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Abstract. Microfluidic technology, increasingly recognized for its broad applications across various
fields, plays a pivotal role in advancing cancer research and treatment. This technology, with its
ability to manipulate fluids at the microscale, offers novel approaches to cancer diagnostics and
therapy, highlighting its importance in the medical and scientific communities. This review paper
discusses three critical aspects: the principles and mechanisms of microfluidic devices in cancer
research, the design and fabrication techniques of microfluidic chips, and their applications in
cancer detection and treatment. By exploring these facets, the paper aims to show the
advancements microfluidic technology brings to oncology, particularly in enhancing early detection,
enabling high-throughput screening, and facilitating personalized therapy. The research presented
in this review paper holds significant value for future studies on enhancing the accuracy of cancer
diagnoses and the personalization of treatment, demonstrating the potential of microfluidic
technology to advance cancer care, especially in terms of precision, personalization, and
accessibility.
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1. Introduction

Cancer, a major cause of mortality globally, is defined by the uncontrolled proliferation and
spread of aberrant cells. It encompasses over 100 distinct diseases, each presenting unique diagnostic
and therapeutic challenges. The International Agency for Research on Cancer (IARC) projected a
sharp rise in cancer cases and deaths from 2022 to 2050, estimating an increase from approximately
20 million incidences and 9.8 million mortalities in 2022 to around 35.1 million incidences and 18.5
million mortalities in 2050, underscoring the urgent need for innovative approaches in cancer
detection and treatment [1]. This increase is attributed to demographic changes such as population
growth and aging, highlighting the critical need for advancements in oncology research to improve
patient outcomes and reduce the disease’s global impact.

For decades, traditional cancer therapies such as surgery, chemotherapy, and radiation therapy
have served as the foundation of cancer care. While effective for many patients, these treatments are
not without flaws. Surgery can be invasive and may not always remove all cancerous cells and it
may disrupt the balance between removing tumors effectively and preserving quality of life [2].
Chemotherapy and radiation therapy, recognized for their efficiency against tumor cells, are often
connected with significant side effects, including chemotherapy-induced peripheral neuropathy and
the systemic toxicity of radiation, due to their lack of specificity in targeting only cancer cells [3, 4].
Furthermore, the economic burden of these treatments is substantial, impacting both patients and
healthcare systems significantly [5]. Such limitations underline the pressing need for advancements
towards more targeted and less invasive therapeutic options, as traditional methods fall short in
sparing healthy tissue and ensuring patient quality of life [6]. Given the escalating global cancer
burden and the limitations of traditional treatments, the search for innovative and less invasive
therapeutic approaches is paramount. Microfluidic technology emerges as a promising area in this
quest, utilizing the power of miniaturization to revolutionize cancer diagnostics and treatment.

The initial focus of microfluidics technology was to miniaturize analytical methods to boost
efficiency, minimize sample and reagent use, and accelerate reactions. In the 1990 work by RManz
et al., the “miniaturized total chemical analysis systems” (WTAS) concept was unveiled, showing
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microfabricated channels’ potential for chemical processing and analysis, a cornerstone in
microfluidics’ history [7]. This groundbreaking work underscored the transformative potential of
microfluidics in analytical chemistry and biology. Significant advancements were made following
the expansion of the field, notably in the development of lab-on-a-chip (LOC) devices. These
innovations, integrating laboratory operations onto a single chip, facilitate high-throughput screening
and analysis, marking a new era in the capabilities of microfluidic applications. The evolution and
impact of microfluidics were further detailed in Whitesides et al., which provided an insightful
overview of the field’s origins and its promising future directions [8].

This review paper presents a concise examination of microfluidic technology’s significant role in
advancing cancer research. Initially, it outlines the fundamental principles and mechanisms that
enable microfluidic devices to precisely control and analyze biological samples, emphasizing their
critical function in streamlining biochemical processes at the microscale. Following this, the paper
explores innovative design and fabrication techniques of microfluidic chips, highlighting
advancements that enhance their functionality and biocompatibility, crucial for effective cancer
diagnostics. Finally, it discusses the application of different types of microfluidic technology in
cancer detection and treatment and the transformative potential of microfluidic technology,
underscoring its capacity to facilitate early diagnostics and personalized therapeutic strategies.

