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Microfluidic paper-based analytical devices (LPADs) are considered a key solution as they offer a low-cost
platform for developing point-of-need (PON) biosensors for biomarker/cell detection.
Nanomaterials utilized in the structures of uPADs and PADs provide powerful tools for the early-stage

cancer

diagnosis of cancer. This review aims to summarize the recent advances in a variety of pnPADs and PADs
used for cancer diagnosis based on different types of nanomaterials, such as metal/metal oxide
nanoparticles, magnetic nanoparticles, quantum dots, and 1-3 dimensional materials. This review also
discusses the properties and functions of various nanomaterials, highlighting their recent applications in
PAD- and pnPAD-based diagnosis of cancer biomarkers and cells based on immune-, apta-, geno-,
peptide-, and enzymatic-biosensing. Additionally, the critical role of detection techniques, like
electrochemical, (UV-Vis SPR, SERS, fluorometry),
electrochemiluminescent, photoelectrochemical, and piezoelectric methods, in label-free and labeled

optical spectrophotometry, and
bio-assays of cancer biomarkers are surveyed. The advantages and limitations of various sensing
methods, techniques, types of materials and fabrication strategies are surveyed to explore the best cases
for cancer diagnosis using PADs and pPADs. The roles of novel technologies such as Al and 10T, in the

development of PAD- and pPAD-based cancer diagnosis are investigated. Finally, a comparison of the
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1. Introduction

Cancer is a disease in which cells grow abnormally and spread
to other parts of the body. This disease can start in any part of
the body and gradually affect other organs over time. Nano-
technology has revolutionized the diagnosis and treatment of
cancer. Using nanoparticles, early detection, more precise tar-
geting of tumors, and reduced side effects of treatment have
become possible. Nanoparticles can act as drug carriers and
deliver drugs directly to cancer cells without harming healthy
tissues. Moreover, these particles are used in medical imaging
to detect tumors in their early stages.’

Nanoparticles can be used as contrast agents in imaging
methods, such as MRI and CT scans, revealing tumors in the
early stages when they are still small and treatable. They can
identify specific biomarkers present on the surface of cancer
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advantages and limitations of PADs and pPADs in the early-stage diagnosis of various cancers is reviewed
towards exploring the research/technological gaps.

cells, thus providing a more accurate diagnosis of cancer.
Nanoparticles can interact with specific molecules present in
cancer cells and identify the molecular changes associated with
cancer.” Nanomaterials have properties such as very large
surface areas, specific chemical traits, and stability against
biological modifications. The combination of nanomaterials
with paper microfluidics provides many capabilities and effi-
ciencies, including increased sensitivity and accuracy, design of
advanced sensors and biomarkers, reduction in the required
sample amount, development of multiplexed detection systems,
finding targeted drugs, and drug control. For example, nano-
materials like gold nanoparticles, silver nanoparticles, carbon
nanotubes, and nanofibers can identify biomarkers and reac-
tions with high sensitivity. Gold nanoparticles are often used for
labeling and color detection in rapid tests. Additionally, silver
nanoparticles can be used to write sensitive and clear lines and
as diagnostic markers.?

Paper microfluidics is an emerging technology that uses
paper sheets to create microfluidic pathways for conducting
biological, chemical, or biochemical reactions on a small scale
with minimal sample volumes. These devices typically include
channels, reservoirs, and place-to-place reagents where fluids
move via gravity, capillarity, or pressure. The characteristics of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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paper microfluidics include ease of construction and use
(requiring no special equipment and being easy to manufac-
ture), low cost (with low production costs, making it suitable for
mass use and in remote areas), sensitivity and rapid detection
capability (able to identify biomarkers and chemicals in the
shortest time), and portability due to their small size (light-
weight and requiring no electricity or complex devices).*

Therefore, paper microfluidics is a simple, inexpensive, and
fast technology that, when combined with nanomaterials,
enhances sensitivity, accuracy, and multifunctionality. Its
applications include rapid disease detection, biomarker detec-
tion, biosensor development, and multiplex tests, which have
extensive uses in health, biotechnology, and medicine. In the
context of cancer detection, the roles of these PADs and pPADs
are identification for the detection of biomarkers/cells in low
volumes of samples, early prediction and screening of these
diseases, as well as application in personalized medicine and
POCT. For example, PADs and uPADs can detect cancer-related
biomarkers, such as proteins, DNA, RNA, or nanoparticles, in
biological samples, like blood, saliva, urine, or other bodily
fluids.>” This rapid and low-cost detection is particularly valu-
able in resource-limited environments. Additionally, by devel-
oping sensitive and specific tests based on this technology,
cancer can be accurately detected in the early stages and before
the appearance of obvious symptoms, leading to an increase in
the success rate of treatment. Interestingly, these technologies
enable rapid testing on-site, for example, in health centers in
remote areas or in emergency situations, without the need for
complex equipment and advanced laboratories. Therefore,
PADs and pPADs led to a reduction in clinical and laboratory
costs, ease of use and execution of tests by non-specialist staff,
acceleration of the diagnosis process and rapid start of treat-
ment. Therefore, PADs and pPADs have great potential for
improving cancer detection and monitoring processes and can
play significant roles as effective tools in the development of fast
and affordable diagnostic systems.*'* Methods for making
paper-based sensors and paper-based microfluidic sensors are
very popular due to their simplicity, low cost, and portability.
Hereafter, the processes for manufacturing these types of
sensors and related technologies are explained.

The detection mechanisms of PADs are based on several
principles, including colorimetry, electrochemistry, and fluo-
rescence. In a typical colorimetric biosensor, a paper strip is
coated with a receptor that specifically binds to the target
molecule of interest. The integration of PADs into POC settings
has the potential to revolutionize cancer diagnosis and
management, especially in resource-limited areas where tradi-
tional diagnostic tools may not be available. Rapid and accurate
detection of cancer biomarkers using low-cost, portable devices
can facilitate the early detection and monitoring of cancer in
remote or underserved communities. However, challenges such
as sensitivity, specificity, and reproducibility must be addressed
before this technology can be widely adopted in clinical
practice.”

It is important to point out that the detection of cancer
biomarkers/cells using microfluidic paper-based sensors has
primarily relied on several key methods, each leveraging

© 2025 The Author(s). Published by the Royal Society of Chemistry
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different physical and chemical principles to achieve sensitive,
specific, and rapid analyses. The main detection methods used
in the bioassay of cancer biomarkers are summarized in Table
1, and their principle, advantages and common use cases were
compared.

2. Methods for creating PADs and
uPADs

2.1. Designing and cutting paper

e Choosing the type of paper: typically, special papers such
as laboratory papers, foams, nanotubes, or other papers with
suitable microfluidic properties are used.'"*?

e Cutting and designing: using scissors or laser cutting,
channels, cavities, and reaction areas are shaped on the paper.
This process is usually based on pre-drawn designs in design
software.

2.2. Printing and imaging

e Printing methods such as inkjet printing with active
materials, micro printing, or resin printing are used to create
microfluidic channels.

e Thermal or thermochemical printing is employed to create
pressed or heat-sensitive pathways.

2.3. Coating and surface modification

e To control the flow of liquids, the surface of the paper may
be coated with materials such as hydrophobic barriers. This is
done by:

e Typing resin or magnetic strips on paper.

e Using waterproof inks containing paraffin or silica, which
create specific pathways.

2.4. Adding reagents and biomarkers

e In specific areas, reagents, enzymes, or nanoparticles are
placed.

e Sampling and rapid tests are conducted in these sections.

The fabrication of PADs and pPADs relies on methods
designed to define microfluidic pathways, control liquid flow,
and incorporate sensing on paper substrates. Cutting-based
approaches, such as scissor cutting, craft plotting, and laser
micromachining, physically shape paper into channels, reser-
voirs, and reaction zones by removing the material to form
defined fluidic patterns. These methods are simple, rapid, and
accessible, making them suitable for prototyping or low-cost
laboratory settings. Printing-based techniques, including wax
printing, inkjet printing, screen printing, and resin micro-
printing, deposit hydrophobic barriers or functional materials
directly onto the paper to generate flow-confined channels or
reagent zones. Wax printing, for example, creates hydrophobic
walls that penetrate through the paper when melted, while
inkjet printing can deliver enzymes, nanoparticles, or DNA
probes to specific sensing regions with high precision. Surface-
modification methods apply polymers, silanes, nanoparticles,
or paraffin coatings to adjust wettability, improve analyte
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Table 1 Comparison of different detection methods used by PAD-and nPAD-based biosensors for cancer recognition

Detection method Principle

Advantages Common use cases

Electrochemical
Measures electrical signals, such as

current, voltage, or impedance, resulting

from biorecognition events (e.g.,
antibody-antigen binding)

Visual color change, often enzyme-
assisted

Colorimetric

Fluorescent Fluorescence emission quenching or

enhancement

Charge transfer during biorecognition

Proteins, DNA, small
molecules

Sensitive, portable, low cost, low
detection limits, rapid response,
cost-effective

No electronic equipment, easy
visualization

Simple, inexpensive, no need for
external instruments, ideal for
resource-limited settings

High sensitivity and specificity;
suitable for multiplexed detection

Tumor markers, like
PSA and CEA

Nucleic acids,
exosomes, proteins

Biomarker binding induces or quenches

the fluorescence of labeled probes, like

quantum dots, carbon dots, or dyed
molecules
Chemiluminescent
Electrochemiluminescent Light emission from electrochemical
reactions
Light emission from electrochemical
excitation during biomolecular
interactions
Photocurrent generated upon light
irradiation

Photoelectrochemical

Light-induced charge transfer processes

produce measurable photocurrents
related to biomarker concentrations

capture, or prevent unwanted spreading of reagents, thereby
enabling directional flow and enhanced analytical performance.
Finally, reagent-loading strategies integrate biological recogni-
tion elements, such as antibodies, enzymes, aptamers, or
colorimetric indicators, into predefined test pads, where they
are dried and later rehydrated by the sample to trigger visible or
electrochemical signals. Together, these fabrication approaches
enable scalable, low-cost production of paper-based biosensors
tailored for diverse diagnostic applications.

In essence, the fabrication of PADs and puPADs involves the
design and cutting of paper, construction of channel pathways,
addition of reagents and dyes, and stabilization of the structure
(Fig. 1). These technologies are highly flexible, cost-effective,
and scalable, making them very useful in medical, biotechno-
logical, and environmental applications. Paper-based analytical
devices (PADs) have emerged as promising diagnostic tools for
cancer detection using biomarkers.” Early cancer diagnosis
through the development of accessible test platforms can
significantly contribute to the prevention of disease progres-
sion. The fabrication of paper-based biosensors is relatively
straightforward and can be performed using standard labora-
tory equipment.” The use of paper as a substrate offers several
advantages, including low cost, disposability, and biocompati-
bility. Additionally, paper is readily available and can be easily
modified to incorporate various chemical or biological agents.'*

Comprehensive reviews of various cancer biomarkers are
available."® Herein, we focus only on the identification of
biomarkers based on paper microfluidics. This review first

48878 | RSC Adv, 2025, 15, 48876-48912

Light generated from chemical reactions

Quantitative biomarker

analysis
Very sensitive, quantitative, DNA, proteins, tumor
multiplexing markers

Low background, high sensitivity Nucleic acids, proteins,

metabolites

introduces nanomaterials and then analyzes their use in cancer
diagnosis; it has covered many topics, including their electro-
chemistry, electrochemiluminescence, commercialization,
manufacturing techniques, and microfluidic chips.”° As
a departure from existing articles providing an overview of
paper-based biosensors, our review examines studies in the
field of microfluidic paper-based biosensors and discusses their
public health implications, particularly regarding POC, point-
of-need (PON), and telemedicine applications. This review
highlights their potential benefits for patients and healthcare
professionals, focusing on target biomarkers, production tech-
niques, and measurement methods.

