al. [13] Polydimethylsiloxane Optical Detection of Chronic
(PDMS) Myeloid Leukemia
Glatz et al. [14] Polyimide with SU8 Electrochemical Measuring antibiotic
concentrations
Shen et al. [15] Polydimethylsiloxane Optical Detection of C-
(PDMS) Reactive Protein
(CRP)
Fava et al. [16] Polydimethylsiloxane Electrochemical Detection of cardiac
(PDMS) biomarkers

3. Commercially Available Microfluidic Point-of-Care Devices

In recent years, there has been significant progress in the development and deployment of microfluidic
devices for Point-of-Care (POC) applications. Advances in material sciences, manufacturing
techniques, and sensor technology integration have positioned these devices as key players in

providing timely and accessible medical diagnostics.

The healthcare industry has been focusing on creating diagnostic kits for monitoring critical conditions,
such as cardiac functions and diabetes, which deliver results with both speed and precision. For
instance, the TROVA POCT platform, as depicted in Figure 6, utilizes Optimizer microfluidic
technology to provide ultra-sensitive diagnostic results. This system can detect cardiac troponin | (HS
cTnl), a vital biomarker for acute myocardial infarction diagnosis, within 20 minutes. It also offers a
broad dynamic range for other applications, such as B-hCG detection, achieving results in 15 minutes

with minimal sample volumes.

10
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Fig.7. Microfluidic Devices for Diabetes Management: (a) The HbAlc System, (b) The yuwell Device [17].

Diabetes management is another area where microfluidic devices have made remarkable contributions.
Devices like yuwell, illustrated in Figure 7(b), provide compact, cost-effective solutions with
integrated digital connectivity. This system measures HbAlc levels in fingerstick or venous blood

samples within seven minutes, offering reliable results for diabetes diagnosis and monitoring.

Similarly, the Spinit HbAlc system, shown in Figure 7(a), enhances diagnostic efficiency by requiring
just 104 mg/dL of blood and delivering results in less than 1 minutes. This system demonstrates an
edge over other devices in terms of both speed and minimal sample requirements, further advancing

the accessibility of diabetes diagnostics.

These commercially available microfluidic devices exemplify how technology is transforming
traditional diagnostic methods, making healthcare more efficient and accessible.

4. Microfluidic Point-of-Care Devices in Development

The early detection of medical conditions remains a critical focus for researchers developing
innovative solutions to address health concerns. Point-of-Care (POC) devices are particularly
promising due to their reliability and accessibility. Microfluidic technology integrates various
laboratory processes, such as sample preparation, analysis, and target detection, into a single compact

device, as illustrated in Figure 8.

Lab-on-Chip (LOC) devices, which serve as the foundation for POC functionality, are being expanded
to include more sophisticated applications. These devices hold immense potential across fields such
as biological diagnostics, drug discovery, environmental monitoring, and chemical analysis. However,
despite significant progress in prototyping, challenges such as complexity, integration issues,
production costs, and manufacturability hinder their transition into user-ready products.

11
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Fig. 8. Microfluidic chip as LOC application [18]
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Fig. 9. Theoretical device design for parallel investigation of CTCs, circulating proteins, and DNA in whole blood [19]

One of the most effective applications of microfluidic devices involves molecular diagnostics for
detecting pathogens. For example, microfluidic channels can be designed to separate analytes such as
circulating tumor cells (CTCs), DNA, and proteins from whole blood samples. Recent advancements
in molecular analysis, particularly in cancer diagnostics, have made microfluidic systems viable

alternatives to conventional methods, as demonstrated in Figure 10.

Although significant strides have been made in liquid biopsy and other diagnostic technologies,
barriers such as reagent immaobilization, assay repeatability, and production costs must be addressed
before these devices become commercially viable. Efforts to simplify designs and standardize
materials will play a vital role in overcoming these obstacles and paving the way for future innovations

in POC diagnostics.

12
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5. Conclusion

This review highlights the recent advancements in microfluidic-based POC devices for medical
diagnostics, emphasizing their rapid, cost-effective, and portable nature. These devices are
revolutionizing the healthcare industry by aligning academic research with industrial demands. To
maximize their potential, microfluidic kits must be made affordable for end-users while maintaining
high standards of accuracy and efficiency. Even though there has been progress, there is still a lot of
need for more study and development, especially in order to get over technological obstacles like
device sensitivity, scalability, and interface with current healthcare systems. Researchers and industry
stakeholders must work together to expedite the development and commercialization of microfluidic
point-of-care devices, as they have the potential to transform medical diagnostics and help provide

more accurate, timely, and accessible healthcare globally.

The exploration of signal conversion techniques, such as electrochemical and optical methods,
underscores the importance of optimizing detection processes in POC devices. While existing
technologies have made significant progress, challenges in simplifying processes and ensuring
seamless integration remain. Fully integrated microfluidic Kits, incorporating modules for sampling,

sensing, and signal processing, are essential to bridge this gap.

Such advancements will enable on-site diagnostics, reducing reliance on centralized laboratories and
bringing healthcare solutions closer to patients. Continued collaboration between researchers and

industry stakeholders will be crucial in realizing the full potential of microfluidic technologies.
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