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1. Introduction

Limitations in detecting minute concentrations of cancer-
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Early detection of cancers is key to a better prognosis. Advanced proteomics and genomic detection
techniques offer great specificity and sensitivity, however, delayed symptomatic detection, cost, and
patient-incompliant sample procurement limit routine cancer diagnosis, thus affecting treatment
opportunities and patient survival. The revolutionary impact of paper-based COVID-19 antigen home test
kits highlighted the importance of affordable routine diagnosis in tackling pandemics. Therefore,
inexpensive, user-friendly, and sensitive paper-based biosensors can prove to be a game changer in the
management of cancer. Even though the fabrication of paper-based biosensors is easy and inexpensive,
their compromised sensitivity requires significant improvement for effective diagnosis. This review
comprehensively and systemically focuses on highlighting the impactful advancements that occurred over
the past 10 years to improve the sensitivity at different levels of paper-based detection i.e. advancements
in paper chemistry, assay type, detection technique, and signal enhancement. A detailed focus has also
been provided on the impact of advanced nanomaterials (classified into inorganic, organic, and
amalgamation of both) in enhancing analyte detection, signal amplification, signal transmission, and signal
readout to develop point-of-care systems with fast interpretation, better reliability, specificity,
biocompatibility, and low detection limits for the early paper-based detection of cancer. Moreover, a
specific section on the types of samples employed for cancer detection, comprehensive tabulation of
validated biosensors with clinical samples, their current challenges, and future prospects can help
disseminate extensive information in driving the research forward in low-cost diagnosis of cancer.

that can meet WHO's ASSURED (affordable, sensitive,
specific, user-friendly, rapid and robust, equipment-free, and
deliverable to end-user) criteria are required.’ Such
technologies majorly utilize two kinds of substrates like

specific biomarkers and their unexplored presence in some
malignancies account for delayed cancer detection, a major
factor that indirectly affects the prognosis and mortality."
Advancements in molecular detection with the advent of
highly sensitive genomic and proteomic technologies
minimized these limitations to an extent, but technique-
associated cost along with the requirement of basic
infrastructure and trained operators limits their affordability
in resource-constrained conditions especially in developing
countries.” Therefore, paper-based diagnostic technologies
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cellulose fibre (filter and chromatography paper) and
nitrocellulose membrane (uniform pore size, 0.45 pum) for
fabrication because of their porous nature with modifiable
surface chemistry and optical properties.®* Filter papers with
pore sizes 20-25 um are generally used due to their
appropriate porosity, hydrophilicity, stiffness, and lateral
fluid flow rate.** The utilization of inexpensive
biodegradable substrates makes these point-of-care devices
easily scalable and disposable. Multiple types of paper-based
POCs have been developed over the years starting from the
conventional dipstick and lateral flow tests (latex
agglutination and radioimmunoassay) in the late 1950s to
advanced microfluidic tests utilizing different detection
approaches  namely  colorimetric, fluorometric, or
electrochemical.> To overcome the limitations associated
with the sensitivity and specificity of conventional paper-
based POCs, novel biomaterial-based approaches are being
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employed to modify the surface properties of the paper
through biopolymer coatings, impregnation or surface
functionalization of paper with different nanoparticles, or the
use of nanoparticles as sensing molecules for signal
amplification.” Over the past 5 years, a handful of review
articles highlighted the importance of low-cost paper-based
diagnostics in cancer detection with individual focus on
either type of paper-based diagnostics, microfluidic-based
analytical devices, or the role of nanomaterials in cancer
detection, however, a systemic and comprehensive review
highlighting the advancements at all the fronts of paper-
based cancer detection is highly desirable to drive the
research in this domain.®™*
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This review exhaustively highlights the impactful
technological advancements that occurred over the past
decade at each step of biomarker detection starting from
advancements in paper substrate chemistry, assay type, and
detection technique, to advanced signal enhancement
strategies exploited in developing extremely sensitive paper-
based biosensors specifically for cancer detection. In assay
type, this review comprises conventional dipstick assays to
advanced 3D pPADs (microfluidic paper-based analytical
devices), wherein the detection techniques comprise dot blot,
advanced immunochromatography integrated with nucleic
acid amplification technique, molecularly imprinted
polymers, and conducting papers. Importantly, a detailed
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focus was imparted to the advanced nanomaterial-based
detection and signal amplification strategies with a
systematic description based on the wuse of different
inorganic, organic, and hybrid nanomaterials. It also
provides an exhaustive comparison of the devices used in
detecting different cancer biomarkers from different clinical
samples and underlines their challenges and future
implications in cancer diagnosis.

2. Advancements in the substrate
(paper) chemistry

Advancements in paper-based devices originate from making
small alterations in the functionality of the substrate (paper)
itself. Chitosan not only enhances the wet-strength of uPADs
but also stabilizes the immobilized antibodies.'? Hence,
chitosan-treated nitrocellulose membrane can be a good
substrate for chemiluminescence ELISA (CL-ELISA) on
paper.”> The poly(oligoethylene glycol —methacrylate)
(POEGMA) coating on paper makes it a protein repellent,
thus reducing the output signal noise due to non-specific
adsorption of proteins in any biological sample.'* Further,
nitrocellulose sheets can be coated with a hydrophobic layer
of polycaprolactone (PCL) to reduce the flow rate."” The
reduction in the fluid flow rate in paperfluidic chips
increases target-probe binding, ultimately resulting in a
strong signal and lower limit of detection. To automate the
sequential steps employed in the lateral flow assays, a water-
swellable polymer-based intermediate strip can be added to
the LFA design to automatically release the secondary
reagents in a timely manner.'"® The synthesis of porous
‘hydrogel walls’ on the nitrocellulose paper can facilitate the
capture of detection probes as they flow through the assay."”
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Polymer-based biochips have been developed as superior
substrates for the detection of HPV from gynecological swabs
and biopsies from genital warts."®"°

3. Advancements in the type of
paper-based assays

Paper as a substrate can be utilized in various ways to
develop a variety of assays for the detection of a specific
cancer biomarker in different kinds of biological samples.
Significant progress from employing conventional assays like
dipstick to more advanced microfluidic-based detection of
cancer has been discussed below (refer to Fig. 1).

3.1 Dipstick test

This rapid diagnostic method involves the dipping of an
ordinary paper strip in a patient's sample to determine the
type of malignancy based on color change after enzyme-
catalyzed reactions, which can be correlated with the color-
coded chart for a semi-quantitative determination as shown
in Fig. 1. Initially, it was established in the 1950s as one of
the vital point-of-care tests for the detection of glucose in the
urine, however, its user-friendliness has fascinated many
researchers to explore its potential for the detection of
numerous diseases including cancer.”® A direct comparison
of the dipstick test with an established immuno-fecal occult
blood test (IFOBT) for the detection of transferrin (Tf) and
fecal hemoglobin respectively in the fecal discharge of
patients with colon cancer and premalignant lesions reflected
its superiority over IFOBT with a specificity of 76.5% over
69% (IFOBT). The IFOBT test generally detects hemoglobin
discharged in feces of colon cancer patients, but the fecal
hemoglobin is more prone to lysis due to the effect of
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Fig. 1 Different types of paper-based biosensors.

bacteria or digestive enzymes.*® Whereas, detection of
transferrin discharged in feces due to bleeding by Tf dipstick
test provides a more stable analysis as transferrin is resistant
towards bacterial and digestive enzyme action.>” Despite easy
analysis and wide applicability of test strips, the use of
dipstick assay is quite limited for cancer detection due to
lack of precision, limited detection range, and requirement
of large sample volume. Integration of paper strips with more
advanced assays like flow-based and microfluidic-based
significantly minimizes these limitations and has thus gained
a lot of importance in cancer diagnosis.*

3.2 Flow assays

Flow assays have gained significant importance in the
detection of various analytes in complex samples within a
short period. They have been categorized into two main types

© 2024 The Author(s). Published by the Royal Society of Chemistry
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i.e. lateral and vertical flow assays depending on the
directionality of the flow of the sample due to capillary mode
of action.

3.2.1 Lateral flow assay (LFA). LFA test strip consists of 4
major components — a sample pad, conjugate release pad,
test pad, and an absorbent pad that are fixed on a backing
card to ensure safe and proper handling as shown in Fig. 1.
The sample pad facilitates the proper interactions of an
analyte of interest with the molecules present on the
conjugate pad and the nitrocellulose membrane. It also
controls and maintains the flow rate of the sample with a
homogenous distribution. The conjugate pad contains
immobilized analyte-specific antibodies bound to colored or
fluorescent particles and subsequently allows the release of
conjugated molecules toward the test pad. Further, the
membrane present between the conjugate pad and the test
pad plays a key role in the interaction of conjugate molecules

Sens. Diagn., 2024, 3, 504-535 | 507
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with the target analyte and provides the surface for the
interaction of conjugate molecules at the border of the test
line and control line. The test line depicts the interaction
through color change, which can be correlated to the
concentration of the target analytes for qualitative, semi-
quantitative, and quantitative analysis, whereas the control
line depicts the positive capillary flow of the sample. The
absorbent pad helps in maintaining the rate of capillary
action and prevents the sample backflow.>*

LFA is classified into two major formats; direct type and
competitive type. Direct type can detect larger analytes and

Table1 Commercially available LFA kits for cancer detection
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molecules with multiple antigenic sites in the form of the
sandwich-based assay, whereas competitive type analyzes the
smaller molecules with a single antigenic determinants.*
Many LFA detection kits are available in the market for the
detection of various cancers (refer to Table 1).