3. Road MAP

Biosensors encompass a wide range of platforms that convert
biological interactions into measurable signals, enabling the
sensitive and selective detection of analytes in medical, envi-
ronmental, and industrial applications. Common types include
electrochemical biosensors, which monitor current, potential,
or impedance changes and are widely used for glucose moni-
toring and other point-of-care diagnostics; optical biosensors,
such as surface plasmon resonance (SPR), fluorescence, Raman
spectroscopy, and interferometric systems, which detect
changes in light absorption, emission, or scattering and offer
label-free, real-time analysis; piezoelectric and acoustic
biosensors, like quartz crystal microbalance (QCM) devices,
which measure mass or viscoelastic changes from biomolecular

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Fabrication process of PADs and uPADs for biomedical analysis.

binding events; and thermal biosensors, which sense heat
generated from biochemical reactions. Detection strategies vary
from label-based approaches, which rely on fluorescent dyes,
nanoparticles, or enzyme tags to amplify signals, to label-free
techniques, which monitor intrinsic biomolecular interactions
for faster, more direct analysis. Emerging trends, including
nanomaterial-enhanced sensing, microfluidic integration, and
Al-assisted data processing, have continued to expand
biosensor sensitivity, multiplexing capability, and real-world
clinical and environmental applicability.

Beyond diagnostic naming, current efforts are increasingly
focused on the following:

© 2025 The Author(s). Published by the Royal Society of Chemistry
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e Antibody- and biomarker-based targeting to enhance
specificity and enable precision optical interrogation at cellular
and molecular levels.

e Photon-matter interaction optimization, including multi-
photon excitation, plasmonic enhancement, and nanoscale
light delivery, to improve signal strength and biological
compatibility.

e Bio-photonics integration, combining optical techniques
with biological labeling, microfluidics, and advanced compu-
tational models.

¢ Instrument development that aligns with clinical workflow
constraints, such as compact systems, fiber-based probes, real-
time imaging, and Al-assisted interpretation.

RSC Adv, 2025, 15, 48876-48912 | 48879
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Scheme 1 Roadmap of pPADs and PADs decorated with nanomaterials towards the early-stage diagnosis of cancer.

These strategies are essential for advancing from laboratory
demonstrations to tangible clinical translation. We intend to
emphasize that the diagnoses are not stand-alone targets;
rather, they represent clinically relevant contexts in which such

and advanced light-tissue interaction—are being actively
developed and tested.

Scheme 1 illustrates the road map of this review article and
the survey pathway of the investigation.

combined innovations—instrumentation, molecular specificity,
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4. Applications of nanomaterials in
PADs and pPADs for cancer biomarker/
cell detection

Tumor-associated biomarkers are crucial indicators of cancer
presence and progression and are highly relevant to paper-
based diagnostic platforms. Circulating tumor cells (CTCs),
which disseminate from primary or metastatic tumors into the
bloodstream, reflect the tumor burden and metastatic potential
and can be captured using antibody-functionalized microfluidic
interfaces. Tumor-derived extracellular vesicles, particularly
exosomes, are nanoscale vesicles that transport tumor-specific
proteins, lipids, and nucleic acids, and their stability and
abundance make them attractive targets for affinity-based
detection on paper substrates. Circulating nucleic acids—
including circulating tumor DNA (ctDNA), which contains
tumor-specific genetic and epigenetic alterations, and dysre-
gulated microRNAs (miRNAs)—offer sensitive molecular
signatures suitable for hybridization-based or nanoparticle-
enhanced assays on paper devices. Additionally, overexpressed
cell-surface receptors, such as HER2, EGFR, and folate, serve as
direct recognition targets for aptamers or antibodies, enabling
selective cancer cell identification. Collectively, these
biomarkers enable minimally invasive, highly informative
cancer detection strategies that align well with the low-cost,
portable, and rapid analysis capabilities of paper-based
analytical devices, strengthening their potential use in point-
of-care oncology diagnostics.

View Article Online

RSC Advances

PADs and uPADs, as alternative platforms for POCT testing,
have gained tremendous attention since they were first reported
by Whiteside's group.** Microfluidic tools have become impor-
tant models for cancer investigation over the past decade.” This
technology has indicated a great potential for the design of
novel methodologies for cancer diagnosis, monitoring, treat-
ment, and disease follow-up. A variety of in vivo, ex vivo, and in
vitro experimental models have traditionally been used to
discover therapeutic targets and test novel drugs for cancer.”® As
a result, microfluidic tools have the potential as a novel plat-
form to carry out cancer research, monitoring and diagnosis.**
Therefore, the sensitive detection and selective identification of
circulating cancer biomarkers are crucial steps in cancer clin-
ical diagnostics. Microfluidic technology has been used in the
past decade as a noteworthy device for cancer research.>® The
technology of microfluidic systems provides a significant
possibility for using sensor devices for a wide range of appli-
cations, such as clinical diagnosis, biological detection, and
environmental monitoring.>>*” Microfluidic technologies
combined with biosensors are more sensitive and precise in the
detection of cancer biomarkers than classic platforms. In what
follows, various nanomaterials that have been utilized for
cancer biomarker detection are discussed.***® Due to the small
sample volume used by pPADs for the detection of various target
analytes, it is necessary to adopt methods for signal amplifica-
tion. In pPADs, signal detection techniques are typically cate-
gorized into two main types: electrochemical and optical.
Electrochemical devices utilize electrodes for measurement,
while optical sensors employ visible measurement methods,
including colorimetry, fluorescence, and chemiluminescence.

Table 2 Broader applications of PADs and pPADs in biosensing cancer biomarkers/cells

Application Type of device

Biomarkers detected

Detection principles Advantages

Tumor marker
detection

Microfluidic paper-based
electrochemical sensors

Nucleic acid detection Paper-based nucleic acid

sensors
Enzyme-linked assays Colorimetric paper strips

Multiplexed detection Paper microarrays
simultaneously

Table 3 Comparison of the various aspects of unPADs and PADs

CA125 (ovarian cancer),
PSA (prostate cancer),
HER? (breast cancer)
Circulating tumor DNA
(ctDNA), microRNAs

Enzymes or metabolites
associated with tumors
Multiple tumor markers

Electrochemical Portable, low-cost, rapid
measurement based on results, suitable for POCT
immunoreactions

Isothermal amplification +
colorimetric or
electrochemical readout
Enzyme-substrate reactions
producing a color change
Fluorescent or colorimetric
signals

High sensitivity, minimal
equipment

Simple, user-friendly, visual
detection

Comprehensive cancer
profiling on a single
platform

Aspect uPADs

PADs

Control of fluid flow
Detection types

Reagent use

Sensitivity and specificity
Ease of use
Manufacturing complexity
Cost

Suitability for POC
Multiplexing

Precise, programmable microchannels
Electrochemical, colorimetric, multiplexing
Very low and controlled

Higher, due to controlled reactions

Moderate (requires preparation/handling)
High, requires advanced fabrication tools
Higher, especially for disposable microfluidics
Moderate to high, but a more complex setup
Possible, integrated on a single chip

© 2025 The Author(s). Published by the Royal Society of Chemistry

Capillary-driven, passive flow

Primarily colorimetric, basic detection

Slightly higher, but still minimal

Usually lower, more variable

Very easy, ideal for the rapid testing

Low, simple production techniques

Very low, suitable for mass production
Excellent, especially in resource-limited settings
Limited, mostly single analyte
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Table 4 Advantages and limitations of detection methods used by PADs and uPADs for the detection of various types of cancer biomarkers/cells

Type of detection method Advantages

Limitation

Electrochemical

Optical detection (UV-Vis,
fluorescence, and chemiluminescence)

Electrochemiluminescence (ECL)

Photoelectrochemical (PEC)

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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e High sensitivity and low detection limits:
capable of detecting minute analyte
concentrations (e.g., picomolar)

e Quantitative and selective: can be tailored with
specific recognition elements

o Rapid response time: usually provides real-
time detection

e Low power consumption: suitable for portable,
battery-powered devices

e Compatibility with miniaturization: easy
integration with microfabrication techniques

e Simple visual readouts: UV-Vis allows for
naked-eye detection, ideal for low-resource
settings

e High sensitivity (especially fluorescence and
chemiluminescence): can detect very low analyte
levels

o Multiplexing potential: multiple signals can be
read using different wavelengths or fluorescence
tags

e No external power for detection (especially for
colorimetric): suitable for point-of-care use

o High sensitivity: combines electrochemical
control with luminescent detection, reducing
background noise

e Low background interference: light is
generated at the electrode surface

e Quantitative: offers good reproducibility and
a broad dynamic range

e High sensitivity: combines optical and
electrochemical detection modes for enhanced
signals

e Low background signal: light-controlled
processes minimize noise

o Potential for miniaturization: compatible with
portable devices

e Label-free detection: no need for labels or
reporters

e Real-time monitoring: immediate response to
analyte binding

o High specificity: when combined with selective
recognition elements (e.g., antibodies)

e Electrode fouling: nonspecific binding or
biofouling can impair sensor performance over
time

e Requirement for external electronics: though
portable, needs a potentiostat or similar device
¢ Environmental sensitivity: pH, ionic strength,
and temperature can affect measurements

e Limited multiplexing: usually requires
multiple electrodes for simultaneous detection

o Interference from the sample matrix: turbidity,
autofluorescence, or ambient light can affect
accuracy

e Need for dedicated optical devices:
smartphones or portable detectors are often
required for fluorescence or
chemiluminescence

e Photobleaching or signal decay: fluorescent
signals can diminish over time

¢ Limited quantitative accuracy: especially for
colorimetric visual detection without proper
calibration

e Requires specialized equipment: ECL
detectors and power supplies can be bulky or
expensive

e Complex fabrication: incorporation of ECL
reagents and electrodes is more challenging
e Limited portability: less suited for truly
handheld, low-cost applications compared to
pure electrochemical or colorimetric methods
e Complex device fabrication: requires
integration of photoactive semiconducting
materials

e Dependence on light source stability: needs
consistent illumination sources

¢ Environmental sensitivity: light intensity and
sample conditions influence detection

e Environmental sensitivity: temperature and
humidity affect measurements

e Limited miniaturization and integration: more
complex than paper-based colorimetric or
electrochemical sensors

e Lower sensitivity for small molecules: better
suited for larger analytes like cells or proteins

This section of the review article summarizes the various tech-
niques used for detecting different types of cancer with paper-
based microfluidic sensors.”

Table 2 shows the broader applications of PADs and uPADs
in different aspects of cancer biosensing. Additionally, Table 3
illustrates various aspects of uPADs and PADs.

Comparing PADs and pPADs based on their detection
methods involves examining how each modality works, along
with their respective strengths and weaknesses, which is impor-
tant to select the best case for immunosensing of cancer
biomarkers/cells. Therefore, we compare the advantages and
limitations of detection methods used by PADs and uPADs for the
detection of various types of cancer biomarkers/cells (Table 4).

48882 | RSC Adv, 2025, 15, 48876-48912

In this review article, a general classification was made based
on the dimensions of the types of nanomaterials used in the
construction of both microfluidic and non-microfluidic paper
sensors, as well as based on the type of bioreceptor, to achieve
a roadmap. Then, practical examples of the application of
various nanomaterials in the identification of different cancer
biomarkers are discussed. After reviewing the examples, the
performance of different sensors in this research area was
analyzed. After examining the advantages and disadvantages,
research gaps were identified, and necessary solutions were
provided so that researchers and technologists could become
familiar with the future of this technology in the field of early
cancer detection.
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4.1. Zero-dimensional nanomaterials

Zero-dimensional nanomaterials, which consist of small
spherical particles at the nanoscale (typically less than 100
nanometers), play a very important and effective role in the
development of cancer detection sensors. These nanomaterials
are used in the design of sensitive and precise sensors to
identify biological markers related to cancer due to their unique
properties, such as high specific surface area, high chemical
reactivity, and ability for physical and chemical manipulation.
This leads to increased sensitivity and reduced false responses
from the sensors. These nanoparticles can be combined with
fluorescent, optical, or electrochemical labels, which enhance
the signal when identifying biological markers related to
cancer. For example, gold or silica nanoparticles may be used as
labels in diagnostic systems. By utilizing the special properties
of zero-dimensional nanomaterials, the amount of sample
needed to identify cancer markers can be reduced, which is very
important in sensitive and rapid diagnostic processes. These
nanomaterials can provide results in a short time due to their
quick reactions and higher detection power, which are crucial
for early cancer diagnosis. Zero-dimensional nanomaterials are
used in colorimetric, fluorescent, electrochemical, and optical
sensors, each having specific features for detecting and
measuring biological markers.?**

A recent study introduced an innovative origami-based
electrochemical paper microfluidic device designed for
enhanced specificity in vascular endothelial growth factor C
(VEGF-C) diagnosis, an essential tumor biomarker for assessing
cancer prognosis. Utilizing an indirect quantitative ELISA with