2. Overview of Microfluidic Technology in Cancer Research

Microfluidic technology, with its foundation in the principles of microscale fluid manipulation,
has become a pivotal tool in advancing cancer diagnostics, offering a novel approach to the detection,
analysis, and understanding of cancer at a new level. Through the integration of engineering, physics,
and biochemistry, microfluidics has enabled the development of devices capable of precise control
and analysis of biological samples, thereby opening new pathways for early cancer detection and
monitoring. The application of microfluidic technology in cancer research employs advanced design
and fabrication techniques, along with its intrinsic advantages, to solve some of the most critical
challenges in oncology. In the following sections, microfluidic technology’s principles, mechanisms,
and advancements in design and fabrication will be examined, highlighting its pivotal role in
revolutionizing cancer diagnostics.

2.1. Principles and Mechanisms of Microfluidic Device Operation

The core function of microfluidic devices is to control fluid flow at the microscale, allowing for
the efficient execution of various biochemical and physical processes. This control is achieved by
designing microchannels, which determine the flow path and the interaction between fluids with
each other and with integrated sensors or reactants [8]. Microfluidic technology exploits the unique
properties of fluids at the microscale to facilitate mixing, separation, reaction, and analysis, all within
a compact and integrated platform. These properties enable a wide range of applications, such as
biomedical diagnostics, pharmaceutical research, and chemical engineering, by reducing the size and
complexity of laboratory operations that often require bulky equipment and huge sample quantities.

The working mechanism of microfluidic technology is the precise manipulation of fluids at the
microscale. One of the core mechanisms is laminar flow, where fluid flows in parallel layers with
mixing, allowing for the controlled interaction of distinct chemical or biological species [8]. This
principle is particularly advantageous for applications requiring the formation of concentration
gradients or the execution of sequential biochemical reactions within a single microfluidic channel.
In microfluidics, diffusion is crucial, acting as the mechanism for mixing within laminar flows. The
efficiency of diffusion in microscale dimensions facilitates rapid mixing of reagents, which is critical
for enhancing reaction kinetics and ensuring uniformity in assay conditions [9]. The capillary effects
use the surface tension of liquids on solid surfaces to provide fluid control without the need for
external pumping devices. This simplifies device operation and reduces power consumption [10].
Furthermore, droplet-based microfluidics utilizes the immiscibility of fluids to create discrete,
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controllable reaction chambers, allowing for high-throughput screening and single-cell analysis with
minimal reagent consumption [11]. The combination of these principles is the basis for the wide
range of uses of microfluidic devices, spanning from analytical chemistry to cellular biology. This
creates a robust platform for studying intricate biological systems and creating novel diagnostic tools.

2.2. Design and Fabrication Techniques for Microfluidic Chip

Recent focus to the specific design and fabrication techniques for microfluidic chips reveals a
detailed landscape of innovation aimed at enhancing the functionality, efficiency, and
biocompatibility of these devices. The shift from traditional silicon-based microfabrication towards
more versatile and biocompatible materials has necessitated the development of novel fabrication
techniques. These techniques not only consider the unique properties of alternative materials but also
enable the creation of complex, multi-functional microfluidic systems for various applications,
including cancer research and diagnostics.

e Soft lithography. Soft lithography uses photolithography to create a master mold by applying a
photoresist to a silicon wafer, which is then exposed to UV light through a mask. After development,
the revealed pattern serves as a mold. Polydimethylsiloxane (PDMS) is poured onto this mold, cured,
and then removed, resulting in a microfluidic device with detailed microscale features. A key study
by Xia and Whitesides demonstrates this technique’s utility in fabricating complex, high-resolution
microfluidic systems [12].