Though LFA offers advantages like easy detection,
robustness, and specificity, its low reproducibility due to
difficulty in controlling the sample flow rate, compromised
user-friendliness owing to time-consuming sample pre-
treatment, and cross-reactivity during multiplex LFA on a
single strip leads to false positive errors. In addition,

Required Detection
Company Product name Cancer type Analyte sample time (min) Sensitivity Specificity ~ Ref.
CTK Biotech On-site PSA Prostate PSA 60-90 ml blood/ 10 100% 99% 26
semi-quantitative serum/plasma
rapid test
On-site FOB rapid  Colorectal hHB Human fecal 10 NR NR
test specimens
Alere Alere NMP22 Bladder Nuclear 4 drops of urine 30 99% when 99% NPV 27
BladderChek matrix combined along with
protein with cystoscopy
(NMP22) cystoscopy
Clearview iFOBT Colon Faecal occult Faeces 5 93.60% 99.10%
blood
Arbor Vita Corp. OncoE6 cervical Cervical E6 Cervical swab 150 84.6% 98.5% 28
test oncoproteins
OncoE6™ oral test Oral E6 NR 150 NR NR
oncoproteins
Quicking Biotech ~ CA125 rapid Ovarian CA125 Ag 100 pL of 5-10 40 Uml™? NR 29
Co., Ltd serum
Innovation Biotech AFP test Hepato-cellular AFP Serum plasma 10 25 ng ml™* NR 30
Diagnostic CEA serum rapid Colon CEA Serum 10 5ng ml™* NR 31
Automation/Cortez  test adenocarcinoma
Diagnostics Inc.
LifeSign, LLC Status BTA Bladder Bladder 3 drops of urine 5 67% 70% 32
tumor
associated
antigen
ALFA SCIENTIFIC  INSTANT-VIEW® Prostate PSA Serum 4-7 4 ng ml™? NR 33
DESIGNS
AccuBioTech Co.,  AFP whole blood Hepatocellular AFP Blood/serum/ <10 99.3% 99.0% 34
Ltd test cassette carcinoma plasma
PSA whole blood Prostate PSA Blood <10 98.9% 98.6%
test cassette
CEA whole blood Hepato-cellular CEA Blood <10 98.7% 99.3%
test cassette carcinoma
FOB feces test strip Colon Human Blood <10 94.6% 99.3%
occult blood
in feces
TURKLAB CEA Diagnosis of primary CEA Blood/serum/ <10 99.3% 99.3% 35
(carcino-embryonic  carcinomas plasma
antigen) test
AFP (alpha fetal Detection of many  AFP Blood/serum/ <10 99.3% 99%
protein) test tumors at an earlier plasma
stage/detection of
fetal open neural
tube defects
FOB (fecal occult Colorectal cancer Hb Human faeces <10 99.9% 97%
blood) test
Ulti med FOB cassette Colorectal cancer Human Human faeces <10 NR NR 36

NR: not reported.
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processing of complex samples often requires sophisticated
equipment which limits the use of such LFAs in hospitals
and clinics thus affecting its overall operational flexibility
and self-diagnosis at home.*’

3.2.2 Vertical flow assay (VFA). VFA follows the same
principle as LFA but differs in the direction of the flow of the
sample, which is applied vertically in the presence of an
external force.®” Unlike LFA, VFA can minimize the
concentration associated agglutination (Hooke's effect) of the
analytes e.g., antibodies and cross-reactivity issues associated
with multiplexed detection of analytes.*”*® Chen et al,
showed the multiplexed detection of prostate cancer-specific
biomarkers  viz. human  alpha-fetoprotein  (AFP),
carcinoembryonic antigen (CEA) and prostate-specific antigen
(PSA) in clinical serum samples using VFA with a sensitivity
of up to picogram per millilitre.** Despite of likely
applications of VFA, the use of antibody-conjugated gold
colloids in conventional VFAs for visible red color analysis
imparts drawbacks such as less precision and low sensitivity
which can be significantly improved with the use of advanced
sensing molecules discussed later in this review.*®

3.3 Microfluidic paper-based analytical device (WPAD)

Paper-based microfluidics are point-of-care devices that consist
of a set of hydrophilic cellulose fibres that direct the flow of
liquid from the inlet to the outlet through permeation. The
agglomerated cellulose fibres enhance the porosity of the device
for the movement of the sample from the region of high
concentration of analyte to the region of low concentration
based on low Reynold's number i.e., the ratio of inertial force to
viscous force.”® While fabricating the hydrophilic microfluidic
paper, certain hydrophobic barriers are generated to restrict the
flow of samples within the device to make it more sensitive and
precise for detection.* It is a modified version of the standard
lateral flow assay. The principle of paper-based microfluidics is
the interaction of droplets of the sample with the cellulose
fibres which ensures homogenous distribution by wetting the
paper surface, followed by its wicking through the capillary
mode of action.”” There are three main types of microfluidic
devices. Continuous microfluidic devices allow the continuous
movement of samples in the presence of an external force
through microporous channels by enhancing the liquid flow
without any hindrance.*> The second type is the droplet-based
microfluidic device which comprises the motion of 2-3 fluids
simultaneously creating droplets that are separated by an
immiscible liquid within the micro-carrier channel. These
devices have the advantage of generating highly reactive
microreactor droplets due to a high surface-to-volume ratio,
thus stimulating faster reactions, and performing multiple
reactions in a device.** The third type is a new-generation digital
microfluidic device that enables the movement of droplets on a
series of planar electrodes. It is widely used due to its high
scalability and minimum power utilization, along with a low
sample requirement.*> Fabrication of the microfluidic device
determines its wettability and biocompatibility. Conventionally,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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glass and silicone were used for fabrication purposes followed
by polymer-based compounds such as polydimethylsiloxane
(PDMS) and polymethylmethacrylate (PMMA) to improve the
tensile strength and wettability of the device, but paper-based
microfluidics has emerged as one of the most promising
diagnostic tool for several decades.*® This technology was first
established by Whitesides et al. in 2007 as an inexpensive and
portable biosensor for the detection of glucose in urine.*’
Minimal sample requirement, controlled flow, low-cost
fabrication, biocompatibility, stability, and robust capillary
action are a few of its advantages.” In addition, various
detection techniques (colorimetric, enzymatic,
chemiluminescence, electrochemical) have also been
miniaturized into a small chip for rapid analysis.**> Microfluidic
devices are found in either 2D or 3D format.

3.3.1 2D pPAD. 2D pPAD is similar to the lateral flow assay
and follows the principle of capillary action in two
dimensions. A 2D uPAD developed by Baynes et al. imparted
the rapid detection (1 minute assay time) of colorectal cancer
biomarkers i.e. CEA and carbohydrate antigen 19-9 (CA 19-9)
in spiked human serum and blood samples with a detection
limit of 1 pg ml™* for CEA and 0.1 U ml™" for CA 19-9.%° It
can also be used for the multiplexed detection of both
biomarkers with negligible cross-reactivity and a sensitivity of
10 ng ml™ for CEA and 50 U ml™" for CA 19-9.*° Major
drawbacks of these devices in terms of large requirement of
sample, inability to detect multiple samples with high
sensitivity, and non-homogeneous sample distribution
throughout the device led to their modification from
2-dimension to 3-dimension (3D pPAD)."’

3.3.2 3D pPAD. 3D pPAD is the most advanced version of
UPAD, which is equivalent to vertical flow assay and allows
the movement of samples in all three dimensions. Thus,
leading to high throughput screening, easy multiple sample
detection, and homogenous distribution.”® The 3D pPAD is
fabricated by employing multiple layers of paper arranged in
a systematic manner using double-sided tape with multiple
holes occupied with hydrophilic material such as paper. This
method is wusually tedious and thus modified using
hydrophilic adhesive sprays to glue the papers or cold
lamination method, thus generating a rapid 3D uPAD device.
However, one of the most widely used approaches is the use
of the origami method by folding the paper into 3D stacks
and holding it with pre-fabricated clamps.’® Following
fabrication, 3D pPADs are functionalized to enable the flow
of samples in a regulated manner toward the detection zone
for the analysis of results using detection meters.*>*° Lee
et al. showed the effectiveness of 3D uPAD impregnated with
HRP conjugated anti-Trx-1 antibody for the detection of
breast cancer by targeting thioredoxin-1 with the detection
limit of 0-200 ng ml™" in the blood serum samples within 14
min.>® The high sensitivity and specificity of this technology
have enabled its use for the detection of cancer-specific
biomarkers in multiple samples within a short period, which
can be further improved with continuous advancements in
the detection techniques.

Sens. Diagn., 2024, 3, 504-535 | 509


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sd00340j

Open Access Article. Published on 23 February 2024. Downloaded on 1/10/2026 2:51:19 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Critical review

4. Advancements in detection
techniques

Apart from using the paper in different ways for efficient
cancer detection, significant improvement has occurred in
functionalizing the surface of the paper for analyzing
different types of cancer-specific biomarkers with enhanced
sensitivity and specificity. Technologies employing the
immobilization of antigen or antibodies for immune-based
detection, integration of nucleic acid amplification for
nucleic acid detection, and incorporation of advanced
recognition elements and conducting layer onto the surface
of the paper have been well described in this section (refer to
Fig. 2).