SWCNT
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a goat polyclonal antibody targeting human VEGF-C, the device
demonstrated remarkable sensitivity, detecting VEGF-C within
0.01-100 ng mL ™", and the limit of detection was 10 pg mL .
Although alternative methods, like pulsed resistive biosensors
leveraging antibody-modified silver nanoparticles (AuNPs) and
nanopipettes, provide simple POCT options, they face notable
performance limitations. This highlights the demand for cost-
effective, rapid devices for VEGF-C detection. The immuno-
sensor mechanism involves the nanocomposite formation of
VEGF-C with single-walled carbon nanotubes (SWCNT) and new
methylene blue (NMB), followed by AuNP modification on the
NMB/SWCNT nanocomposites, as detailed in Scheme 2.3

Moreover, a study developed a sensitive, paper-based
electrochemical immunosensor for carcinoembryonic antigen
(CEA) detection using a screen-printed electrode (SPWE).
Enhanced by NH,-functionalized graphene, thionine (Thi), and
gold nanoparticles (AuNPs), it immobilizes anti-CEA antibodies
and operates via a reduced thionine current in response to
antibody-antigen binding (Scheme 3). With a linear detection
ranging from 50 pg mL " to 500 ng mL " and a limit of detec-
tion of 10 pg mL™", the sensor was validated with clinical
serums, offering a cost-effective, accurate tool for cancer diag-
nosis at POC.*

Researchers have developed a highly sensitive cancer
biomarker detection method using gold nanoparticles (AuNPs)
conjugated with biotinylated poly(adenine) ssDNA and
streptavidin-horseradish peroxidase to enhance enzymatic
signaling. This approach eliminates the need for complex,
costly thiol-based AuNP modification and employs electrostatic
interactions for antibody attachment, creating precise

Coating

Blocking

NMB

« AuNPs

“” Anti-VEGF antibody

Immobilize antibody

® BSA

Scheme 2 VEGF-C immunosensor based on gold nanoparticles (AuNPs) and NMB/SWCNT.32
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Scheme 3

biomolecular recognition sites. Integrated into paper-based
devices compatible with smartphones, this platform enables
fast, simultaneous tests with minimal sample use, achieving
a detection limit of 10 pg mL " for the biomarker in just 15
minutes. This innovative method holds promise for affordable,
high-throughput diagnostics in resource-constrained settings.**

In a study, a three-dimensional paper-based analytical
device, called the 3D-0sPAD, was developed for the rapid and
sensitive detection of anti-IFN-y antibodies. This device
employs an in situ gold signal amplification strategy, where Au®*
ions from HAuCl, are reduced and deposited onto gold nano-
particles (AuNPs) to enhance the colorimetric signal. Diag-
nosing adult-onset immunodeficiency (AOID) related to anti-
interferon-y autoantibodies is challenging due to a lack of
specific symptoms and detection methods. The 3D-osPAD
simplifies the process by pre-drying the probe (AuNPs@IFN-v)
and reagents in separate cellulose layers. Using vertical micro-
fluidic channels and patterned paper zones, reactions are
automatically initiated with a single sample loading. This
approach reduces the detection limit of anti-IFN-y Abs from 0.1
pug mL™' to 0.01 pug mL ™", achieving a tenfold increase in
sensitivity. The entire process can be completed in 10 minutes,
with clinical validation showing 100% sensitivity and specificity
in distinguishing AOID patients from healthy controls. The 3D-
osPAD effectively facilitates the monitoring of anti-IFN-y anti-
body titers, enhancing clinical management and patient care.*

4.2. Magnetic nanoparticles

Zero-dimensional magnetic nanomaterials, which typically
consist of micro or nanometer-sized particles with strong
magnetic properties, play a very important and effective role in

48884 | RSC Adv, 2025, 15, 48876-48912
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(A—-D) Fabrication procedure of the paper-based device for sensing CEA.**

various sensing applications, including PADs and uPADs. PADs
have become very popular for the quick and inexpensive
detection of diseases, including cancer, due to their low cost,
simplicity, and portability. Adding magnetic nanomaterials to
the structures of PADs and pPADs significantly improves their
performance by increasing sensitivity and selectivity, expanding
the detection range, reducing sampling time, and simplifying
processes. Magnetic nanoparticles act as targeting labels (such
as binding to antibodies or antigens) due to their absorption
capability and easy separation by magnetic fields. This allows
these magnetic particles to be easily and accurately separated
and identified when a sample contains cancer markers. These
particles provide easy and rapid separation in detection
processes, which in turn improves the overall efficiency of
sensitive systems in detecting cancer markers.

However, microfluidic-based sensors are based on small
channels made from various materials and are highly suitable
for biological detection and testing. The presence of magnetic
nanomaterials in these systems has significant advantages. For
example, by labeling biological markers with MNPs, cancer
samples can be quickly and effectively separated within
microfluidic channels before analysis occurs. In addition,
MNMs enable detection systems to identify very small amounts
of cancer markers due to their ability to absorb and concentrate
biological markers, even in the presence of interfering
substances. Interestingly, these particles can be controlled and
guided by magnetic fields, allowing for the design of reactivated
and highly sensitive systems in the form of small portable
devices.

Therefore, zero-dimensional magnetic nanomaterials with
strong magnetic properties, alongside biological and chemical

© 2025 The Author(s). Published by the Royal Society of Chemistry
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properties, are very valuable tools for developing paper-based
sensors and microfluidics in the early detection of cancer and
other diseases. These materials increase sensitivity, speed, and
efficiency and reduce testing costs, significantly improving the
accuracy of diagnostic processes. In this section of the review, we
survey the application of MNPs in PADs/puPADs for cancer diag-
nosis. Then, their advantages and limitations are discussed.***

For example, a study developed SERS paper chips by loading
Ag/Mn;0,, Ag;PO,, and Ag;Cit onto Whatman filter paper
(WFP), harnessing their strong oxidase mimicry and enhancing
SERS properties. These chips generate SERS-active reporters
(TMBox) via TMB oxidation, yielding robust SERS signals.
Importantly, biothiols inhibit TMBox formation, diminishing
the SERS signal, a phenomenon tied to their role in oxidative
stress regulation and cell health. Each sensing channel
produces distinct fingerprint variations reflecting the oxidative
inhibition capacities of biothiols, enabling the accurate iden-
tification of six biothiols at concentrations as low as 1 uM
through techniques like LDA and HCA. The array stands out
because of its ability to determine intracellular GSH levels,
discern normal cells from cancerous cells, identify tumor types,
and broaden applications in diagnostics. Accordingly,
designing biothiol-specific sensors using materials like Ag/
Mn;0,, Ag;PO,4, and Ag;Cit, with superior properties, offers
exceptional significance for medical technology
advancements.*

2
> 0 1 2

3 T
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Researchers have developed a microfluidic paper-based
fluorescent sensing device for the quantitative detection of
microRNA (miRNA) and folate receptor (FR) expression on cell
surfaces. Using a T-shaped double structure that dynamically
self-assembles in response to stimuli, the device simultaneously
detects two cancer biomarkers, proving its potential for
biosensor development (Scheme 4). Additionally, layered MnO,
nanosheets exhibit superior quenching of fluorophore-labeled
single-stranded DNA (ssDNA) due to lower adsorption by
double-stranded DNA (dsDNA). This biosensor achieves miR-21
detection from 0.01 to 5.0 fM with a limit of 0.0033 fM and FR
detection from 2.0 to 30.0 ng mL " with a 0.667 ng mL™"
threshold. These capabilities open new avenues for early
disease diagnosis and therapeutic tools.*

A non-toxic method was developed to synthesize palladium
nanoparticles (PANPs) on Fe;0,@C, which act as peroxidase
mimetics. These mimetics were employed in a pPAD-based
multiplex colorimetric immunodevice, termed the a-sheet, for
the site-specific immobilization of multiple antigens. The
device uses flower-like gold nanoparticles to capture primary
antibodies on paper zones, while Pd/Fe;0,@C labels secondary
antibodies. In the presence of substrates like 3,3’,5,5'-tetra-
methylbenzidine and o-phenylenediamine, catalyzed reactions
yield detectable colors (Scheme 5). A black wax-printed B-sheet
with three observation windows overlays the a-sheet for precise
color intensity analysis. The device, with a detection range of

1 "o o opopd=d 4=4
) - .

33
o|icl

Nt.BstNBI

Exo III

Scheme 4 Microfluidic paper-based fluorescent sensing of microRNA (miRNA), and the assessment of folate receptor (FR) expression on the cell

surface.*®
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0.005-30 ng mL™" and a 1.7 pg mL™" detection limit for CEA
and o-fetoprotein («-AFP), demonstrates potential as an
affordable, effective tool for point-of-care diagnostics.**
Microfluidic electrochemical arrays are revolutionizing
cancer biomarker detection by offering rapid, cost-effective
solutions with minimal instrumentation. A novel system
features a 32-microelectrode array, which is enhanced by an 8-
port manifold to support 256 sensors. Gold electrodes are
crafted from commercial gold CD-Rs using wet-etching and
patterned insulation. Using a print-and-peel method, sub-
microliter hydrophobic wells around each sensor prevent
cross-contamination during antibody immobilization. This
setup (Scheme 6) enables 256 measurements in an hour by
connecting eight 32-sensor immune-arrays to the manifold.

YLy - LY
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Microfluidic paper-based multiplex colorimetric immunodevice for CEA recognition.**

Critical prostate cancer biomarkers (PSA, PSMA, IL-6, and PF-4)
were detected in serum samples at clinically useful limits (0.05-
2 pg mL; dynamic range over five decades). This innovative
platform delivers fast and highly sensitive biomarker detection,
advancing cancer diagnostics.*?

A recent study introduced chemiluminescence (CL) immu-
noassays for the simultaneous detection of early biomarkers of
acute myocardial infarction (AMI), including copeptin, heart-
type fatty acid binding protein (h-FABP), and cardiac troponin
I (cTnl). The system employed a Co**-ABEI-functionalized
magnetic carbon composite (Co>*-ABEI-Fe;0,@void@C) as its
sensing interface and utilized a three-dimensional microfluidic
paper-based device (3D uPAD) for detection. The platform (Co>*-
ABEI-Fe;0,@void@C-CS/Au-Ab) combined the composite with

" 256X

~

Scheme 6 Microchip-based microfluidic electrochemical arrays for the detection of cancer biomarkers.*?
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chitosan and gold nanoparticle-loaded antibodies to form
immuno complexes upon antigen binding, enhancing the CL
signal through ~COO- group catalysis. The 3D pPAD featured
zones for the discrete detection of biomarkers, and time-
resolved CL signals were triggered via the delayed delivery of
hydrogen peroxide (H,O,) to each zone. This allowed for
precise, simultaneous quantification of copeptin, h-FABP, and
cTnl, with detection limits of 0.40, 0.32, and 0.50 pg mL ",
respectively, markedly exceeding prior detection efficiencies.
Capable of use with human serum samples, the proposed
method offers a straightforward, sensitive, and selective
approach for early AMI diagnosis and management.?

In conclusion, MNPs have been widely utilized in PADs and
uUPADs for cancer biomarker detection due to several key
advantages that enhance the performance, sensitivity, and
functionality of these diagnostic platforms. The main reasons
are as follows.

(I) Selective and efficient capture of biomarkers: magnetic
nanoparticles can be functionalized with specific ligands,
antibodies, or aptamers that selectively bind to target cancer
biomarkers. This facilitates efficient and selective capture of the
biomarkers from complex biological samples, such as blood,
serum, or urine.

(I1) Ease of separation and concentration: the magnetic
properties of MNPs allow for the rapid and straightforward
separation of bound biomarkers from the sample matrix using
an external magnetic field. This reduces background noise,
enhances detection sensitivity, and simplifies sample
preparation.

(I11) Reduced sample volume and time: magnetic separation
minimizes the need for extensive washing and processing steps,
enabling detection using smaller sample volumes and shorter
assay times, which are crucial factors for point-of-care
applications.

(IV) Improved sensitivity and signal amplification: magnetic
nanoparticles can be used to carry signaling molecules or
enzymes that generate measurable signals. Their magnetic
nature also allows for the concentration of target biomarkers at
specific locations on the paper device, boosting detection
sensitivity.

View Article Online
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(V) Compatibility with PAD-based platforms: PAD-based
sensors are inherently low-cost, lightweight, and easy to
handle. MNPs integrate well into these platforms because they
can be manipulated with external magnets without disrupting
the paper matrix, allowing for flexible assay designs and
multiplexing.