e Hydrogel Integration. Integrating hydrogels into microfluidic devices often uses
photopolymerization, where hydrogel precursors are injected into the microfluidic channels and then
subjected to UV light through a mask, leading to its polymerization in specific patterns. This method
allows for the encapsulation of cells within hydrogel matrices directly within the device. A study by
Santon et al. details the fabrication of 3D hydrogel structures within microfluidic devices for
biological applications [13].

e Biodegradable Polymers. Fabrication with biodegradable polymers like PLA and PLGA
typically involves hot embossing or injection molding. In hot embossing, a master mold is pressed
into the polymer under high temperature and pressure to transfer the microscale features. Injection
molding injects melted polymer into a mold where it cools and solidifies into the final device shape.
These techniques can be applied in microfluidic chip design. The paper by Wang et al. built on this
and explored an innovative approach, showing microfluidic devices’ fabrication using soft
lithography and replica molding with a specialized biodegradable poly (ester amide) elastomer. This
material offers advantages like controlled degradation within the body, flexibility, and potential for
surface modification to improve how cells interact with the chip. The focus on biodegradability is
key as the chip naturally dissolves, eliminating the need for surgical removal unlike devices made
from traditional non-degradable materials like PDMS [14].

These innovative fabrication techniques have enhanced the capabilities of microfluidic technology
and have significant potential to boost advancements in cancer detection and treatment to make the
development of cancer diagnostic and therapeutic devices more efficient, sensitive, and patient-
friendly.

3. Applications of Microfluidic technology in Cancer Detection and Treatment

3.1. Innovative Diagnostic Devices for Early Cancer Detection

Various innovative diagnostic methods highlight the recent advancements in microfluidic devices
for early cancer detection. The following sections will focus on the above-mentioned paper-based
microfluidic systems and inertial microfluidics.

e Paper-based Microfluidic Devices. In the following section discusses two studies by Wu et al.
and Jiang et al. the paper-based microfluidic devices (WPAD) are highlighted for their innovation in
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detecting cancer biomarkers, demonstrating enhanced analytical performance and practical
applications in early cancer diagnosis and monitoring [15, 16].

In Wu et al.’s study, the application of differential pulse voltammetry (DPV) in a uPAD showed
an improvement of analytical performance for detecting carcinoembryonic antigen (CEA) and alpha-
fetoprotein (AFP) cancer biomarkers. The study achieved detection limits of 0.01 ng/mL for both
CEA and AFP within dynamic ranges of 0.01-100 ng/mL. (Figure 1A and 1B) This high sensitivity,
coupled with strong correlation coefficients (R*2 values between 0.994 and 0.998) for the biomarker
concentrations, underscores the method’s effectiveness for early cancer detection, thereby facilitating
early diagnosis and monitoring of cancer with greater precision and efficiency.
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Figure 1. A. DPV curves for carcinoembryonic antigen showing high sensitivity from 0.01 to 100
ng/mL. B. Similar DPV response for alpha-fetoprotein within the same sensitive range. Inset: Peak
current versus AFP concentration, reflecting the sensitive detection capability [15].

Another study by Jiang et al. highlights the creation and use of an affordable, straightforward
UPAD aimed at identifying bladder cancer biomarkers, specifically nuclear matrix protein 22
(NMP22) and bladder tumor antigen (BTA). Figure 2A illustrates the uPAD’s response to a mixture
of BTA and NMP22 used as standard antigens. Upon application, the detection lines on the pPAD
showed distinct color changes when compared to the control lines treated with phosphate-buffered
saline (PBS), confirming the device’s functionality for detecting these specific antigens. Additional
validation involved analyzing clinical urine samples from bladder cancer patients and healthy
volunteers, demonstrating a 90.91% detection efficiency with the pfPAD—10 out of 11 patient
samples tested positive, with 8 showing double-positive results for both biomarkers and 2 being
positive solely for NMP22, indicating a single false negative (Figure 2B). In contrast, none of the
urine samples from healthy volunteers showed any color change, reinforcing the uPAD’s potential
for high specificity in bladder cancer detection.
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Figure 2. Detection of BTA and NMP22 as standard antigens (A) and clinical urine samples from
patients with bladder cancer (B) [16].