4.1 Quantitative dot blot assay (QBD)

The identification of cancer biomarkers on a paper-based

View Article Online
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antigen is blotted on the nitrocellulose sheet, which is
further exposed to the primary antibody followed by a
secondary antibody attached with an enzyme for colorimetric
detection. (Fig. 2A) Alternatively, monoclonal antibodies were
bound on paper discs.”> Moving from ‘enzyme-labeled’
secondary antibodies, the fluorescently labeled secondary
antibodies eliminated the ‘enzymatic-reaction’ step from the
assay to identify tumour-associated proteins.”> The dot-
immunoblots were superseded by immuno-chromatographic
assays (ICAs). A QDB assay can enhance the conventional
immunoblot assay to achieve quantitative and high
throughput analysis functionality. A QDB plate is engineered
in a 96-well plate format with nitrocellulose paper as the
binding surface on the base of each well (Fig. 2D). QDB has
been used to study and quantify the profile of macrophage-
capping protein (CAPG) from the prostate cancer tissue of
TRAMP (transgenic adenocarcinoma of the mouse prostate)

mice model.>® The speed of the quantitative dot blot assay

substrate started with the dot-immunoblot assays.’ The makes it an ideal option for situations where rapid results
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Fig. 2 Different mechanisms for the detection of analyte for paper-based diagnosis.
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are required. The dot blot assays do not require time-
consuming steps, e.g., gel electrophoresis or several washes,
compared to methods like Western blotting or ELISA. Overall,
QDB assays are a valuable tool for rapid, cost-effective, and
semiquantitative analysis of target molecules, but they have
limitations in terms of dynamic range, specificity, and
multiplexing capabilities when compared to other
quantitative techniques. Even though they are called
quantitative assays, dot blots have become increasingly
deemed to be a semi-quantitative assay because their signal
intensity is usually compared with an average curve based on
known concentrations in target molecules. This may result in
variability and errors of quantification, especially at extreme
points on the standard curve.””

4.2 Immunochromatographic assays (ICAs)

In an immunochromatographic assay, the antigen moves
upwards through the chromatography nitrocellulose paper
strips dipped vertically in the vials and is detected by the
antigen-antibody reaction in a similar scheme as the lateral
flow assay (Fig. 2B). The ICA can detect binding by the
measurement of fluorescence intensity using a laser FL
scanner for corresponding analyte concentration evaluation.
Since this technique could detect both free analyte and
analyte bound to the serum protease, separation of serum
from the whole blood can be eliminated.”® Many
fluorescently-tagged antibody labels have been developed into
lateral flow assays to detect HPV biomarkers for cervical
cancer diagnosis and early identification of bile duct cancer
that capture IgG antibodies from human serum.”” Detection
using ICAs can be improved through precise printing of
detector molecules on nitrocellulose sheets using a bio-
plasmonic calligraphy system and laboratory syringe
pumps.”® Apart from antibodies, nucleic acid can also be
used to detect biomarkers in a colorimetric paper assay, such
as for the identification of lung cancer biomarker mir21
(microRNA). The poly(vinylidene fluoride) (PVDF) paper is
impregnated with a luminescent reporter — poly(3-alkoxy-4-
methylthiophene) (PT) along with the complementary strand
of mir21 in the form of peptide nucleic acid (PNA). In the
presence of a noncomplementary (non-target) sequence, a
non-fluorescent duplex due to the electrostatic interaction
between non-complementary sequences and PT gets formed.
This interaction leads to fluorescence quenching and thus
change of colour from orange to purple.”® However, the
presence of target DNA leads to the formation of fluorescing
triplex (PT-PNA-mir21) of orange color. About 13 strains of
HPV have been identified by multiplexed lateral flow assay
using DNA-complementarity-based identification instead of
antigen-antibody reaction.®® Recently, a pyrrolidinyl peptide
nucleic acid (acpcPNA) probe has been engineered into a
fluorogenic paper-based biosensor to detect HCV cDNA,
which has become a leading cause of hepatocellular
carcinoma. The overhang region of the ssDNA significantly
amplifies the signal, reducing the limit of detection to as low

© 2024 The Author(s). Published by the Royal Society of Chemistry
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as 5 pmol.®! Recently, the LFA platform has been extended to
develop a new technique of ‘SERS-LFA’(surface-enhanced
Raman spectroscopy-based lateral flow assay) where the
biosensor uses aptamers as the recognition element to detect
thrombin and platelet-derived growth factor-BB (PDGF-BB)
from prostate cancer plasma.®” Instead of using antibody or
ss-DNA, the lateral flow assay can also be modified with HPV
16 virus-like particles as probes to identify HPV antibodies
from serum. Such point-of-care systems are capable of
evaluating the vaccination status of a person against cervical
cancer.®

4.3 NAAT-ICA/NAAT-LFA

The nucleic acid amplification technique has been integrated
with lateral flow assays/immunochromatographic assays to
form the nucleic acid amplification test—lateral flow assay
(NAAT-LFA) (Fig. 2E). Immunochromatographic tests (ICTs)
are being nested with PCR (polymerase chain reaction) for
the identification of HPV 16 and 18 DNA. Other amplification
techniques such as loop-mediated isothermal amplification
(LAMP) have also been integrated with lateral flow dipsticks
(LFD) to detect cervical cancer biomarkers. In yet another
approach, a combination of isothermal recombinase
polymerase amplification (RPA), reverse dot-blot assay (RDB),
and lateral flow dipstick (LFD) has been designed to identify
various genotypes of HPV viral DNA.**®® To reduce the time,
cost, and requirement of expensive instruments to conduct
PCR, interesting strategies using CRISPR-Cas systems are
gaining importance. Clustered regularly interspaced
palindromic repeats (CRISPR)/Cas9 is a gene-editing
technology that employs 2 components: a single guide RNA
to detect the target DNA sequence and a CRISPR-associated
protein (Cas) endonuclease to cleave the target sequence
upon homology recognition.”® Tsou et al. developed a
CRISPR-Cas12a system integrated with paper-based LFA for
the point-of-care detection of circulating HPV nucleic acids in
the plasma of cervical cancer patients. The system has an
equal sensitivity with PCR at a relatively lesser cost and time
(refer to Fig. 3).”° Such systems have also been immobilized
on screen-printed electrodes (like graphene oxide, In,O3-
In,S;) for the label-free detection of circulating tumour
DNAs.”"”? In another approach, amplification is reached by
polymerisation, where the binding of the analyte triggers a
controlled free-radical polymerization which enhances the
detectable signal in the paper-based device. Different cancer
biomarkers such as CEA, AFP, cancer antigen 125 (CA125),
and carbohydrate antigen 153 (CA153) have been identified
by this method.®*”® Advanced origami paper-based devices
modified with a pyrrolidinyl PNA can be used to capture
prostate cancer associate (PCA3) biomarker DNA in the
clinical samples. Subsequent addition of a G-quadruplex
(GQD) DNAzyme reported probe binds to the exposed
sequence of PNA-bound PCA3 gene and triggers a
hybridization chain reaction to accumulate more GQD onto
the device. Peroxidase activity of GQD-hemin oxidizes ABTS
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and B have been adapted with permission from Tsou et al., Translation Oncology, 2019.7°

substrate and generates deep green color with a detection
limit of 0.5 uM PCA3.”*

4.4 Molecularly imprinted polymers (MIPs)

Molecularly imprinted polymers (MIPs) have emerged as
versatile synthetic probe generation tools to recognize any
epitopes on the biomarker (Fig. 2F).”> Qi, J. et al. designed a
movable valve microfluidic paper-based electrochemical
device (Bio-MIP-ePADs), where the electropolymerization of
dopamine monomers on paper substrate introduced a
‘biological’ molecularly imprinted polymer layer, which was
used to detect CEA with a limit of detection in ng ml™. The
‘artificial” synthesis of biorecognition element (dopamine in
this case), eliminates the requirement of expensive and
relatively unstable antibodies.”® Fluorescent molecularly
imprinting conjugated polythiophenes (FMICPs) have been
used to develop MIP receptors against AFP and CEA due to
their affinity for the boronate present in the synthetic
receptor. This paper-based device has achieved the limit of

512 | Sens. Diagn., 2024, 3, 504-535

detection in the fg ml™ range, and, has been further
validated with the detection of AFP in the clinical serum
sample of liver cancer patients (refer to Fig. 4).”” Imprinting
of the MIP layer on screen-printed electrodes has gained
attention in the last few years. The electropolymerization of
phenol has enabled the synthesis of MIP receptors directly
on the paper substrate to recognize 3-nitrotyrosine from
samples.”® The addition of
poly(3,4ethylenedioxythiophene) PEDOT on the screen-
printed electrodes before conjugating it with an MIP layer
made of Eriochrome Black T (EBT) (as the functional
monomer) can further increase the sensitivity of paper-based
impedometric biosensors while detecting interleukin-f (a
cancer cell proliferating biomarker whose overexpression by
the inflammasomes aids in carcinogenesis).””

urine

4.5 Conducting paper

Conducting paper is an ordinary paper saturated with
charged nanomaterials, which increases its conductivity by