(VI) Facilitating label-free and amplification strategies:
MNPs enable label-free detection methods, like magnetic
relaxation or impedimetric sensing, or can be used in
conjunction with other amplification techniques to improve the
limit of detection for cancer biomarkers.

(VII) Stability and storage: magnetic nanoparticles are rela-
tively stable under various storage conditions, making them
suitable for portable, on-site testing kits that are crucial for early
cancer detection in resource-limited settings.

In summary, the combination of magnetic manipulation,
high specificity, ease of use, and compatibility with PADs and
uPADS makes magnetic nanoparticles versatile tools for devel-
oping efficient, sensitive, and low-cost point-of-care diagnostic
tests for cancer biomarkers (Scheme 7).

4.2.1. One-dimensional nanomaterial

4.2.1.1. Carbon nanotubes (CNTs). CNTs have very important
applications in various fields, including PADs and pPADs in
cancer diagnosis. They have excellent electrical properties, so
their use in the construction of channels in paper microfluidics
can improve electrical conductivity and allow for better control
of fluid flow. However, CNTs can contribute to the strength and
integrity of paper structures, thereby increasing the durability
and lifespan of microfluidics. Additionally, they act as catalytic
agents and absorbers in paper of PADs and pPADs and facilitate
the chemical processes necessary for detecting biomolecules or
target substances. Therefore, CNTs, with their very large surface
area and excellent electrochemical properties, enhance the
sensitivity of PADs for detecting chemical and biological
substances.®*** CNTs can serve as carriers for the enzymes and
biomolecules needed in biological sensors, leading to the
increased stability and efficiency of the sensors.***” The pres-
ence of these nanomaterials accelerates chemical reactions in
the sensors, reducing the response time. In addition, the use of
CNTs in the manufacturing processes of paper sensors can

Multiplex analysis based on 3D uPAD
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Scheme 7 CL-based immunoassays of AMI biomarkers [h-FABP, cTnl].>
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simplify and make the production process more flexible while
simultaneously reducing costs.*** Overall, CNTs play a key role
in enhancing the performance of paper microfluidics and paper
sensors due to their unique physical and chemical properties,
making these technologies much more attractive and efficient
for applications in the PAD- and pPAD-based diagnosis of
cancer. In this section of the review, some examples of the
application of PAD- and pPAD-based detection systems/
strategies were surveyed.**"’

For example, a novel uPAD was developed for the rapid and
sensitive quantification of colorectal cancer biomarkers, carci-
noembryonic antigen (CEA) and carbohydrate antigen 19-9 (CA
19-9) in human blood and serum. Anti-CEA and anti-CA 19-9
antibodies were covalently linked to fluorescent polystyrene
particles, loaded into pPAD channels, and dried (Scheme 8).
Upon sample introduction, immunoagglutination changed
fluorescence scattering under ultraviolet (UV) light, enabling
detection within one minute. CEA and CA 19-9 detection limits
were 1 and 0.1 U mL™", respectively. UV excitation improved
double-normalized intensities (1.28-3.51) over Mie elastic
scattering (1.067), ensuring high sensitivity even amidst serum
or blood interference and allowing for multi-biomarker assays
with minimal cross-reactivity. Serum stability enhanced accu-
racy and dynamic ranges due to protein stabilizing effects on
embedded particles.®®

Moreover, researchers have designed a novel electrochemical
immunoassay leveraging a microfluidic paper-based device
(WPAD) enhanced by multi-walled carbon nanotubes
(MWCNTSs). This three-dimensional electrochemical device (3D-
UPED) enables sensitive dual detection of tumor markers in
clinical serum, with linear ranges of 0.001-75.0 U mL™ " for
cancer antigen 125 and 0.05-50.0 ng mL " for CEA (Scheme 9).
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Integrating with paper electronics, the 3D-uPED supports the
development of affordable, disposable, and portable pPADs for
point-of-care testing, public health, and environmental
applications.*

Interestingly, scientists have developed an innovative micro-
zone plate immunosensor using screen printing techniques to
detect carcinoembryonic antigen (CEA). They immobilized
a primary antibody on a paper zone with chitosan and porous
gold for efficient antigen capture. A ZnFe,O,-multiwalled
carbon nanotube-labeled antibody was employed to enhance
detection, which facilitated the catalytic oxidation of TMB by
H,0,, resulting in a distinct blue color change (Scheme 10).
This simple method achieved a detection range of 0.005-30 ng
mL ™! and a limit as low as 2.6 pg mL™ ', demonstrating its
potential to transform diagnostic applications.®

Interestingly, a chemiluminescence (CL) immunoassay has
been integrated into a cost-effective u-PAD, creating a simple CL
immunodevice, p-PCLI. The device features a chitosan
membrane-modified p-PAD, where a captured antibody is
covalently immobilized using a wax printing method. To boost
assay performance, TiO, nanoparticles on multiwalled carbon
nanotubes (TiO,/MWCNTs) were synthesized as signal antibody
(Ab2) catalysts. Following sandwich immunoreactions, TiO,/
MWCNTs catalyzed the luminol-p-iodophenol-H,0, CL system,
enhancing emission (Scheme 11). Using prostate-specific
antigen as a model analyte, this method achieved a linear
response in the range of 0.001-20 ng mL " and a detection limit
of 0.8 pg mL 1.

Additionally, a study presents a cost-effective biosensor for
early prostate cancer detection. It leverages bio-activated multi-
walled carbon nanotubes (MWCNTSs) with a micro-pore filter
paper to target the PSA biomarker. Activated with anti-PSA

(A—D) 3D-pPED decorated with MVCNTSs for the sensitive dual detection of tumor markers in clinical serum.*®

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 10 Micro-zone colorimetric immunosensor for the detection of CEA.5°

monoclonal antibodies using advanced techniques (Scheme
12), the MWCNTs detect PSA levels ranging from 0 to 500 ng
mL " in just 2 hours, achieving an impressive detection limit of
1.18 ng mL™" through resistance changes. Capable of identi-
fying early-stage cancer (above 4 ng mL '), the biosensor is over
10 times faster than ELISA tests and boasts a detection sensi-
tivity of nearly 50 times greater, positioning it as a trans-
formative tool for early prostate cancer diagnosis.®

Studies conducted on the utilization of CNT-modified PADs
and pPADs in cancer biomarkers/cell detection have mainly
focused on the following aspects:

(I) Increased sensitivity and reduced detection limit: inves-
tigating the effect of carbon nanotubes on the improvement of
sensitivity in biological and chemical sensors, especially in
detecting low-concentration substances.

(I1) Enhanced electrical and catalytic properties: studying
how to increase the electrical conductivity and catalytic capa-
bilities of sensors, as nanotubes have superior properties in
these areas.

(I11) Stability and lifespan of sensors: examining how carbon
nanotubes influence the compatibility, stability, and longer
lifespan of paper sensors.

(IvV) Applications in biomolecules and biosensors: devel-
oping and evaluating biological and platinized sensors for the
detection of viruses, bacteria, and other biomolecules with the
help of nanotubes.

However, why were minor reports published on the appli-
cation of CNTs in PADs and pPADs?

© 2025 The Author(s). Published by the Royal Society of Chemistry

The main reasons for the minor reports on the application of
CNTs in PAD and pPAD structures for cancer diagnosis are as
follows.

(I) Issues related to the production process and integration:
incorporating carbon nanotubes into paper structures requires
complex and controlled processes, which are more challenging
compared to other materials (such as nanoparticles or simple
conductive materials).

(IT) Cost and scalability considerations: producing high-
quality carbon nanotubes at commercial volumes is still costly
and may have limitations in scalability.

(II1) Safety and bioengineering limitations: there are
concerns about the safety and toxicity of carbon nanotubes in
biological and environmental applications, necessitating
further studies.

(IV) Unknown responses to paper structures: the interaction
of carbon nanotubes with paper structures and fluids in paper
microfluidics is not fully understood and requires fundamental
research.

Focus on other materials: most studies focus on nano-
particles, graphene, or other conductive materials that provide
easier solutions or that are more widely used in the market.
Overall, carbon nanotubes have great potential in the develop-
ment of paper sensors, but challenges in manufacturing
processes, cost, safety, and interaction with paper structures
have limited research in this area. Technological advancements
and reductions in production costs may fill this gap in the
future, providing broader applications for CNTs in PADs and
UPADs.

RSC Adv, 2025, 15, 48876-48912 | 48889
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4.2.2. Two-dimensional nanomaterial

4.2.2.1. Graphene-based materials. The application of gra-
phene compounds in the construction of paper sensors and
paper microfluidic sensors is being developed and expanded
because these materials possess unique properties that can
significantly enhance the performance of these sensors.>*-%¢
Graphene and its derivatives have very good electrical conduc-
tivity properties, which play a vital role in the development of
electrochemical sensors, increasing sensitivity and measure-
ment accuracy. Additionally, these materials have a very large
surface area, which allows for surface modification and the
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occurrence of specific biological and chemical reactions,
thereby enhancing sensor efficiency. In addition, graphene
compounds possess good strength and stability, thus providing
greater compatibility and durability in the structures of paper
sensors. Finally, the ability to modify the surfaces of these
materials for the transport of biomolecules, enzymes, or other
sensing agents is very effective in improving the performance
and specific characteristics of sensors.

Therefore, by adding graphene nanoparticles, paper sensors
can detect target substances with high accuracy and sensitivity,

even at very low concentrations. Interestingly, in
Sensor element
Assemble a
biosensor

Micro pore
filter paper

Slide glass

Scheme 12 Micro-pore filter paper decorated with MWCNTSs towards the sensing of PSA.62
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electrochemical and photo electrochemical sensors, graphene
compounds act as active electrodes that can enhance chemical
and electrical processes. Moreover, the addition of graphene
compounds allows for better transport, stabilization, and
activity of biomolecules, resulting in more efficient and stable
biological sensors. Due to their multiple properties, these
materials enable the design of multifunctional and multi-
purpose sensors that provide diverse responses to various
substances. Therefore, graphene-based compounds, especially
graphene and its derivatives, provide unparalleled opportuni-
ties to enhance the performance of PADs and pPADs, including
increased sensitivity, reduced detection limits, and improved
stability and lifespan of the sensors. The development of
manufacturing technologies and surface modification of these
materials could lead to broader applications in the fields of
medicine, biotechnology, environment, and industry in the
future, playing a significant role in the advancement of PAD-
and pPAD-based sensing of cancer biomarkers/cells. Carbon-
based materials are mainly used in PADs and pPADs for
cancer biomarkers because of their exceptional electrical,
chemical, and surface properties, which enable highly sensitive,
stable, and low-cost detection. Their ease of functionalization
and compatibility with diverse detection strategies make them
ideal candidates for innovative point-of-care diagnostic devices
aimed at early cancer detection.””””* In this section of the review,
some examples of PADs and uPADs decorated with graphene-
based materials were surveyed.

For example, a study evaluated the application of phage-
displayed recombinant antibody fragments as bio-detection
elements in microfluidic paper-based devices (uPADs). Vari-
able light (VL) and soluble VL antibody fragments were immo-
bilized on chitosan-modified pPAD surfaces to detect glycine-

A
COOM,

cystamine/AU NPs

Bear Ag/RGO paper electrode
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linked gastrin 17 (G17-Gly), a key colorectal cancer biomarker.
Detection probes consisted of phage shafts displaying single-
chain variable fragments (scFvs) conjugated to AuNPs. A
microfluidic sandwich immunoassay quantitated spot intensity
using image analysis, yielding peptide calibration curves with
linear signal-log concentration correlations. The detection
ranges were 10 °-0.5 uM for phage-VL and 10 *-1 pM for
soluble VL, with the limits of detection at 0.9 and 29 picomolar,
respectively. This pPAD-based immunoassay provides a simple,
amplification-free method for detecting biomarkers and path-
ogens with strong sensitivity.”

Researchers created an innovative paper-based biodevice
using pen-on-paper technology, where Ag/rGO nanoink (silver
nanoparticles/reduced graphene oxide) was handwritten onto
flexible paper to detect the CA 125 protein in human fluids. Ag/
rGO was produced by depositing silver nanoparticles on gra-
phene oxide while simultaneously reducing it to rGO. To boost
the device's performance, electrochemical methods were
employed to modify the paper electrode with cystamine-coated
gold nanoparticles (CysA/Au NPs), where cystamine bonds
through sulfur atoms and attaches to Ag/rGO via amine inter-
actions (Scheme 13). Anti-CA 125 antibodies were then immo-
bilized on this surface. The device achieved a lower limit of
quantitation (LLOQ) of 0.78 U mL ™" and a detection range of
0.78-400 units per mL, highlighting its sensitivity for early
ovarian cancer detection.*

Additionally, a sensitive electrochemical immunoassay was
developed using reduced graphene oxide (Ag/RGO) and silver
nanoparticles to fabricate a paper-based immunosensor for
detecting the CA15-3 tumor marker. This system, which is
designed using an electrochemical approach, provides a high
surface area for CA15-3 antibody immobilization (Scheme 14).