The findings of the study are significant because they offer a straightforward, cost-effective, and
quick approach for detecting bladder cancer that could be easily utilized for self-testing at home or in
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outdoor settings, without the need for any additional, expensive equipment. The uPAD, leveraging
colloidal gold-labeling technology, enables visible results without specialized devices, and the entire
process can be completed in just 3 to 10 minutes. This approach not only simplifies the current
diagnostic procedures but also offers a dual-biomarker detection system that enhances the accuracy
and efficiency of bladder cancer detection, outperforming existing methods.

e Inertia Microfluidics in Cancer Diagnostics. Inertial microfluidic devices utilize fluid dynamics
to sort and manipulate cells. This method provides a label-free, high-throughput strategy for
separating distinct cell populations, like circulating tumor cells (CTCs), which is especially
advantageous for cancer diagnostics and research.

The study by Wan et al. introduced a novel Labyrinth microfluidic device designed to isolate
circulating tumor cells (CTCs) and circulating tumor micro emboli (CTM) from the blood of patients
with hepatocellular carcinoma (HCC) [17]. It successfully detected CTCs in 88.1% of HCC patients
across various tumor stages. Furthermore, the device successfully detected 71.4% of patients
exhibited CTCs positive for the cancer stem cell marker CD44 and 55% of patients with CTM, both
correlating with advanced disease stages. Utilizing a panel of three clinically established HCC
markers, the device improved CTC detection rates, demonstrating its capability to identify cancer
stages effectively and potentially monitor tumor burden and aggressiveness. This advancement in
non-invasive cancer diagnostics could lead to better personalized treatment strategies and outcomes
for HCC patients.

Another study by Bakhshi et al. detailed a novel inertial microfluidic device for the early
detection of CTCs, utilizing a two-stage process that combines hydrodynamic inertial focusing and
dielectrophoresis for cell separation [18]. This approach effectively isolates CTCs from other blood
components, demonstrating a high isolation efficiency of 99.5% (Figure 3) with a throughput of 12.2
ml/h. By addressing the challenges of early CTC detection due to their low abundance, this device
holds potential for significantly improving early cancer diagnosis and personalized treatment

strategies.
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Figure 3. This figure demonstrates the DEP stage’s effectiveness in separating CTCs (depicted as
red trajectories) from leukocytes (blue trajectories) in a microfluidic device [18].

3.2. Integrating Artificial Intelligence (Al) and Machine Learning (ML) with Microfluidic
Technologies for Enhanced Cancer Diagnostics and Treatment

As discussed above, the introduction of microfluidic technology has achieved a notable milestone
in the field of cancer detection and therapy. These technologies, combined with artificial intelligence
(Al) and machine learning (ML), have a high potential for advancements in precision medicine. This
section explores how artificial intelligence and machine learning (AI/ML) collaborate with
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microfluidics on early cancer detection and diagnosis, together emphasizing their combined
influence on the field of cancer.

e Early Detection and Diagnosis. Innovations in Al have transformed microfluidic devices into
powerful tools for early cancer detection. The study by Hashemzadeh et al. demonstrates an
innovative method for the early detection of lung cancer [19]. By integrating a microfluidic device
with the deep learning model ResNet18, the researchers achieved a high classification accuracy of
98.37% among five lung cancer cell lines and a normal cell line. This system was particularly
effective in distinguishing cancerous from normal cells, boasting an impressive accuracy of 99.77%
(100% precision indicates a flawless distinction between normal and cancerous cell images with no
errors in identifying normal cells as cancerous). (Table 1)

Table 1. A created table of ResNet18 classification performance for normal vs. cancer cells [19].