© 2024 The Author(s). Published by the Royal Society of Chemistry
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generating a potential difference across the paper as shown
in Fig. 2C.%° It requires the formation of a biological layer
incorporated with nanomaterials for interaction with
samples, which will be detected in the form of an
electrochemical signal using a transducer. Development of
paper electrodes requires a three-electrode system comprising
a working electrode, a counter electrode, and a reference
electrode. All these electrodes are deposited within the paper
using conducting inks e.g., carbon inks, silver inks, or gold
inks, which enhance the conductivity of the device. For

manufacturing paper-based electrodes using plastics,

© 2024 The Author(s). Published by the Royal Society of Chemistry

ceramics, and other resources as matrix materials, screen
printing fabrication is used.®'

The development of ‘conducting paper’ has led to many
advancements in cancer detection. Paper electrodes are used for
the detection of CEA up to 10 pg ml™" upon immobilization of
graphene/gold nanoparticles nanocomposites with high
sensitivity, specificity, and stability.** Such conducting paper
strips can be developed by immersing nitrocellulose strips into
poly(3,4ethylenedioxythiophene):poly(4-styrene sulfonate)
(PEDOT:PSS) polymer followed by immobilization of CEA
protein or CEA-aptamers. Any binding event on this conducting
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polymer layer translates to an electrochemically measurable
signal with a high sensitivity of detection (refer to Fig. 5).8*%*
Graphene ink or reduced graphene oxide is generally added to
the polymer layer to increase the conductivity of paper.®*%°
Detection of analyte can also be achieved using phthalocyanine-
BODIPY dye to detect CYFRA 21 (a lung cancer biomarker), as it
can develop a porous structure on the conducting substrate to
allow a change in conductance during analyte passage.®
Recently, the ePADS (electrochemical paper-based analytical
device) which uses screen-printed graphene electrodes has been
automatized by incorporating dual-flow behaviors in a single
paper-based platform. This eliminated the need for multi-step
reagent manipulation and has been demonstrated to
successfully detect HCV antigen at an LOD of 1.19 pg ml™" from
the serum of patient.®”

5. Advancements in signal
enhancement with next generation
nanomaterials

Integration of a wide variety of nanomaterials to the paper-
based LFAs and microfluidic devices is gaining significant
importance as they can enhance the biosensor's performance
by providing highly active surface, rich chemistry for easy
functionalization with multiple biorecognition molecules,
inherent optical properties, high electrical conductivity, and
surface  plasmon-related electromagnetic  fields for
fluorescence quenching, and color changes.®®® These
nanomaterials have been systematically classified into
inorganic, organic, and hybrid and their role in amplifying
the colorimetric, fluorescence, and electrochemical-based
signal for cancer biomarker detection with enhanced
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sensitivity and limit of detection has been well explained in
this section (refer to Fig. 6).

5.1 Inorganic nanomaterial-based biosensors

Inorganic nanomaterials comprise quantum dots, metallic
nanoparticles (gold, silver), magnetic nanoparticles, and
upconversion nanoparticles. These nanoparticles are
attractive for their size and shape-dependent tunable physical
(optical, magnetic properties) and chemical properties
(stability, inertness).”

5.1.1 Metallic nanoparticles. These nanoparticles are
composed of metals such as gold, silver, platinum, etc. with
size and composition dependent optical and electronic
properties.”” Gold nanoparticles (AuNPs) are the most
commonly used metallic nanoparticles in biosensors and are
also predominantly used to develop lateral flow paper-based
colorimetric assays. Biocompatibility of AuNPs and its surface
functionalization with proteins through covalent bonds
between gold atoms and protein's amine and cysteine groups
help stabilize the sensing proteins and their biological
activity.”' Depending on the application, AuNPs can be used
in various forms such as gold nanoclusters (AuNCs), gold

nanorods (AuNRs), gold nanostars (AuNSs), and gold
nanoseeds.”?
Abarghoei et al reported a AuNCs-based Y-shaped

microfluidic biosensor for the detection of prostate cancer
using citrate as an early biomarker. AuNCs capped with
cysteine (Cys-AuNC) possess peroxidase activity that can
oxidize 3,3',5,5-tetramethylbenzidine (TMB) in the presence
of H,0, to blue color in the absence of citrate. However, in
prostate cancer patient samples, the citrate biomarker
inhibits the peroxidase activity of Cys-AuNCs and prevents
the color change by blocking TMB oxidation.”> A similar

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sd00340j

Open Access Article. Published on 23 February 2024. Downloaded on 1/10/2026 2:51:19 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Sensors & Diagnostics

View Article Online

Critical review

= - Quantum Dots @ R
For e.g. CdSe@ZnS
(Foree cds=ezns) Semiconductor
Polymer Dots
(Fore.g. PF-TC6FQ
Lok Dendrimers Nano-ink
(For e.g. PAMAM
/ y Q dendrimers) \
y ~ b éﬁ: Protein/carbohydrate Paper ,PNIPAM \
4 Gold based nanoparticles b s \
4 Gold = Gold (For e.g. Protease sensitive Em A
nanoclusters nanorattles nanorods NPs) P eedee |
Mi 1 \
/ Metallic Nanoparticles ‘\Q o (FOr'ec:;ﬁ?PiM A\
J,“ (For e.g. Gold, Silver, Zinc nanoparticles) @Q § . l:e mi‘cx"ogel] \

";v‘ %;m oo‘ 4 Q¢ + Liposomes Organic ::‘
‘1‘ ‘ 3 \ * Electrochemical techniques ;0 Eore R RDR TS ".l
| 3::‘;":1_52;’; %\3 * Optical detection For e.g. Cellulose |
[‘ (Foreg. ,ﬂw‘,:nﬂm] = > Fluorescence detection nanofibers 1
[ » Colorimetric detection N 1
| » Luminescence detection Polymer sInorganic |
| . Nanocomposite {
\ » LSPR % (For e.g. PEDOT:PSS - nFe,03) |
| Carbon * Thermometr ) /

| Nanotubes Fullerenes Q). y s ~— PEDOT/PSS  Polymer - Carbon |

\ ”6 > ‘s == nFe,0;/CNT Nanocomposite /

\ fole (7) AS) (For eg. PEDOT:PSS - CNT) |
\ - 0 N q‘ﬁ /
\ Carbon nano-dots Polymer - Polymer /
REWECE Carbon 5 nanocomposite /
\ R Carbon electrodes  Nano-ink W PEDOT:PSS-pya (O ©& PEDOTPSS- /

) 2 &2° PVA EsNf)

(Screen printed nanofibres ;
.............. electrodes) [ rGO coated PE Carbon - Inorganic
GO/rG * Graphene - chi / posi y
thionine coated PE (For e.g. rGO-AgNPs)
Ps
Graphene Ba_se'd Carl)on AgN Erimn=GyziE=
ial ns AuNPs I =
norganic
(Fore.GO/rGO) Nanocomposites
Carbon (Foreg.GTA)
$ Nanohorns/ Carbon - Polymer - >
g ane Inorganic o
g . nanocomposite =
""‘»:‘,_Vilamonds (Foreg. GCA]_“ g

Fig. 6 Types of particles used for paper-based biosensors. tPADs - microfluidic paper-based analytical devices, ANPs - silver nanoparticles,
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approach has also been used for colorimetric aptasensing of
CEA over a range of 4 to 25 ng ml™" with 100% sensitivity
and around 97% specificity. The aptasensor employs mercury
ions (Hg>") to block the TMB-reducing capability of AuNPs
during CEA detection by the aptamer and in turn imparts a
reduction in the blue color.”* AuNRs are also used for cancer
detection due to their high surface area, improved signal-to-
noise ratio, and high electrical conductivity leading to better
electron transfer as compared to AuNPs.”” Electrochemical
techniques such as cyclic voltammetry (CV), differential pulse
voltammetry (DPV), electrochemical impedance spectroscopy
(EIS), amperometry, which sense the analyte based on current
change with respect to voltage, change in impedance over a
range of frequencies (EIS), change in current with respect to
time (amperometry) due to antigen-antibody interactions can
also involve the use of AuNRs as biosensing element.”® CV
measures current upon linearizing the potential of a working
electrode with time. The potential is generally measured on a
cyclical basis from two limits that are normally forward and
backward.’” On the contrary, DPV involves the use of several
possible pulses to an active electrode with low amplitude and
short duration coupled onto a linear sweep of impulses.”” In
comparison with traditional voltammetry techniques, the

© 2024 The Author(s). Published by the Royal Society of Chemistry

resulting current shall be recorded differentially to provide
enhanced sensitivity and resolution. CV and DPV, with their
distinct advantages and applications, are the most widely
used electroanalytical techniques.”” While CV provides
information on redox behavior and kinetics for
electrochemical reactions in a range of potentials, DPV offers
enhanced sensitivity and selectivity, which makes it
particularly suited to trace analysis and the quantification of
analytes. EIS is also a very powerful technique to analyze the
electrical response of an electrochemical system, with regard
to applied alternating current signal at various frequencies.”®
It provides information on the electrochemical processes
occurring on the surface of the electrode and on the
properties of the electrolyte solution. Amperometry is used in
response to chemical species undergoing oxidation or
reduction on an electrode and measures the current at a
specific potential. It is frequently used for the detection and
quantification of analytes with high sensitivity.”” A special
form of gold nanomaterial called gold nanorattles (AuNRTS),
which are hollow plasmonic nanostructures, have also been
used for the diagnosis of renal cancer by detecting perilipin-2
(PLIN-2) biomarkers. They consist of an AuNP core with a
porous and cubic Au shell and exhibit higher refractive index
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sensitivity as compared to solid nanostructures (such as
AuNRs) for localized surface plasmon resonance (LSPR).**°