NHS/EDs
activated

CA-125
antibody

BSA

CA-125
Antigen

Scheme 13 Electrochemical-based PADs for the detection of the CA 125 cancer biomarker.?
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The Ag-RGO/Cys-Au NP immunosensor showed optimal speci-
ficity and sensitivity, with a detection range of 15-125 U mL™"
and a quantification limit of 15 U mL™". It effectively measured
CA15-3 in raw plasma samples by leveraging Ag/RGO nano-ink
and cysteamine-modified gold nanoparticles for signal
enhancement and antibody binding.”

An innovative study improved immunoassay performance
through graphene modification, leveraging its electrical
conductivity for enhanced electron transfer and signal sensi-
tivity. Silica nanoparticles served as labels for signal antibodies,
reducing physical adsorption and boosting detection precision.
This advanced method enables ultra-sensitive, multiplex
detection of cancer biomarkers, like AFP, CA125, CA153, and
CEA, directly at the point of care (Scheme 15). Using micro-
fluidics, four capture antibodies were immobilized on elec-
trodes, with differential pulse voltammetry (DPV) confirming
assay specificity and minimal cross-reactivity. Serum tests
revealed clear detection of biomarkers at concentrations as low
as 0.001 ng mL ™" and 0.005 ng mL~'.7®

Additionally, a novel signal-enhanced label-free electro-
chemical immunosensor using a gold nanoparticle/reduced
graphene oxide (AuNPs-RGO) composite has been developed
for neuron-specific enolase (NSE) detection. The composite is
prepared using an eco-friendly method with chitosan (CS)
serving as a reducing and stabilizing agent. Enhanced sensi-
tivity is achieved through the AuNP-RGO nanostructure's
multiple active sites (Scheme 16). The immunosensor demon-
strates a linear response to NSE in the range of 0.1-2000 ng
mL ™" and a detection limit of 0.05 ng mL™'. Optimized for
rapid, selective, and sensitive detection, this technology facili-
tates advancements in clinical diagnostics, physiological
studies, and analytical testing across diverse fields.”
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Paper-based electrochemical device
HRP/anti-AFP/SiO, .

iA“t;' BSA AFP_

Scheme 15 Multiplex detection of cancer biomarkers like AFP, CA125,
CA153, and CEA using a paper-based non-microfluidic electro-
chemical sensor.”®

Interestingly, a study presented a paper-based electro-
chemical aptasensor for detecting CEA and NSE in clinical
samples with high sensitivity and specificity. Utilizing wax and
screen-printing techniques, the device enabled sample filtration
and automatic injection, supporting the early diagnosis of lung
cancer through simultaneous tumor biomarker detection.
Amino-functionalized graphene-thionine-AuNPs and Prussian
blue-poly(3,4-ethylenedioxythiophene)-AuNP nanocomposites
were synthesized to enhance electron transfer and aptamer
immobilization on modified electrodes. The label-free electro-
chemical method ensured rapid, simple point-of-care testing,
with excellent linearity and detection ranges of 0.01-500 ng
mL ™" for CEA and 0.05-500 ng mL ™" for NSE (Scheme 17).
Limits of detection reached 2 pg mL ™" for CEA and 10 pg mL ™"
for NSE, and tests using serum samples correlated well with
large-scale ECL equipment. This platform offers potential for
early cancer detection, especially in resource-constrained
environments.”

S
.4 NHS/EDs
H” activated
\ CA15-3
o antibody

BSA

CA 15-3
Antigen

Ag-RGO/CysA-Au NP/AbBSACALS 3 A

Ag-RGO/CysA-AuNPs

Scheme 14 Paper-based electrochemical immunosensor for the detection of the CA 15-3 cancer biomarker.”®
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Scheme 16 PADs for the electrochemical immunosensing of NSE.””

Furthermore, a disposable and highly sensitive pPAD-based
electrochemical immunosensor (u-PEI) has been developed
using reduced graphene oxide-tetra ethylene pentamine (rGO-
TEPA) decorated with Au NPs as a functional electrode mate-
rial. The rGO-TEPA enhances the current response due to its
excellent conductivity and large surface area, while Au NPs
improve biocompatibility and stability. This nanocomposite
(rGO-TEPA/Au) provides an efficient platform for capturing
antibodies (Ab1) and facilitating electron transfer through SPEs.
A simple paper-based microfluidic channel integrated onto the
SPEs/rGO-TEPA/Au device merges immunochromatography
and immunofiltration (Scheme 18). For detection via square
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Current

w 3] ¥
® > A = _A }=>_>_ y
I l: Anti-NSE AP-anti-IgA —

wave voltammetry, horseradish peroxidase-labeled signal anti-
bodies with gold nanorods (HRP-GNRs-Ab2) act as tracers.
When tested with AFP, the p-PEI exhibited outstanding sensi-
tivity, selectivity, stability, and a broad detection range (0.01-
100.0 ng mL ") with a remarkably low detection limit of 0.005
ng mL~'. Moreover, its application to human serum samples
delivered highly satisfactory results.”

Interestingly, a PAD-based electrochemical immunosensor
for detecting CA125 was developed using screen-printing tech-
nology. The working electrode was modified with reduced gra-
phene oxide/thionine/gold nanoparticle (rGO/Thi/AuNP)
nanocomposites to enable CA125 antibody immobilization and
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Scheme 17 Multi-parameter electrochemical paper-based aptasensor
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Scheme 18 p-PEl decorated with rGO-TEPA/Au towards the immunosensing of AFP.”®

enhance signal sensitivity (Scheme 19). Detection was based on
the reduction of thionine's current response caused by the
antigen-antibody binding, which correlated to CA125 concen-
tration. The sensor demonstrated a linear detection range of
0.1-200 U mL™ " with a limit of detection at 0.01 U mL ™.
Showing high precision, stability, and accuracy, the immuno-
sensor is promising for CA125 screening and potential point-of-
care testing (POCT) for other tumor markers.*

The two-dimensional nature and high surface area of gra-
phene and CNTs allow for abundant functionalization with
recognition elements (antibodies, aptamers, and enzymes). In

The surface of working electrode

addition, this property provides more active sites for biomo-
lecular interactions, thereby increasing sensitivity. The surface
chemistry of carbon-based materials (e.g., carboxyl, hydroxyl,
and epoxide groups) allows for the straightforward attachment
of bio recognition molecules. Therefore, it facilitates the
development of selective biosensors. These materials are
generally inert, chemically stable, and biocompatible, reducing
non-specific interactions and biofouling. However, they are
easily available, inexpensive, and suitable for large-scale
production. Carbon-based electrodes exhibit excellent stability
over multiple cycles, making them reliable for repeated assays.

Scheme 19 PADs modified with the rGO/Thi/AuNP nanocomposites towards the immunosensing of CA 125.8°
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Interestingly, carbon dots (C-dots) are especially useful in
fluorescent sensing owing to their tunable emission properties.
These materials are compatible with low-cost paper substrates,
which are necessary for the construction of PADs. Finally, the
high conductivity of these materials facilitates the sensitive
electrochemical detection of biomarkers. Therefore, it enables
small changes in charge or potential to be accurately measured,
thereby enhancing detection limits. In conclusion, carbon-
based materials, such as CNTs, graphene, GO, and rGO, are
predominantly used in paper-based microfluidic and non-
microfluidic sensors for the detection of cancer biomarkers
because of their unique combination of properties, making
them highly suitable for sensitive, flexible, and cost-effective
detection platforms.

4.2.3. Carbon quantum dots. Since the discovery of carbon
quantum dots (CQDs) during the separation and purification of
single-walled carbon nanotubes (SWCNTs), their properties,
like low toxicity, biocompatibility, fluorescence, and chemical
inertness, have been utilized in theranostics fields”5-%¢

A recent study developed innovative pPADs using wax-
printing for simultaneous fluorometric detection of lung
cancer biomarkers, CEA and NSE. These devices incorporate
two sensing zones linked to a sample area via microfluidic
channels. Key advancements involved phase-engineering
CsPbl; perovskite quantum dots (IPQDs) modified with strep-
tavidin and specific antibodies, enabling multiplexed sandwich
immunoassays (Scheme 20). Offering benefits like low cost,
portability, and simplicity, the uPADs achieved detection limits
of 0.095 ng mL ™" for CEA and 30.0 ng mL ™' for NSE, with
simultaneous detection limits of 0.12 and 32 ng mL ™", respec-
tively. With low toxicity and high sensitivity from perovskite
quantum dots, these devices present significant potential for
detecting other biomarkers in diagnostics, environmental, and
food safety research.®”

Additionally, a novel 3D pPAD leveraging a GQD-based
electrochemiluminescence (ECL) system was developed for the
real-time visual detection of hydrogen sulfide (H,S) released
from cancer cells. This innovative 3D origami cyto-device with
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hollow channels marks the first application for visual H,S
quantification. The paper was functionalized with GQDs and
integrated with Cu®" and S,05>". A macroporous Au@Pt-PWE
modified with GQDs and aptamers enabled enhanced cell
capture and signal amplification. The system exhibited fast
response, robust stability, repeatability, a broad linear range,
and low detection limits, successfully measuring H,S flux with
cell concentrations ranging from 10* to 5.0 x 10 cells mL™".
Notably, after incubation with 1.0 x 10° cells mL™" (10 pL), the
ECL intensity reached 1518 a.u., estimating (1.07 £ 0.2) x
107 M H,S released per cell. In the proposed mechanism, Cu**
initially inhibits GQD-S,05>~ ECL activity, but H,S released by
cancer cells binds Cu®', enabling ECL signal generation
through GQD-S,05°" interactions, which allows visual H,S
sensing from cellular emissions.®

A study developed a PAD for the visual fluorescence detection
of CEA by utilizing CdTe/CdSe QDs and a DNA-guided bi-
oresponsive release system from mesoporous silica nano-
containers (MSNs). In the assay, glucose-loaded MSNs with CEA
aptamers were combined with QD-enzyme-impregnated paper
attached to a centrifuge tube lid. Complementary DNA was
covalently conjugated to the aminated MSN, followed by
aptamer-guided glucose encapsulation. Upon exposure to CEA,
specific interactions opened MSN pores to release glucose,
which was oxidized by glucose oxidase (GOD) on the QD-laced
paper. This produced gluconic acid and hydrogen peroxide,
leading to quenched QD fluorescence detectable by eye,
smartphone, or fluorospectrometer (Scheme 21). The PAD
achieved a linear detection range of 0.05-20 ng mL™ ' and
a sensitivity of 6.7 pg mL~" (ppt) for CEA discrimination.®

Although CQDs and GQDs hold substantial promise in bi-
osensing due to their superior optical properties and biocom-
patibility, their application in pPADs for cancer biomarkers is
still in the nascent stages. The key challenges include their
stable and uniform integration onto paper substrates, main-
taining signal clarity amidst biological matrices, achieving high
sensitivity and specificity, and scaling up fabrication for wide-
spread use. As ongoing research addresses these hurdles

PE-IPQDs

NSE
conjugated

PE-PQDs Streptavidin

NSE Revealing antibod
P LS -4 Yy

NSE antigen

NSE capturing antibody
Substrate

Scheme 20 pPAD-based immunosensor for the detection of lung cancer biomarkers, CEA and NSE.®”
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through improved nanomaterial synthesis, surface functional-
ization, and device engineering, we can expect an increase in
reports and, eventually, practical applications in clinical diag-
nostics. The relatively few reports on the application of pnPADs
decorated with CQDs and GQDs for cancer biomarker detection
stem from several interconnected scientific, technical, and
practical challenges.

4.2.3.1. Novelty and emerging nature of CQDs and GQDs in
biomedical sensing. CQDs and GQDs are relatively new materials
in the domain of biosensing, especially for integration into
paper-based microfluidic platforms. Although they have shown
great promise due to their excellent photoluminescence,
biocompatibility, and ease of functionalization, their applica-
tion in this specific context is still emerging. Moreover, most
studies have initially concentrated on their use in solution-
based sensors, bio imaging, or electrochemical sensors, with
fewer studies exploring their integration into paper microfluidic
systems for complex biological samples.