Accuracy (%) Precision (%) Recall (%) F1-score (%)

99.77+0.15 100 +0.00 99.74+£0.16 99.87 £0.08

e This approach underscores the potential of integrating artificial intelligence into microfluidic
technology to create automated, precise tools for cancer screening, marking a notable progress in the
early detection of cancers such as lung cancer, as demonstrated in the study.

e Optimization of Microfluidic Device Design. The study by Lashkaripour et al. illustrates the
successful application of machine learning to automate the design of microfluidic devices for droplet
generation. The researchers utilized a dataset generated from 43 flow-focusing devices to train neural
network models, achieving precise performance predictions [20]. They demonstrated the ability to
predict droplet generation regimes with an accuracy of 95.1%, and the models accurately predicted
droplet diameter and generation rate across different regimes. Figure 4 demonstrates that in the
context of microfluidic flow-focusing devices, neural network models exhibit enhanced precision in
forecasting device performance metrics, which helps to optimize the design of microfluidic devices.
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Figure 4. Example of a figure caption. Neural networks predicted microfluidic flow-focusing
device performance accurately, offering enhanced precision in droplet diameter and generation rate,
particularly in jetting over dripping regimes [20].
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This indicates a significant step towards automating microfluidic design, reducing time and cost
while enhancing the precision of droplet-based assays. The application of ML here highlights its
potential to streamline the development of microfluidic devices, facilitating broader adoption in
research and clinical settings.

3.3. Predictive Modeling for Personalized Therapy

e The integration of Al and microfluidic technologies notably advances predictive modeling for
personalized therapy, as evidenced by recent research. The study by Schuster et al. presents an
automated, high-throughput microfluidic system tailored for 3D organoid culture and analysis [21].
This system, which includes a 3D culture chamber and a multiplexer fluid control device, facilitates
ongoing observation of organoid growth, morphology, and biochemical analysis, facilitating
dynamic drug perturbation studies. This system provides a potential approach to customized
treatment by enabling the cultivation and examination of organoids obtained from patient samples
under different medication conditions. The automated fluidic control, enabled by a programmable
multiplexer, delivers precise chemical inputs to the organoids, simulating a range of treatment
conditions. The high degree of automation and accuracy in drug screening highlights the platform’s
capacity to customize cancer treatment based on specific patient reactions. Continuous real-time
imaging allows for the quantification of cell reactions, movements, and proliferation under various
treatment regimes, offering insights into patient-specific responses to therapy. Overall, this study
exemplifies how the fusion of microfluidic technologies with Al and ML can revolutionize drug
screening and predictive modeling in personalized therapy. By automating and optimizing the
analysis of organoid responses to treatments, researchers can more accurately predict patient-specific
therapeutic outcomes, significantly advancing personalized medicine.

4. Conclusion

Microfluidic technology has emerged as a pivotal tool in cancer research, utilizing the distinct
dynamics of fluid flow at the microscale to enable complex biochemical analyses and processes on
compact platforms. This technology has advanced early cancer diagnostics by allowing precise
manipulation of biological samples, leading to the development of innovative diagnostic devices.
Microfluidic devices offer numerous advantages, such as efficient fluid flow control, compatibility
with soft lithography, hydrogels, and biodegradable polymers, enhancing biocompatibility and
functionality. The incorporation of paper-based and hydrogel-based microfluidics, along with inertia
microfluidics, has improved analytical performance and facilitated high-throughput screening for
cancer biomarkers. The integration of Al and ML with microfluidic technologies has been a
significant breakthrough, enabling the development of automated, accurate cancer screening tools
and optimizing device design. This combination is expected to simplify diagnostics and enable
personalized therapy through predictive modeling and high-throughput drug screening.

Looking ahead, the future potential of microfluidic technology in cancer diagnostics and
treatment is immense, with advancements in material science and computational methods expected
to enhance device functionality, sensitivity, and specificity. However, challenges such as scalability,
quality of the device under mass production, and integration with clinical workflows need to be
addressed. Innovations in manufacturing processes and collaboration among engineers, scientists,
and healthcare professionals are essential for the clinical adoption of microfluidic devices.
Additionally, ethical and regulatory considerations will play a crucial role in ensuring patient privacy
and compliance.

In conclusion, microfluidic technology stands as a transformative advancement in cancer research.
Despite facing challenges, its potential to improve patient outcomes is significant. Future research
will be key in overcoming current limitations, enabling microfluidic devices to revolutionize cancer
care through precision, personalization, and accessibility.
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