Similar to gold nanoparticles, silver nanoparticles can also
be employed in paper-based electrochemical sensors owing
to their high biocompatibility and electrical conductivity.”*
Nanoporous silver, AuNRs, and AuNP inks can be coated onto
cellulose fibres to generate paper working electrodes, that
can be immobilized with cancer biomarker-specific primary
antibodies for electrochemical detection of antigens like PSA,
CEA, and AFP. Metallic nanoparticles and nanocomposites
like porous zinc oxide spheres-silver nanoparticles (PZS-
AgNPs) composite are also used to amplify biosensing signal
upon immobilization with secondary antibody (refer to
Fig. 7).1017103

Even though, gold and silver nanoparticles are predominant
choices for electrochemical biosensors, numerous other metals
like platinum, copper, nickel, palladium, and iridium also
possess significant catalytic properties that can help design low-
detection and high-sensitivity sensors. Even though their
application has not been explored much in paper-based
biosensing, they possess great potential in the detection of
oligonucleotides, carbohydrate, and peptide moiety, and as
electron transfer intermediates in electrochemical sensors.”"'**

5.1.2 Quantum dots. Another type of inorganic nanocrystal
are the quantum dots (QDs) which are made up of
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semiconductors like cadmium telluride (CdTe), zinc selenide
(ZnSe), etc. with unique properties such as broad absorption
with narrow fluorescence emission, size/structure/composition
tunable emission from visible to IR region, and exceptional
brightness due to high quantum yields."® QD nanoparticles
consist of a large number of metal ions which results in
enhanced voltammetric signals when used as a label as
compared with metal ion label."® QDs can overcome the
limitations  associated ~ with ~ immunochromatographic
electrochemical biosensors (IEB) like low voltammetric signals
because of lesser metal ions present per antibody molecule and
the inability to detect low concentrations of biomarkers. Hence,
IEB consisting of CdSe@ZnS QDs conjugated with anti-PSA
antibodies (anti-PSA-QDs) are used for the detection of prostate
cancer-specific PSA biomarker in an LFA. The LFA-based
detection of PSA antigen is quantified using a screen-printed
electrode present inside the test zone employing square wave
voltammetry (SWV).'®” CdTe QDs immobilized onto the paper
can also be used for CEA detection in a silver ion-dependent
manner. Acidic treatment of anti-CEA antibody labeled AgNP
post CEA capturing can lead to the dissolved Ag ions induced
fluorescence quenching of CdTe QDs as a concentration-
dependent readout with a detection limit of 5.6 pg ml™.'*®
CdTe/CdSe QDs impregnated paper can also be coupled with
enzymes like glucose oxidase for the H,0,-based fluorescence
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Fig. 7 Schematic of the gold nanorods coated paper-based electrochemical immunosensor containing porous zinc oxide spheres-silver
nanoparticles nanocomposites as detection labels (A), the effect of different detection labels on prostate-specific antigen (PSA) concentration-
dependent current generation (B), and a calibration curve of PSA using electrochemical immunosensor (C). Schematic of 3-D origami multiplexed
electrochemical immunodevice (D), steps involved in its generation using nanoporous silver coating as an electrode, and chitosan-coated
nanoporous gold as detection labels for CEA and AFP (E), a calibration curve of CEA (F), and AFP (G). Figures A-C have been adapted with
permission from Sun et al., New Journal of Chemistry, 2015.1°* Figures D-G have been adapted from Li et al., Chemical Communications, 2013.1°2
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quenching readout in the presence of an analyte."® QDs can
also be used with other metallic nanoparticles and metal-
organic frameworks for the detection of the gaseous biomarkers
in lung cancer patients.""

5.1.3 Upconversion nanoparticles. A different category of
inorganic NPs namely, upconversion nanoparticles (UCNPs) is
typically composed of inorganic host matrix doped with metals
such as lanthanides."™" These nanoparticles possess the ability
to emit visible luminescence under NIR excitation and are
preferred over conventional fluorophores due to their unique
properties of sharp emission band and high photostability."**
UCNPs employ fluorescence resonance energy transfer (FRET)
and can be used for the multiplex detection of cancer
biomarkers like CEA, o-fetoprotein (AFP), and carbohydrate
antigen-125 (CA-125). In such biosensors, anti-CEA linked
polyethyleneimine (PEI) modified NaYF,:Yb,Tm UCNPs are
printed on the normal filter paper as FRET donors and CEA
labeled fluorescein isothiocyanate (FITC) as FRET acceptor.
Interaction of biomarker and antibody results in an energy
transfer from Tm®" to FITC and subsequent fluorescence
emission at characteristic wavelength is monitored for cancer
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detection.”® A smartphone-coupled lateral flow strip sensor was
also reported for the detection of PSA and EphA2 cancer
biomarkers using anti-PSA antibody tagged Er3+-doped UCNPs
as well as anti-EphA2 antibody-tagged Tm3+-doped UCNPs. The
binding of PSA and EphA2 antigens to their respective
antibodies tagged UCNPs present on the device emits yellow
and purple upconversion signals which indicates the presence
of PSA and EphA?2 respectively.'**

5.1.4 Carbon based nanomaterials. The unique
combination of superior optical, electrical, and mechanical
properties makes carbon allotropes a favored nanomaterial
in the biosensing of cancer-specific markers."'®> Based on
their unique properties carbon-based nanomaterials have
been used as graphene sheets, graphene quantum dots,
carbon nanotubes (CNTs), carbon quantum dots/carbon
nano-dots (C-dots), fullerenes, carbon nanohorns, or carbon
nanodiamonds.

Graphene is a 2-dimensional flat sheet of hexagonally
arranged carbon lattice. Graphene-based biosensors gained
popularity in biosensing applications in the form of graphene-
oxide sheets, graphene paper-electrodes, and graphene quantum
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Fig. 8 A and B) Paper coated graphene oxide based immunosensor for pancreatic cancer biomarker (PEAK1 tyrosine kinase) detection. Figures A

and B have been adapted from Prasad et al., Sensors and Actuators B: Chemical, 202
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dots."*® Graphene-oxide modified microfluidic analytical devices
were developed for the detection of cancer cells (MCF-7, HL-60,
and K562 cells). DNA-aptamer functionalized coloured quantum
dots are adsorbed on the graphene paper nanosensor, where a
fluorescence signal is detected based on FRET upon biomarker
analyte binding.""” Graphene-oxide or reduced graphene oxide
nanocomposites have also been used to modify the paper
electrodes for electrochemical sensing of PSA, CEA, pancreatic
cancer biomarker PEAK;, and cancer antigen 125 (refer to
Fig. 8)."'%"*! Graphene-based nanomaterials can also be used for
the development of dot immune-graphene-gold filtration assay
(DIGGFA) exploiting the photothermal effect of graphene oxide
nanocomposites to detect MCF-7 breast cancer cells, portable 3D-
WPAD functionalized with graphene nanocomposites to detect
o-fetoprotein, and graphene oxide screen printed electrodes
(GPHOXE) to detect circulating tumour DNAs.”""**'?* Apart from
the graphene-oxide sheets and graphene paper -electrodes,
graphene quantum dots are emerging as new ‘hano-biosensor’
probes for cancer detection.*** Graphene quantum dots with
multi-walled carbon nanotubes (MW-CNTs) can significantly
amplify the sensitivity of detection to up to 0.03 ng ml™ for the
simultaneous quantification of 2 metastatic biomarkers (IL-
13Ra2 and CDH-17) from breast and colorectal cancer cell lysate
samples and paraffin-embedded tumour tissues within 3
hours.'*

CNTs on the other hand are rolled-up large cylindrical
hollow tubes of single (single-walled CNTs) or multiple sheets
of graphene (multi-walled CNTs)."*® Their distinctive features
such as special geometrical shape, high conductivity and
chemical stability, high aspect ratio, and lightweight with
good mechanical strength makes it a suitable candidate for
biosensing platform.'*” Carbon nanotubes can offer electrical
conductivity 100 times higher than copper along with
mechanical strength better than that of steel and even
superior thermal conductivity than diamond.'*® Exemplary
properties of CNTs can be imparted onto the paper-based
sensors by loading antibody-modified multi-walled CNTs
onto micro-porous papers. Any binding event on the surface
of the antibody results in a shift of electron transfer in the
sensor, leading to a change in resistance that can be recorded
in impedimetric sensors.'”® These conducting paper
electrodes can be a great low-cost yet sensitive alternative to
the advanced ionic liquid CNT-modified electrodes, advanced
quantum dots attached CNTs based electrochemical sensors,
or CNT field-effect transistor based biosensors."****! Even a
primary antibody-attached multi-wall CNTs modified paper
biosensor could impart a noteworthy detection limit of 1.18
ng ml™" for PSA as compared to commercially available ELISA
kits (51 pg ml™)."*® Application of CNTs has also been
extended to the detection of human fetuin A (HFA) (a
pancreatic and liver cancer biomarker) and miR-141 (prostate
cancer biomarker) by functionalizing onto screen printed
carbon electrodes (SPEs) and electroactive polymer printed
electrodes respectively."**** These discovered ‘nano-probes’
of carbon allotropes integrated with paper-substrate can help
in achieving a quantifiable and highly sensitive
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electrochemical/amperometric/fluorometric  nano-biosensor
with a strong potential for translation in clinical settings. In
conclusion, superior conductivity, ease of functionalization,
and tunable signal enhancement properties make inorganic
nanomaterials extremely important for the development of
advanced paper-based biosensors for cancer detection.