4.2.3.2. Challenges in material integration and device fabri-
cation. A consistent, stable, and reproducible decoration of
paper substrates with CQDs or GQDs is technically challenging.
Uniformly distributing these nanomaterials within microfluidic
channels without aggregation or loss of activity requires
advanced fabrication techniques. In addition, ensuring that
QDs are stably embedded or coated on the paper without
leaching or quenching their fluorescence during operation is
difficult, especially in complex biological samples.

4.2.3.3. Photostability and signal interference. CQDs and
GQDs are generally photostable compared to traditional
fluorophores, but environmental factors (pH and ionic
strength) in biological fluids can still affect their fluorescence.
Furthermore, biological fluids and paper substrates can exhibit

CdTe/CdSe QD

View Article Online
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autofluorescence, which may interfere with quantum dot
signals, complicating detection and quantification.

4.2.3.4. Sensitivity and selectivity challenges. Although CQDs
and GQDs have excellent fluorescence properties, achieving the
detection sensitivity needed for low-abundance cancer
biomarkers in complex biological matrices remains difficult.
Additionally, functionalizing CQDs or GQDs with selective
recognition elements (antibodies and aptamers) that retain
activity when integrated into the paper-microfluidic platform is
yet to be extensively optimized for clinical relevance.

4.2.3.5. Biocompatibility and fouling. When used in biolog-
ical samples, like blood or serum, non-specific adsorption of
proteins and other biomolecules can quench or interfere with
the fluorescence signals from CQDs/GQDs. In addition,
although generally considered biocompatible, the safety and
stability of certain CQD/GQD derivatives require thorough
validation before clinical or widespread use.

4.2.3.6. Analytical and validation limitations. Most studies
are preliminary and focus on proof-of-concept demonstrations
rather than comprehensive clinical validation. Likewise, the
standardization of nanomaterial fabrication and immobiliza-
tion techniques is still evolving, limiting the reproducibility of
the results across different labs.

4.2.3.7. Manufacturing and scalability constraints. Producing
CQDs and GQDs with uniform quality at a scale and integrating
them reliably into paper-based platforms remains a hurdle,
affecting commercial viability. Although CQDs and GQDs can
be synthesized relatively inexpensively, optimization and inte-
gration into complex device architectures increase overall costs.

4.3. Three-dimensional materials

4.3.1. MOF. Metal-organic frameworks (MOFs) are solid
materials made from metal compounds and organic ligands

Scheme 21 Fabrication and modification processes of the PAD for the fluorescence-based assay of glucose using CdTe/CdSe QDs.°
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that have organized and porous network structures. These
unique crystalline structures offer significant capacity for the
storage, separation, and transport of various materials. MOFs
have many areas for the absorption and transportation of
molecules. Many MOFs are resistant to various temperatures
and chemical conditions. MOFs can be designed and modified
with different ligands to achieve the desired properties for
specific applications. Owing to these properties, MOFs can carry
fluorescent materials, imaging nanoparticles, or radioactive
materials and can be used in diagnostic imaging. These features
enable their use in early cancer detection and the effective
monitoring of treatment. In the construction of biosensors,
MOFs act as supports for carrying biological molecules and
specific catalysts, enhancing the sensitivity of detecting various
cancer markers. The porous structures of MOFs allow anti-
cancer drugs to be embedded within their networks and deliv-
ered to the target site with controlled release. This targeted
transportation reduces side effects and increases treatment
efficacy. Adding active metal nodes, therapeutic materials, or
diagnostic agents to the MOF structure makes them usable as
targeted and multifunctional drugs.*>**

Overall, MOFs are recognized as innovative and promising
technologies in the field of cancer diagnosis and treatment due
to their organized structure, ability to carry drugs and diag-
nostic materials, and customizable design. Ongoing research
aims to improve the stability, wireless capabilities, and effi-
ciency of these materials, opening new horizons in medicine
and the treatment of cancer patients. In this section of this
review, we surveyed various applications of MOFs for PAD and
uPAD-based diagnosis of cancer biomarkers/cells.”

D=
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Scheme 22
towards the immunosensing of CEA.*
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For example, a novel visible fluorescence immunoassay
leverages a wet ammonia (NH3)-induced structural shift in NH,-
MIL-125(Ti) coated on paper to detect a CEA biomarker. Gold
nanoparticles functionalized with glutamate dehydrogenase
(GDH) and a secondary antibody generate wet NH; in a sand-
wich immunoassay setup. The NH,-MIL-125(Ti)-based PAD
exhibits strong fluorescence triggered by the structural change,
ensuring high accuracy and reproducibility (Scheme 22). This
PAD allows for dual visible fluorescence detection, color- or
physical-based, both discernible to the naked eye, enabling CEA
detection at exceptionally low concentrations (0.041 ng mL™%).
Promising for scalable production, this approach holds signif-
icant potential for advancing protein diagnostics and
biosecurity.”

Additionally, a study developed a paper-based chem-
iluminescence (CL) device to assess the total phenolic content
in food using a CL reaction with H,0,, rhodamine B, and
a cobalt metal-organic framework (CoMOF). The CoMOF
enhanced catalysis and stabilized the CL system for days.
According to this report, adding 5 pL of phenolic compounds
reduced CL intensity, enabling a straightforward analytical
assay (Scheme 23). The device showed high sensitivity for gallic
acid, quercetin, catechin, kaempferol, and caffeic acid, with
detection limits of 0.98-2.55 ng mL™~ "%

Interestingly, a novel chromogenic reaction-free distance-
based (CRFD) pPAD strategy was developed for the sensitive
and accurate detection of microRNAs (miRNAs) via viscosity
amplification and surface hydrophobicity modulation.
Comprising sampling, indicator (red ink), and detection zones
scaled with reference patterns, the ptPAD quantifies miRNAs by

¥

reaction with wet NH,

NH, + OH—"NH,

(A and B) Fluorescence immunoassay using NH,-MIL-125(Ti)-based metal-organic framework (MOF) impregnated on PADs
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pre-amplifying targets with rolling circle amplification and
increasing viscosity. Flow differentiation between target and
control samples is enhanced by modulating surface hydropho-
bicity using in situ MOF modification, thereby improving
repeatability and precision (Scheme 24). As a proof-of-concept,
miR-221 and miR-222 were detected directly by eye in liver
cell lysates, with detection limits as low as 0.33 and 0.37 pM,
respectively.”

Although the potential of MOF-based PADs and pPADs in
cancer detection is immense, they face critical challenges.
Ensuring the chemical and structural stability of MOFs in bio-
logically relevant conditions, such as varying pH levels and
complex physiological media, is essential, as these factors can
lead to hydrolysis and degradation. Additionally, biofouling
from the non-specific adsorption of proteins and cells can
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compounds using the CL mechanism.®*

undermine device performance, affecting sensitivity and reli-
ability. Equally important is the assessment of MOF biocom-
patibility and potential toxicity, as leaching of metal ions may
pose safety risks in clinical settings. The integration of MOFs
into microscale channels also presents technical hurdles,
including achieving uniform distribution and stable adhesion.
Scalability and reproducibility in device fabrication remain
significant obstacles compounded by the need for regulatory
evaluation protocols for safety and efficacy. These challenges
highlight the necessity for ongoing interdisciplinary research
aimed at creating robust, biocompatible MOFs and standard-
ized methods. Despite these issues, the integration of MOFs
into microfluidic platforms signifies a transformative step in
biomedical innovation. We are shifting from static materials to
responsive, multifunctional systems that interact dynamically

Scheme 24 Chromogenic reaction-free distance-based (CRFD) pPAD
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with biological environments. Advances in smart materials,
additive manufacturing, artificial intelligence, and regulatory
alignment promise to elevate MOF-based microfluidics,
enhancing their sophistication and real-world applicability,
ultimately leading to significant advancements in patient care.

4.3.2. COF. Covalent organic frameworks (COFs) are crys-
talline polymers that are analogous to metal-organic frame-
works and are prepared through reticular chemistry utilizing
reversible covalent bonds. They are one of the fastest-growing
areas of research due to their unique intrinsic properties.
These include the ability to design modular structures using
abundant building blocks, straightforward synthetic method-
ologies that allow for tunable nanoparticle sizes, and ease of
post-synthetic modifications for specific applications.?® There-
fore, these materials have eminent potential for pad-based
sensing of cancer. In this section of this review, some exam-
ples are investigated. Then, their advantages and limitations
were discussed.®”°

For example, a study developed a portable and sensitive
device for diagnosing pheochromocytoma (PCC) by detecting
circulating tumor cells (CTCs). It integrates dual-mode micro-
fluidic technology for electrochemical and visual analysis using
a chip for automated cell sampling and a smartphone-based
accessory for signal processing. PCC-CTCs are isolated via
receptors specific to PCC cells, with targeted magnetic particles
capturing them from blood samples. Nanozyme-enhanced
covalent organic frameworks (COF@Pt) amplify the electro-
chemical signal and enable visual quantification. The device
achieves a detection limit of 1 cell mL~ " and operates within
a linear range of 2-105 cells per mL, offering a rapid, precise,
and point-of-care solution for PCC diagnosis.'*

In conclusion, there are no reports on the applications of
MOFs, ZIFs, and COFs in the paper-based biosensing of cancer
biomarkers. The relatively minor reports on the application of
PADs and pPADs decorated with MOFs, ZIFs, and COPs for
cancer biomarker detection can be attributed to several inter-
twined scientific, technical, and practical parameters, such as
the complexity of material integration, synthetic challenges and
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cost, and limited understanding and optimization for biological
samples.

Material compatibility: integrating MOFs, ZIFs, and COPs
onto paper substrates, especially within microfluidic channels,
requires careful surface modification and control of deposition
techniques. This adds an extra layer of technical difficulty. In
addition, maintaining the structural integrity and activity of
these delicate or highly porous materials within a microfluidic
and paper-based matrix remains challenging, particularly under
operational conditions. Producing MOFs, ZIFs, and COPs with
specific functional groups or pore structures suitable for selec-
tive biomarker detection can be laborious, often involving
multi-step synthesis and precise control over crystallinity.

Cost considerations: the synthesis and functionalization of
these advanced materials are usually expensive, which limits
large-scale production and widespread application, especially
in resource-constrained settings where paper-based sensors are
the most advantageous. Additionally, MOFs and related
frameworks may face issues with biofouling or nonspecific
adsorption when exposed to complex biological fluids (blood,
serum), which can hinder their effectiveness and reproduc-
ibility. Pore size and functionalization: tailoring these frame-
works to selectively recognize cancer biomarkers at clinically
relevant concentrations involves complex surface chemistry,
which is still under active research.