5.2 Organic nanomaterial based biosensors

In addition to inorganic nanomaterials, different kinds of
organic nanoparticles (polymer dots, liposomes, dendrimers,
nanofibres) have also been employed for the paper-based
detection of cancer biomarkers by exploiting the unique
properties of biomolecules.

5.2.1 Semiconductor polymer dots. Fluorescence-emitting
semiconductor polymer dots (PDOTSs) are superior fluorescent
lateral flow assay probes due to their easy surface
functionalization and significantly higher brightness per unit
probe. PDOTs can detect multiple cancer biomarkers on a
single immunochromatographic test strip (ICTS). Even
though, inorganic quantum dots having exceptional
photophysical properties could be a better choice in ICTS,
their active interaction with biothiols/metal ions in body
fluids and damaging toxicity to the environment limits its
applications.”***® PDOTs on the other hand not only offer
superior fluorescence brightness than quantum nanocrystals,
but also offer a high signal-to-noise ratio, high colloidal and
photostability in biological fluids, and amplified energy
transfer with multicolor emissions for multiplexed detection
of biomarkers under single excitation wavelengths.'*7'%
Researchers have developed versatile platforms for cancer
detection by incorporating semiconducting polymers into
nanoparticles, utilizing PCA (poly(9,9-dioctylfluorene)-co-
phenylene) as one such approach. The fluorescent signal
emitted by PCA nanoparticles can be amplified through
various methods, such as Forster resonance energy transfer
(FRET) or aggregation-induced emission (AIE), enhancing the
sensitivity of cancer detection assays. FRET between antigen-
capturing PCA nanoparticles and antigen-detecting PF-TC6FQ
Pdots in an ICTS due to their overlapping emission and
absorption spectra respectively, can give a visual hue of
emission from sky blue to orange-red under 410 light
exposure which can be correlated with the antigen
concentration in the samples (refer to Fig. 9)."**> PDOTs may
also be used to multiplex the detection of cancer biomarkers
such as AFP, CEA, and PSA using semi-conducting polymers
with distinct emission colors [PF-TC6FQ (red), PFO (blue),
and PFCN (green)]."**'** PDOTs can also be modified to have
a broad excitation range and emit ultrabright NIR with large
stokes shifts by using quinoxaline derivatives and their
varying molar percentages in the polymer backbone. Such
quinoxaline based PDOTs were observed to be 8 times more
brighter than commercial quantum dots (Qdots655)."**
Quinoxaline-based dual colorimetric and fluorometric paper
strips have been developed to detect the acidic pH of
biofluids associated with tumor growth."*> The PDOT-based
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Fig. 9 Schematic of FRET-created traffic light immunochromatographic strip (ICTS) for the cancer biomarker detection (A), photographic images
of ICTS detecting different concentration of prostate specific antigen (PSA) biomarker upon excitation under 410 nm UV light (blue panel) and its
corresponding fluorescence with a 600 nm long-pass filter (purple panel) (B), and multiplex detection of dual biomarkers (CEA and PSA) using

FRET-created ICTS (C). Figures A-C have been adapted with permission from Yang et al., Analytical Chemistry, 202

probes have also emerged as colorimetric readouts in
immunochromatographic  tests for PSA  biomarker
identification with ~pg ml™ limit-of-detection."*®

5.2.2 Liposomes. These are small polymeric vesicles of
spherical shape that can be formed using natural phospholipids
surrounding an aqueous core."*” Liposomes are predominantly
used to enhance the limit of detection of colorimetric low-cost
paper-based sensors for early diagnosis. They are generally
employed in polymerization-based signal amplification (PBA)
chemistry, where they can be encapsulated with large amount
of photoinitiators like eosin Y to overcome limited photo-
initiation reaction due to poor solubility and fluorescence self-
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quenching of  photoinitiators."*®*  High  photoinitiator
encapsulation and their rapid localized release from liposomes
in the presence of target analyte can enhance free-radical
polymerization on biofunctionalized paper to generate colored
hydrogels."*® Liposomes can easily load different types of
hydrophilic and hydrophobic dye molecules with high loading
capacity and can impart an application-specific sustained or
rapid triggered release profile."** Incorporation of liposomes
into PBA could enhance the signal by 30-fold compared to
conventional PBA and increase the detection limit to sub-
nanomolar range with high contrast signals."*® High
biocompatibility of lipid-based nanocarriers also reduces non-
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specific interactions with biological fluid components and thus
can be employed as signal enhancers in low-cost biosensing
applications.”® Liposomal building blocks i.e. phospholipids
(distearoyl phosphatidyl ethanolamine-polyethylene glycol,
DSPE-PEG), monoacyl C18 fatty acids, or cholesterol are also
used to detect exosomes present in the blood of cancer
patients."”" Exosomes are small (30-100 nm) membrane-bound
vesicles secreted by the mammalian cell including cancer cells
and can be a great prognostic marker for cancer detection.
These amphiphilic probes can be inserted into exosomal
membrane via their hydrophobic tail and can be tagged with
biotin on the hydrophilic end for efficient exosome isolation
from the clinical samples.***

5.2.3 Dendrimers. These are nano-sized symmetrical
molecules with a well-defined shape and homogenous
distribution of systematic branching around them and are
mostly characterized as highly functional nanomaterial due
to the presence of functional groups.>'>* A 5th generation
polyamidoamine PAMAM dendrimer with 128 amino
functional groups on its outer surface was immobilized onto
the paper surface for the detection of telomerase enzyme.'*”
This enzyme is reactivated in almost 85% of the cancer cells
and can promote indefinite cell proliferation by preventing
telomeric shortening due to its DNA polymerase activity.">®
Telomerase substrate (TS) primer molecules were then
attached to the dendrimer surface which will be subsequently
amplified by the telomerase present in the clinical sample.
The telomerase extension products can be detected by Cy5
labeled ss-DNA probes for a fluorescent readout. Multiple
functionalizing sites on a branched dendrimer provide an
advantage to developing an amplification-free, fast, low-cost,
and instrument-free assay.'”®

5.2.4 Organic nanofibers. The porosity of the paper is an
important governing factor of paper-based test strip
sensitivity.’® Reducing the pore size can significantly
enhance the sensitivity however its adjoining side effects like
reduced sample flow, increased assay time, complete flow
stop, or membrane defects can lead to compromised
reproducibility.’>® Therefore, organic nanofibers like cellulose
nanofibers (CNFs) can be specifically used to increase the
pore size of the test region where detection antibodies are
embedded."”*'®®  Biocompatibility and gel-based easy
application of such nanomaterials at the localized test region
can provide high surface area and superficial attachment of
the recognition antibodies or the transducer particles like
AuNP on the paper strip for around 36.6% enhanced
colorimetric sensitivity over conventional LFAs.'®' Organic
nanofibers made of PEDOT:PSS polymer can also be used to
develop conducting paper electrodes for electrochemical
sensors.'®* These polymers can be electrospun onto the paper
as long ultrafine fibres to impart electrochemical properties,
thermal stability, mechanical strength, and high surface-to-
volume ratio for enhanced biomolecule loading, and efficient
biochemical interactions.'®*'®* Biofunctionalization of these
nanofibers with CEA antibodies can detect CEA in a linear
range of 0.2-25 ng ml™" with high sensitivity.'"®* This can
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provide a great alternative to the costly metallic printed
electrodes having silver, gold, or graphite inks and develop
cost-effective, flexible, biocompatible, and disposable paper-
based sensors."®>

5.3 Multi-nanomaterial based hybrid biosensors

Each nanomaterial possesses unique properties that can be
utilized to enhance antigen capture, detection, and signal
amplification, however in order to enhance the overall
sensitivity, specificity, and efficiency of a biosensor, a rational
amalgamation of multiple nanomaterials or combination of
nanomaterial with special polymers would be ideal. For
example, in addition to the use of conducting polymers like
PEDOT:PSS for the fabrication of conducting paper, the use
of PVA-nanofibres, nanostructured iron oxide, reduced
graphene oxide (rGO), and CNTs can increase the sensitivity,
specificity, and robustness of a biosensor by improving its
mechanical strength, electrochemical activity, and cancer
biosensing properties.®>'®>'°%1%> gimilarly, a novel ink-jet
printed photo paper-based biosensor can be coated with
conductive silver nanoparticles (AgNPs) and rGO-based nano
ink (Ag/rGO), where Ag/rGO nano-ink was used synergistically
with cysteamine doped AuNPs (CysA/AuNPs) as signal
amplification labels for the chronoamperometric detection of
breast cancer-specific carbohydrate (CA 15-3). This increased
the electron transfer efficacy and biosensor efficiency due to
the synergistic use of signal amplification labels as well as
hybrid nanocomposite of carbon-based (rGO) and inorganic
nanomaterials (AgNPs).'**%®  GQDs with Au-Pd alloy
nanoparticle (NPs) probes can be used to quantify H,O,
released by tumor cells by both photoelectrochemical as well
as colorimetric transduction, whereas when used with
reduced-graphene quantum dots and chitosan, they can
fluorescently detect alkaline phosphatase (ALP)—a bone,
breast, and ovarian cancer biomarker.'®%*”°

Another interesting hybrid strategy involved the use of
graphene-polyaniline modified paper electrodes (G-PANI) for
the electrochemical detection of HPV nucleic acid.
Anthraquinone-labeled peptide nucleic acid (ss-PNA) probe
was functionalized on the G-PANI surface for capturing
complementary target DNA of HPV. Upon sample addition,
the PNA-target DNA construct blocks the charge transfer from
anthraquinone to G-PANI conducting paper surface and
reduces the current. This reduction in the current signal
correlates with the presence of HPV DNA for cervical cancer
diagnosis."”* Xia et al. have also reported a paper-based thin
film microextraction system that can detect gaseous
benzaldehyde (BA) in human exhalation as a biomarker for
Lung Cancer using metal-organic framework (MOF such as
NU-901) structures embedded with gold nanorods and
quantum dots (GNRs-QDs@NU-901) in dual mode ie.
fluorescence  detection as well as SERS signal
quantification."™® Therefore, when BA encounters these
structures, its aldehyde group interacts with the amine group
of 4-mercaptonoaniline present on GNRs and this results in
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the formation of Schiff base, which in turn, causes
disassembly of GNRs and QDs, resulting in fluorescence
signal. On the other hand, the formed Schiff base was also
used as a SERS reporter for BA detection.'*°

A hybrid rGO-modified paper electrode coated with branched
zinc nanorods (BZR) instead of AuNRs alone can also be used for
enhanced immunosensing of o-fetoprotein (a tumor biomarker)
due to increased sites for antibody loading, along with the
synergistic use of porous zinc oxide spheres-AuNPs (PZS@Au)
nanocomposites as signal labels.'®*'”> A similar strategy
including SiO, nanoparticles, chitosan, and graphene was also
integrated into a paper-based microfluidic device for the
multiplex detection of four kinds of cancer biomarkers such as
CEA, AFP, CA125, and CA153. To remove the complexity due to
the presence of labels, a novel label-free microfluidic-based
electrochemical (EC) immunosensor was developed for the
detection of CEA by coating the working paper electrode with
antibody-linked carbon-organic-inorganic (graphene-thionine-
AuNPs) hybrid nanocomposites. Thionine being an electrically
active substance was employed for current generation due to
redox reactions, whereas amino-functionalized graphene was
used for signal amplification by accelerating the electron transfer
due to its excellent conductivity.** Further advancements in the
same immunosensor have been made for the simultaneous
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detection of dual cancer biomarkers (CEA and lung cancer-
specific neuron-specific enolase (NSE)). Working electrodes were
modified with graphene-thionine-AuNPs nanocomposites and
Prussian blue (PB)-poly (3,4-ethylenedioxythiophene) (PEDOT)-
AuNPs nanocomposites to immobilize CEA aptamer and NSE
aptamers respectively and enhance electron transfer. An
improved limit of detection of 2 pg ml™ for CEA and 10 pg ml™
for NSE was observed along with correlating efficacy with
commercially available equipment for detecting biomarkers in
clinical serum samples (refer to Fig. 10)."*® Since EC sensors are
less portable and relatively costly due to the requirement of heavy
and costly instrumentations, a novel battery-triggered
electrochemiluminescence (ECL-luminescence generated during
electrochemical reaction) based immunosensor using dual-signal
amplification strategy was developed for the detection of PSA and
CEA. It is a microfluidic device with wax-patterned paper (with
screen-printed electrodes) employing a hybrid of graphene oxide-
chitosan-gold nanoparticle as an immunosensing platform and
functionalized nanoporous signal amplification
labels."”?

Immunoassay-based multi-readout biosensing of cancer
biomarkers like PSA can also be achieved through a
photothermal biosensing lab-on-a-chip. A PMMA paper hybrid
disk consisting of a dissociative clip unit and a magazine bearer
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Fig. 10 Paper-based electrochemical aptasensor. The working electrode was modified using amino functional graphene (NG)-thionin (THI)-gold
nanoparticles (AuNPs) and Prussian blue (PB)-poly (3,4-ethylenedioxythiophene) (PEDOT)-AuNPs nanocomposites for the immobilization of the
CEA and the NSE biomarkers as well as to promote electron transfer. Figure has been adapted with permission from Wang et al., Biosensors and

Bioelectronics, 2019.1¢
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can be wused to load both thermoresponsive poly(N-
isopropylacrylamide)-acrylamide (NIPAM-AcAm) hydrogel and
photothermal Fe;O, nanoparticles probes. Immunocapturing of
the antigen cause conversion of Fe;O, to Prussian blue
nanoparticles which in the presence of photothermal laser
causes phase separation of the dye with the hydrogel and
impart both colorimetric and thermal readout of the antigen
sensing (refer to Fig. 11). Such sensors offer great versatility in
portable paper-based analytical devices with visual quantitative
signal readouts.’”* Overall, most of these hybrid nanomaterial-
based biosensors are preclinically validated using real samples
such as serum, plasma, and urine for the detection of cancer
biomarkers, which enhances their possibility for further clinical
validation in the future.

6. Different types of samples
employed in paper-based cancer
diagnosis

Applications of paper-based POC devices are generally
studied using various biological samples such as blood,
urine, sweat, tears, and saliva (refer to Table 2).
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6.1 Blood samples

Blood has accessibility to all bodily sites, hence it can help
diagnose different malignancies through abnormal tissue-
specific pathological signatures. The complex nature of blood
due to the presence of different kinds of cells, salts, and
proteins affects the final analysis using sophisticated
instruments due to volume constraints post plasma or serum
separation.’”>  Therefore, paper-based biosensors are
employed due to minimal plasma or serum sample
requirements. Microfluidic devices can diagnose breast
cancer by detecting human epidermal growth factor receptor
(HER2) in serum samples with a 1 pM limit of detection.'”®
Similarly, nPADs employ gold nanoparticle-coated electrodes
to detect cancer antigen-125 (CA-125) in blood samples for
the diagnosis of ovarian cancer. Gold nanoparticles-based
lateral flow assays are also developed for the detection of
humoral hypercalcemia of malignancy (HHM) by sensing
nanograms levels of parathyroid hormone-like hormone
(PTHLH) secreting factor in human serum samples."”” PDGF-
BB and thrombin can be detected in human serum spiked
samples using LFA-aptasensors.'”®

Since, the increased concentration of fibrinogen in serum
samples is a biomarker of advanced hepatocellular carcinoma,
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Cancer Sample Biomarker Ref.

Breast Blood HER-2 ECD, CEA, CA15-3, LAG-3, MUC1, CA125, CA27.29, BRCA1, BRCA2, 194-203
NY-BR-1, ING-1, ER/PR, miRNA-17-5p, miR-155, miRNA-222, miRNA-548b-5p,
miR-532-502, 5 miRNA panel (let-7b-5p, miR-122-5p, miR-146b-5p, miR-210-3p,
miR-215-5p), 3 miRNA panel (miR-21-3p, miR-21-5p, miR-99a-5p)

Lung Blood NY-ESO-1, CEA, CA19-9, SCC, CYFRA21-1, NSE, EGFR, PD-1, CEA, KRAS, ALK 204-214
(anaplastic lymphoma kinase), miR-339-5p, miR-21, miR-141, miR-145,
miR-210-3p, miRNA-31, 6 miRNA panel (miR-19b-3p, miR-21-5p, miR-221-3p,
miR-409-3p, miR-425-5p, miR-584-5p), 3 miRNA panel (miR-28-5p, miR-362-5p,
miR-660-5p), 3 miRNA panel (miR-16, miR-205, miR-486), 4 miRNA panel
(miR-146b, miR-205, miR-29¢, miR-30b), 3 miRNA panel (miR-21, miR-210,
miR-486-5p)

Liver Blood PD-1, AFP, CEA, miR-224, miRNA-200 IncRNA-TSIX, miR-548-a-3p, SOGAL, 215-219
miRNA-122a, 3 miRNA panel (miR-122, miR-148a, miR-1246)

Ovarian Blood CA125, CA15-3, HER2, BRCA1/2, AFP, hCG, p53, CEA, CA549, CASA, CA19-9, 220-222
MCA, MOV-1, TAG72, KRAS

Gastric Blood CEA, HER-2 ECD, LAG-3, CA72-4, CA19-9, miR-101, miRNA-22-3p, miR-196a/b, 2 223-232
miRNA panel (miR-19b-3p, miR-106a-5p), 2 miRNA panel (miR-21, miR-222), 4
miRNA panel (miR-21, miR-93, miR-106a, miR-106b), 3 miRNA panel (miR-221,
miR-376¢c, miR-744)

Colorectal Blood EGFR, CEA, KRAS, miRNA-141, miR-338-5p, miR-497, 2 miRNA panel 233-240
(miR-1290, miR-320d), 7 miRNA panel (miR-103a-3p, miR-127-3p, miR-151a-5p,
miR-17-5p, miR-181a-5p, miR-18a-5p, miR-18b-5p), miRNA panel (miR-144-3p,
miR-425-5p, miR-1260b)

Pancreatic Blood PD-1, CEA, CA19-9, CA125, TIM-3, KRAS, hsa-miR-21-5p, miR-221-3p, 241-248
microRNA-100, miR-21-5p, miR-182, 2 miRNA panel (miRNA-196, miRNA-200
with CA19-9), 6 miRNA panel (let-7b-5p, miR-192-5p, miR-19a-3p, miR-19b-3p,
miR-223-3p, miR-25-3p), 2 miRNA panel (miR-10b, miR-30c)