4.3.3. Mesoporous silica. Mesoporous silica nanoparticles
(MSNs) have a few potential applications depending on the
nature of the pore, size, shape and network of mesoporous silica
particles.’®**** Recently, researchers introduced a portable,
disposable, and low-cost GO-based aptamer nanosensor inte-
grated into uPADs for multiplex cancer cell detection. The
system leverages GO's quenching capability and the high
specificity of aptamers for molecular recognition. GQd-coated
MSNs carry labeled aptamers that bind to GO, quenching
fluorescence via Forster resonance energy transfer, which is
restored upon cancer cell detection. It enables simultaneous
monitoring of three cancer types with a single excitation light,
offering high sensitivity and selectivity with visible color

NManns
MSNs QDs MSNs/QDs DNA2 NGO probel probe2 probe3 MCF-7 HL-60 K562
UV lamp

B e A )

APTES EDC/NHS 2137, EDC/NHS a0y,
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Scheme 25 (A and B) MSN-GQs modified p-PADs towards the biosensing of MCF-7, HL-60, and K562 cancer cells.**®
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changes (Scheme 25). Detection limits are 6270 cells per mL for
MCF-7 and 65 cells per mL for HL-60, with linear ranges span-
ning up to 7 x 10 cells per mL for MCF-7, HL-60, and K562 cell
types. This innovative sensor shows promise for accurate and
efficient cancer cell analysis in biomedical research and
diagnostics.'®

Unfortunately, there are minor reports on the application of
SMMs for the PAD- and pPAD-based sensing of cancer
biomarkers and cells. The relatively limited number of reports
on PADs and pPADs decorated with SMMs for detecting cancer
biomarkers can be attributed to several interconnected scien-
tific, technical, and practical factors, such as synthesis and
functionalization challenges, complex fabrication, integration
difficulty, material stability and compatibility, structural
stability, and biocompatibility issues. Producing silica meso-
porous materials with uniform pore size, high surface area, and
suitable functionalization for biomarker recognition is
synthetically demanding. Achieving consistent and stable
deposition onto paper substrates within microfluidic channels
adds further complexity. Incorporating SMMs into paper
microfluidic platforms requires careful control to prevent pore
clogging, uneven coating, or detachment, which can compro-
mise sensor performance. Although silica is generally stable,
mesoporous silica can be susceptible to collapse or pore
blocking under certain conditions (e.g., in aqueous biological
fluids), affecting its ability to serve as an effective sensor.
Although silica is considered biocompatible, the surface
chemistry of mesoporous silica needs to be tailored to prevent
non-specific binding or biofouling in complex clinical samples,
like blood or serum. However, functionalizing silica surfaces
with specific recognition elements (antibodies and aptamers)
while maintaining their accessibility within mesoporous chan-
nels requires precise chemistry, which can be challenging.
Although pore size can enhance selectivity, it also restricts the
diffusion of larger biomarkers or complexes, potentially
reducing sensitivity or causing slower responses. It is important
to point out that standard methods for integrating SMMs into
paper-based microfluidics are less developed than those used
for other nanomaterials, like CQDs or metal nanoparticles.
Additionally, ensuring the long-term stability and reproduc-
ibility of these sensors in diverse conditions remains a chal-
lenge, slowing down extensive research and deployment.
Therefore, the use of MSNs in PADs for biomarker detection is
still an emerging research field. Many studies are at the proof-
of-concept levels, focusing on fundamental properties rather
than practical clinical applications. However, few studies have
validated the sensitivity, selectivity, and reproducibility of these
systems in real biological samples, which are critical steps
before widespread adoption and reporting. Importantly, the
synthesis and functionalization processes for mesoporous silica
are generally more expensive than traditional detection mate-
rials. Producing large quantities of uniformly functionalized
mesoporous silica at a low cost for paper-based devices is still
an ongoing challenge.

In essence, although SMNs have highly attractive properties,
such as high surface area, tunable pore sizes, and excellent
functionalization potential, their integration into PADs and
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WPADs for cancer biomarker detection currently faces several
synthetic, stability, and fabrication hurdles. These challenges
have resulted in fewer reported studies so far. As research in
nanomaterial synthesis, surface chemistry, and device engi-
neering progresses, we may observe an increase in such appli-
cations, leveraging the unique advantages of SMNs for highly
sensitive and selective cancer biomarker detection.

5. Utilization of smartphones for
PAD- and uPAD-based cancer
diagnosis

Smartphone-based PADs and pPADs for cancer diagnosis,
particularly those with 3D designs incorporating folding and
rotating structures, offer significant advantages, such as
enhanced detection efficiency and reduced equipment costs.
Typically, measurements are conducted using precision
instruments to capture images, which are then analyzed using
image processing software to assess the intensity of the color
signals. Microfluidic paper-based analytical devices are often
combined with scanners as detectors. The resulting images can
be converted into various color spaces, including RGB (red,
green, blue), CMYK (cyan, magenta, yellow, black), grayscale,
HSV (hue, saturation, value), or CIE L*a*b. Among these color
spaces, the RGB is the most commonly used due to its capability
to produce a wide range of colors by superimposing three color
channels. This makes its hardware implementation straight-
forward and simplifies subsequent image processing with
software. The RGB color model has the advantage of not
requiring any additional mathematical manipulation of the
received data. This is because the software directly provides the
average values of the components: red, green, and blue. Using
the unmodified RGB model (without altering the raw data
before analysis), the time required for analysis is reduced, and
data processing becomes easier. Additionally, it simplifies the
development of programs that can automatically convert RGB
data into useful analytical information. Another commonly
used color space for describing colors in digital images is HSV.
This model is based on three components: hue (the color itself,
measured in degrees from 0 to 360), saturation (the intensity or
depth of the color), and value (the brightness of the color), all of
which are expressed on a scale from 0 to 100%. The HSV model
tends to be more intuitive for describing colors as it differen-
tiates between chroma (pure color) and luma (brightness).
However, it is more time-consuming and labor-intensive to use
because it requires recalculating values from RGB to HSV. There
is also a third option for image analysis: grayscale. However, it is
rarely employed since it considers only luminance.

A custom-made smartphone-based fluorescence microscope,
automated image processing and particle counter software were
developed to enumerate particles on paper, with a limit of
detection of 1 cell per pL. This study introduced a two-layer
paper microfluidic chip that offers a quicker, more cost-
effective, and portable way to detect ROR1" cancer cells in
untreated buffy coat blood samples. Traditional leukemia
diagnosis involves lengthy processes, like white blood cell

© 2025 The Author(s). Published by the Royal Society of Chemistry
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counts, flow cytometry, and cytological analysis, requiring
specialized training. The chip’'s first layer uses a GF/D glass
fiber substrate with anti-ROR1 fluorescent particles for cell
adsorption and imaging via a smartphone. The second layer
includes grade 1 cellulose paper with wax-printed channels
for capillary flow, enabling antigen detection and healthy cell
analysis. Integrated with a smartphone-based fluorescence
microscope and automated software, the device detects as few
as one cell per microliter, achieving ultra-sensitive measure-
ments of 0.1 cells per microliter in six seconds (Scheme 26).
This enables the efficient imaging and quantification of
ROR1" cancer cells in buffy coat samples.’*® Flow velocity
analysis showed even greater sensitivity, with a limit of
detection of 0.1 cells per pL in the first 6 s of the assay.

Table 5 compares the analytical performance of various types
of paper-based non-microfluidic and microfluidic biosensors
for cancer biomarker recognition using different analytical
methods like electrochemical, optical, photoelectrochemical,
and electrochemiluminescent methods.

A)

View Article Online

RSC Advances

As shown in Table 5, various detection methods have been
used in pPADs and PADs for cancer diagnosis, each possessing
distinct characteristics. Among these methods, colorimetric
techniques are the easiest to handle. Qualitative results can be
detected with the naked eye, while semi-quantitative or quan-
titative results can be obtained using a colorimetric card or
a smartphone. For electrochemical detection, a compact inte-
grated electrochemical workstation can provide immediate
results. Chemiluminescence and fluorescence methods have
specific requirements concerning the detection environment.
These methods necessitate addressing the effects of external
ambient light and using specialized light-collecting equipment
to gather and analyze optical signals. Although these methods
are more complex to operate, they offer better sensitivity and
higher detection accuracy. Additionally, other methods such as
surface-enhanced Raman scattering, mass spectrometry, and
magnetic detection have been applied in PADs and pPADs;
however, these less common techniques are not the focus of
this review. Table 5 lists some of the newly developed PADs and
uPADs that have employed various detection methods in recent

-

G

Red fluorescent
particle
ROR1 antibody

ROR1 antigen
0— )

— RORL protein

Scheme 26
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years. It is important to note that the progress of PADs and
uPADs coincides with advancements in nanomaterials,
primarily gold, silver, and carbon nanoparticles. Nanomaterials
play a significant role across various detection methods due to
their exceptional properties. In colorimetric methods, the
distinctive color properties of nanomaterials can be utilized by
modifying them on the analyte, resulting in color changes due
to the accumulation of nanomaterials in the detection zone. For
electrochemical methods, the excellent conductivity of these
nanoparticles can be utilized by modifying the electrode surface
and enhancing electrochemical performance. In chem-
iluminescence methods, nanomaterials can enhance signals
through their catalytic properties. In fluorescence methods,
nanomaterials may induce fluorescence quenching. Conse-
quently, the development of nanomaterials has significantly
advanced the capabilities of PADs and pPADs. Despite
numerous teams devising various PADs and pPADs using
different strategies to improve detection accuracy, only
a limited number have been commercialized. The primary
challenges include insufficient fluid control and the limitations
of various detection methods. Thanks to the good biocompati-
bility of paper-based materials, PADs and nPADs have greatly
reduced detection and sample attachment times compared to
traditional microfluidic devices. However, since fluid transport
relies on the capillary forces of paper-based materials, control-
ling the movement of the solution remains a significant draw-
back. It is important to point out that electrochemical and
colorimetric detection modalities are the most commonly used
in microfluidic paper-based cancer biomarker sensors due to
their simplicity, rapid response, and suitability for point-of-care
applications. Fluorescence and chemiluminescence methods
are also popular in research settings owing to their high
sensitivity and multiplexing capabilities.

Current pPADs utilize various approaches to construct
hydrophilic or hydrophobic channels that transport solutions
via capillary action. Paper-based sensors serve not only as the
final reaction zone but also as the solution channel. Traditional
microfluidic devices can effectively manage sample liquid
transfer, but connecting the reactants with the substrate in the
reaction zone often requires special measures. Therefore,
combining traditional microfluidic equipment to establish
a sample liquid transfer channel with paper materials as the
final reaction zone can exploit the advantages of both device
types.

Although numerous materials have been explored for con-
structing pPADs and PADs for cancer detection, including
nanomaterials like nanoparticles, quantum dots, MOFs, and
mesoporous silica, the field still has some gaps in the types of
materials that have not been extensively used or incorporated.
Here are some notable categories of materials that are generally
underused or not yet reported in this specific context.

5.1. Conductive polymers (e.g., PEDOT, polyaniline, and
PPy)

e Although conductive polymers are widely used in printed
electronics and biosensors, their integration into paper-based

© 2025 The Author(s). Published by the Royal Society of Chemistry
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microfluidic platforms for cancer biomarkers remains limited.
They could offer advantages in electrochemical detection
modes but are seldom combined with paper microfluidics for
this purpose.

5.2. 2D materials beyond graphene and transition metal
dichalcogenides

e Materials like black phosphorus, phosphorene, or black
arsenic have exceptional electronic and optical properties but
have rarely been explored in paper-based systems for biomarker
detection.

5.3. Polymeric nanomaterials (e.g., polymeric microparticles
and dendrimers)

e Although some polymeric nanoparticles are used in bi-
osensing, their integration into paper microfluidic devices
specifically for cancer biomarkers is limited. They can be
functionalized for targeted recognition or signal amplification.

5.4. MOFs besides traditional ones

e Although some MOFs have been explored, the use of newer
MOF variants with tailored pore sizes and functionalities (e.g.,
zirconium-based Zr-MOFs and bio-MOFs) for paper-based
diagnostics remains limited.

5.5. Biopolymers (e.g., chitosan and cellulose derivatives)

o Although cellulose is the primary substrate, other biopolymers
like chitosan or agarose are rarely used as functional coatings or
layers within paper microfluidics for enhanced biorecognition
or signal amplification.

5.6. Inorganic nanostructures (e.g., metal oxide
nanostructures)

e Materials like TiO,, ZnO, or CeO, nanoparticles are well-
known in sensing but are scarcely incorporated into paper-
based platforms for direct cancer biomarker detection.

5.7. MNPs

e Magnetic materials such as Fe;0, nanoparticles can be useful
for sample pre-concentration or separation, but their applica-
tion in direct detection on paper microfluidic devices for cancer
biomarkers remains underexplored.

5.8. Biomimetic materials and peptide-based coatings

o These materials, mimicking biological receptors or enzymes,
are not yet widely implemented in paper microfluidic settings
for cancer biomarker detection but hold great potential for high
specificity.

In essence, while the field has explored a range of nano-
materials and coatings, several promising classes, including
conductive polymers, advanced 2D materials beyond graphene,
certain biopolymers, and inorganic nanostructures, are under-
represented or not yet widely used in the construction of paper-
based microfluidic devices for cancer biomarker detection.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Finally, Table 6 compares the advantages and limitations of
uPAD and PAD sensors for the detection of cancer biomarkers.

6. Evaluation of applying PADs/uPADs
to implantable devices, real-time
monitoring, remote sensing and
precision medicine

Paper-based analytical devices (PADs and pPADs) are well
established as low-cost, disposable platforms for point-of-care
testing and rapid biomarker assays, and there is increasing
interest in extending their reach toward continuous, real-time,
and precision-medicine applications. The current state-of-the-
art suggests three realistic development tracks and several key
limitations.

6.1. Wearable/minimally invasive real-time monitoring
(near-term and feasible)

Paper microfluidics have already been adapted into wearable
formats for sampling sweat and other accessible biofluids and
can perform continuous or repeated measurements with simple
colorimetric or electrochemical readouts; hybrid devices that
combine paper channels with flexible substrates and printed
electronics can deliver near-real-time data streams suitable for
monitoring physiological markers and patient adherence. This
approach is supported by recent demonstrations of paper-
integrated wearable sensors and molecularly imprinted paper
devices for sweat analysis.

6.2. Remote sensing/decentralized precision diagnostics
(mid-term and promising)

PADs are already highly suited to remote, resource-limited
screening (e.g., decentralized ctDNA/biomarker screening and
antigen tests) because of low cost, simple operation, and
compatibility with mobile-phone imaging or low-cost readers.
Coupling PADs to cloud data pipelines and AI for pattern
recognition could enable remote triage and longitudinal
monitoring that feed into precision-oncology workflows
(molecular tumor boards and therapy response monitoring).
Recent reviews on paper-based cancer diagnostics and precision
oncology underscore this translational pathway.

6.3. Fully implantable continuous monitoring (longer-term
and currently limited)

True implantable, continuous PADs for tumor monitoring face
substantial technical and biological barriers. Implantable
sensors demonstrated in the literature typically rely on minia-
turized optical, electrochemical or MEMS technologies
designed for biocompatibility, chronic stability, power supply,
and tissue integration; proof-of-concept implantable systems
for tumor-cavity monitoring have been reported, but these
systems use robust implantable materials and optics rather
than paper substrates. Translating paper-based chemistries
into chronic implants requires solving biodegradation/sterility,
fouling, immunogenicity, sealing against biofluids, and reliable

RSC Adv, 2025, 15, 48876-48912 | 48907
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Table 6 Comparison of the advantages and limitations of nPAD- and PAD-based sensors for the detection of cancer biomarkers

Type of sensor

Advantages

Limitations

WPADs

PADs

1. Precise fluid control

2. Microfluidic channels enable the controlled
movement and mixing of small sample volumes
3. Enhances the accuracy and reproducibility of
the assay

4. Multiplexing capability

5. Multiple detection zones can be integrated on
a single device for the simultaneous analysis of
various biomarkers

6. Reduced reagent consumption

7. Minimal reagent and sample volumes are
needed, lowering costs

8. Enhanced sensitivity and specificity

9. Precise control over reaction conditions can
improve detection limits

10. Integration with electronic readouts

11. Can incorporate miniaturized electronics for
quantitative detection, such as electrochemical
Sensors

12. Automation potential

13. Allows for complex assay steps (e.g., fluid
mixing, incubation) on a single platform

1. Simplicity and ease of use: straightforward
dipping or placement procedures, suitable for
point-of-care settings

2. Low cost and rapid results: very inexpensive to
produce and provide quick visual results

3. Minimal equipment required: no need for
external pumps, valves, or intricate fabrication
techniques

4. Robustness: less sensitive to environmental

1. Manufacturing complexity: fabrication of
microchannels and integration with detection
elements require advanced techniques (e.g.,
photolithography)

2. Cost and scalability: higher production costs
compared to simple paper strips

3. Operational complexity: may need specialized
equipment or user training for operation

4. Environmental sensitivity: microfluidic
devices could be more susceptible to clogging or
damage due to handling and environmental
factors

1. Lower precision: less control over fluid flow
and mixing, which can affect reproducibility
and accuracy

2. Limited multi-analyte detection: usually
designed for single analyte detection;
multiplexing is challenging

3. Sensitivity constraints: typically lower
detection limits compared to microfluidic
Sensors

conditions, durable in field settings

5. Scalability: easy to mass-produce using

simple printing or coating techniques

in vivo readout/power, which are challenges that currently put
implantable PADs at a low technology-readiness level compared
with implantable BioMEMS and optical probes.

7. Conclusion and future prospects

PADs and pPADs play a crucial role in miniaturized sensing
systems, enabling large-scale laboratory operations to be per-
formed on a single chip. Microfluidic systems are miniaturized
devices where fluid behavior and control can be manipulated on
a small platform, with surface forces often surpassing volu-
metric forces depending on the testing method used. In recent
years, PADs and nPADs have been developed for use in POC
technologies. PADs and pPADs offer numerous advantages,
including ease of use, low cost, capillary action for liquid
transfer without the need for power, the ability to store reagents

48908 | RSC Adv, 2025, 15, 48876-48912

4. Qualitative or semi-quantitative data: often
rely on visual interpretation; quantitative data
require additional readout devices

in an active form within the fiber network, and the capacity to
conduct multiple tests using various measurement techniques.
These benefits are critical for advancing paper-based micro-
fluidics in the fields of disease diagnosis, drug application, and
environmental and food safety. Cancer is one of the most
significant diseases requiring early detection worldwide. Iden-
tifying cancer-specific biomarkers offers essential data for both
the early diagnosis and monitoring of disease progression.
PADs and pPADs designed for cancer biomarker detection hold
great promise for improving cure rates, enhancing quality of
life, and reducing treatment costs. Although various bi-
oanalytical platforms exist for detecting cancer biomarkers,
there is a scarcity of studies and critical reviews focused on
paper-based microfluidic platforms in the literature. Cancer is
the second most prominent cause of death in developing
countries. At present, due to the increasing number of cancer

© 2025 The Author(s). Published by the Royal Society of Chemistry
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patients, cancer has attracted a lot of attention. Cancer nano-
technology holds promise in providing novel techniques for
cancer detection in the initial stages, resulting in improved
diagnosis and treatment. Conventional imaging techniques are
exceptionally intrusive and non-specific and are frequently
associated with toxicity to both tumor and solid cells. The
advancement of novel nanomaterials has enabled the identifi-
cation of cancer biomarkers with higher sensitivity and accu-
racy, which was not feasible previously. Steady and coordinated
exploration endeavors should be embraced to utilize tremen-
dous resources. Ultrasensitive biomarker sensing has been used
to develop novel strategies for detecting early-stage cancer. Due
to their unique characteristics, i.e., ease of synthesis, conduc-
tivity and bio-compatibility, MNPs are exceptional nano-
materials in theranostics. NPs have shown promise in cancer
diagnosis and treatment due to their capacity to target specific
cells and tissues. However, their cell specificity, ideal pharma-
cokinetics and bio distribution, and drug release management
are obstacles. The way nanoparticles interact with biological
systems can be influenced by their size, shape, surface charge,
and chemistry. Toxicology, clearance, scalability, stability,
control, and bio distribution require further investigation.
Long-term safety, efficacy, reproducibility, and cost-

View Article Online
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effectiveness also essential for
therapies.

In the future, PADs and pPADs structures and modified
nanocomponents will undoubtedly have more innovative
breakthroughs and novel PADs and nPADs will be developed in
conjunction with traditional materials to establish sample
liquid transmission channels that evolve new design functions.

Smartphone-based PADs and pPADs for cancer biomarker
detection have gained considerable interest due to their
potential for portability, low cost, and ease of use. However, they
also have certain limitations. Table 7 compares the advantages
and limitations of these smartphone-based PADs and |t\PADs for
cancer biomarkers/cell sensing.

In conclusion, smartphone-based PADs and pPADs for
cancer biomarkers offer significant potential for accessible,
real-time, and low-cost diagnostics, especially in resource-
limited settings. However, challenges related to sensitivity,
standardization, environmental sensitivity, and assay
complexity need to be addressed to realize their full clinical
utility.

Based on the studies discussed above, it is anticipated that
the integration of smart devices into our daily lives can signif-
icantly reduce the burden on the healthcare

are nanoparticle-based

system.

Table 7 Advantages and limitations of smartphone-based PADs and uPADs for cancer biomarkers/cell sensing

Advantages

Limitations

Portability and POC accessibility
e Smartphones are ubiquitous and portable, enabling on-site testing
outside traditional laboratories

e Facilitates rapid decision-making in clinical, remote, or resource-
limited settings

Cost-effectiveness

e Utilizes existing smartphone hardware (camera, light source,
processing power), reducing the need for expensive laboratory
equipment

e Paper-based platforms are inexpensive, making the overall system
affordable

Ease of use

o Simplifies operations through user-friendly apps that guide sample
handling and data acquisition

o Suitable for non-specialist users, including patients, community
health workers, or clinicians in resource-limited areas

Real-time data acquisition and analysis

e Enables immediate digital acquisition of images or signals

e Facilitates instant processing, analysis, and storage of results

Data sharing and remote monitoring

e Data can be wirelessly transmitted to healthcare providers

e Supports telemedicine and remote diagnostics

Multiplexing capability

e Potential to analyze multiple biomarkers simultaneously via multi-

channel detection or advanced imaging and image analysis algorithms
within the app

© 2025 The Author(s). Published by the Royal Society of Chemistry

Limited sensitivity and quantitative accuracy

e Smartphone cameras may be affected by lighting variations, image
stability, and sensor quality, leading to inconsistent or less accurate
measurements

Quantitative analysis can be challenging, especially at very low
biomarker concentrations

Environmental and lighting dependence

e Variations in ambient light, shadows, or camera focus can impact
image quality and detection accuracy

e Requires standardized imaging conditions or auxiliary accessories
(e.g., boxes and lenses)

Hardware variability

e Differences in smartphone models (camera resolution, sensor
sensitivity, and processing power) result in variability across devices
o Standardization and calibration are required for consistent results

Limited capabilities for complex assays

e Certain assays (e.g., requiring fluorescence detection, microfluidic
control, or complex spectral analysis) may be difficult to fully implement
solely through smartphone imaging

e Additional external components (filters and light sources) may be
needed

Sample preparation and integration

e Sample handling, preparation, and reagent delivery might still require
manual steps outside the smartphone platform, potentially
complicating point-of-care use

e The integration of complex fluidic manipulations is limited compared
to laboratory automation

Data security and privacy concerns

o Wireless data transmission raises issues related to patient privacy and
data security

Regulatory and validation challenges

Required extensive validation, regulatory approval, and standardization
to ensure reliability and accuracy comparable to laboratory standards

RSC Adv, 2025, 15, 48876-48912 | 48909
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Microfluidic paper-based analytical devices (WPADs) are ex-
pected to lower mortality rates by facilitating early cancer
diagnosis. These devices are recyclable, portable, inexpensive,
user-friendly, and suitable for use in resource-limited settings.
Despite numerous studies focusing on cancer biomarkers, there
are currently no widely used paper-based microfluidic kits in
practice. Further research is needed to identify the advantages
and disadvantages of paper-based WPADs, as well as to develop
them into commercially viable kits. Large-scale studies
involving real patient samples should be conducted to enhance
the reproducibility and response times of these tests. Moreover,
the interpretation of the results must align better with the needs
of on-site diagnostic tests. Device designs should be simplified
to ensure that they are more understandable and user-friendly
for end users.

In light of the studies mentioned above, it is predicted that
the health burden can be reduced if smart devices are more
integrated into our lives. nPADs that are reusable, portable,
inexpensive, field deployable, deployable in places with limited
resources and user-friendly are expected to reduce mortality
rates by enabling early diagnosis of cancer.

Currently, despite numerous studies on cancer biomarkers,
no paper-based microfluidic kits are widely available in the
field. Further research on the advantages and disadvantages of
UPADs and their design as commercial kits is needed to
understand their limitations and determine solutions. Large-
scale studies with real patient samples should be conducted
to improve the reproducibility and response times of the tests.
In addition, the interpretation of results should be more in line
with the requirements of on-site diagnostic tests, and device
designs that are more understandable and simpler for the end
user should be favored.

The remote diagnosis and treatment of patients using tele-
communications technology (Telemedicine) is a technological
development that promotes and ensures remote medical care
through electronic platforms that enable disease detection and
patient monitoring. The data collected using a wearable
biosensor or other biosensors is captured by a smartphone/
laptop and sent to a cloud, where it can be stored, processed
and retrieved. Eventually, the data can be stored on another
device with special applications. Its application on smart-
phones makes it an important object of study, as it enables the
transfer of data from patient to doctor or doctor to patient in
a portable, easy-to-use way. The field of telemedicine is on the
rise, particularly in the area of cancer, in countries where access
to healthcare for technologically disadvantaged populations is
patchy. Given the cancers that have significantly impacted the
health of the world's population in recent years, the presence of
an application such as telemedicine has been of great
importance.

Given the recent advances in paper-based technology, two
other aspects deserve attention. Most devices provide only
probabilistic results due to a general lack of selectivity. Finally,
most approaches require the collection of blood or other bio-
logical fluids and thus the expertise of medical professionals.
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