Bladder Blood BAT, FDP, NMP22, HA-Hase, BLCA-4, CYFRA 21-1, miR-155 220-222,

249
Urine 2 miRNA panel (miR-93-5p, miR-516a-5p), 4 miRNA panel (let-7b-5p, 250, 251
miR-149-5p, miR-146a-5p, miR-423-5p)

Prostate Blood PSA, PAP, 3 miRNA panel (miR-145, miR-148, miR-185) 221, 222,

252

Esophageal Tumor tissue SCC 221

Blood 6 miRNA panel (miR-106a, miR-18a, miR-20b, miR-486-5p, miR-584, 232
miR-223-3p)

Endometrial Blood CA 125, 6 miRNA panel (miR-143-3p, miR-195-5p, miR-20b-5p, miR-204-5p, 222,253
miR-423-3p, miR-484)

Diffuse large B-cell lymphoma Tumor tissue PD-L1 220

(DLBCL), chronic lymphocytic and blood

leukemia (CLL)

Osteosarcoma Tumor tissue TIM-3, miR-663a, miR-139-5p, miR-101 222,

254-256

Chronic myeloid leukemia Blood and bone BCR-ABL1 221

marrow

Non-Hodgkin's lymphoma Blood let-7a, miR-124 249

Acute myeloid leukemia Tumor tissue, FLT3, IDH1/2, DNMT3A, NPM1, SRSF2, let-7a, miR-124 249, 257,

blood 258

Melanoma Tumor tissue PD-1, GP100, MAGE-A, Tyrosinase, NY-ESO-1 222

Testicular Blood Alpha-fetoprotein (AFP), f-human chorionic gonadatropin, CAGE-1, ESO-1 221, 222

Glioma Tumor tissue, IDH1, IDH2, MGMT, PPM1D, H3F3A, 259-261

cerebrospinal fluid
Blood miR-182, 3 miRNA panel (miR-19a-3p, miR-106a-5p, miR-181b-5p) 262, 263

a point-of-care paper-based biosensor to quantify plasma
fibrinogen concentration has been recently developed.'””
Thrombin is added to the paper strips followed by the addition
of the plasma samples containing known concentrations of
fibrinogen. The reaction between thrombin and fibrinogen
leads to differential eluted lengths when placed in elution
baths, which is inversely correlated to the fibrinogen
concentration.'®

© 2024 The Author(s). Published by the Royal Society of Chemistry

6.2 Urine samples

Urine is a commonly collected biological fluid for the detection
of various diseases because of the presence of various analytes
(proteins, cells, hormones, drugs, bilirubin, glucose, albumin,
creatinine,). It has a broad pH range of 4.5-8.0 and a viscosity
of 0.6-1.2 mPa s. As compared to blood, it requires fewer
sample processing steps, but in a few cases, it requires
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processing such as buffer dilution to remove sample turbidity
and pH neutralization as urine's acidic pH might affect the
reagent or antibody coated onto the paper.'® Urine contains
various cancer biomarkers such as sarcosine and citrate for
prostate cancer, nuclear matrix protein number 22 (NMP22) for
bladder cancer, neutrophil gelatinase-associated lipocalin
(NGAL), matrix metalloproteinase 9 (MMP-9), and a disintegrin
and metalloprotease-12 (ADAM-12) for breast cancer, HPV
(human papillomavirus) E6 oncoprotein for cervical cancer, and
perilipin-2 for renal cancer.”*'°%'8%183 Therefore, plasmonic
gold nano rattles coated and cysteine-capped gold nanoclusters
coated paper-based microfluidic devices were explored for the
detection of perilipin-2 and citrate, respectively.”>'*° A
commercial paper-based OncoE6™ cervical test is also available
for the detection of HPV16-E6 oncoprotein present in urine,
responsible for cervical cancer.'® Synthetic urinary biomarkers
have also been reported for the paper-based detection of
colorectal cancer by developing protease-sensitive peptide-
coated nanoworms (NWs) with reporter probes. MMP-9 released
by colorectal cancer cells cleaves the protease-sensitive linkages
and facilitates the release of fluorescent probes into the urine
for subsequent detection (refer to Fig. 12)."*" Despite many
advantages associated with the high usage of urine samples for
detection purposes, sometimes due to contamination, incorrect
collection as well as presence of interfering agents can result in
pre-analytical errors.'®>

6.3 Other samples

Salivary samples can be used due to the presence of various
cancer biomarkers such as IL-6, IL-8, CYFRA-21-1, sCD44,
etc."®'% CD44 biomarker in saliva-containing oral rinse of

View Article Online
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oral cancer patients was detected using a colorimetric lateral
flow assay.'® Saliva has also been used for the detection of
cancer using various non-paper-based biosensors."*®'*! The
advantages of using saliva involve its non-invasive nature
along with low sample processing costs. However, the
disadvantages include the chances of interference due to
various other substances present in saliva such as food,
mucins, bacteria, and the presence of biomarkers in lesser
quantity as compared to blood or urine."”® To detect oral and
oropharyngeal cancer from oral rinses, a paper-biosensor
with salivary biomarker (CD44) test strips immobilized with
anti-CD44 monoclonal antibodies has been developed.'*°

Swab samples obtained from the internal lining of the
wound, respiratory tract, and cervix, consisting of mucous,
cancer cells or biomarkers, and other components, can also
be used for cancer detection. Multiple studies have reported
the paper-based detection of cervical cancer biomarkers (HPV
6, 11, 16, and 18) in cervical swabs using lateral flow assays.®’
The commercial device OncoE6™ developed for cervical
cancer diagnosis through urine can also employ vaginal and
cervical scrapes from the patients.'®* Detection using swabs
and scrapes is an inexpensive way to collect specimens for
cancer testing. However, chances of infection and patient
discomfort are the major concerns.

Cancer tissues can also be directly used for diagnosis after
extraction and amplification of the DNA from the tissue
specimen. Klapperich et al. reported a colorimetric and
lateral flow paper fluidic device that detects HPV 16 DNA
from cervical tissue specimens.'®® In addition, various
samples such as tears, sweat, and VOCs have gained major
importance because of rapid analysis due to their direct
usage for detection without any sample processing, but fast
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Fig. 12 Schematic of the synthetic urinary biomarker and steps involved in its in vivo processing to excrete detectable analyte in urine (A) and its

subsequent paper-based detection (B). Figures A and B have been adapted with permission from Warren et al., PNAS, 201
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evaporation and low sample volume can also lead to false
results. Their application for cancer detection is majorly
restricted to sophisticated techniques to date and needs
further advancements. In conclusion, the selection of
samples for biosensing should be dependent on factors such
as a higher abundance of biomarker-of-interest, non-invasive
nature of the sample collection, low cost, lesser volume, and
lesser sample processing.

7. Clinical validation of paper-based
cancer diagnostics

In vitro diagnostics (IVDs) are generally classified as per
medical device regulatory norms. Based on the level of risk
involved, cancer-specific IVDs can be categorized into class
III (classification system, class I-III) according to the Food
and Drug Administration (FDA, USA) and class C
(classification system, class A-D) as per the European Union
‘In Vitro Diagnostic Medical Devices Regulation (IVDR)’ and
Central Drugs Standard Control Organization (CDSCO,
India). All such devices are evaluated on their analytical
performance, including biases or device inaccuracy,
imprecision, analytical specificity, and sensitivity. In vitro
diagnosis requires validation using clinical samples obtained
directly from the patient to establish its efficacy. Multiple
paper-based in vitro diagnostics are clinically approved for
cancer detection.”®* Transferrin detection kit and OncoE6™
test specific for colon cancer-specific transferrin and cervical
cancer-specific HPV (16 and 18) E6 oncoprotein are a few
such examples (refer to Table 1)."*>2® In addition, numerous
paper-based devices based on conventional and advanced
approaches have been validated using clinical samples from
cancer patients as a proof-of-concept. A comprehensive table
of such devices has been provided below (refer to Table 3).
Successful clinical translation of these devices requires strict
adherence to the guidelines provided by the specific
regulatory agencies.

8. Challenges and future prospects

Paper-based diagnosis has come a long way from glucose
testing as a basic dipstick assay to advanced disease
detection like cancer, COVID-19, etc. Advancements in the
paper substrate, employing it in multiple assay formats along
with the inclusion of advanced nanomaterial-based detection
and signal enhancement techniques have enhanced the
sensitivity and specificity of paper-based detection of cancer.

Although LFA allows easy detection, the laborious sample
preparation and multiplex detection limit its use. VFA
conquers these limitations by allowing the vertical flow of
samples for enhanced interaction and multiple detections.”®
Microfluidics devices have emerged as a remarkable tool for
POC detection by integrating small devices on laboratory
chips with homogeneous mixing of samples.?® The progress
in screen printing of paper electrodes has offered rapid
analysis at the nanoscale with high sensitivity.>*"*%

© 2024 The Author(s). Published by the Royal Society of Chemistry
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However, a few bottlenecks such as inadequate limit-of-
detection, the need for an extensive pre-processing of the
sample before usage, the lesser scope for quantification of
signal, fewer types of detectable samples (particularly a
challenge for whole cell detection), use of a single biomarker
for detection, and instability of detecting biomarkers on a
paper-substrate can limit their use to only primary screening
in clinical settings.?”?**** Different approaches in terms of
enhancing the device design as well as constituent detecting
molecules from qualitative to quantitative detection are being
explored. Upgradation of conventional qualitative assays like
dot blots to quantitative formats (quantitative dot blot) and
the use of newer nanomaterials (such as upconversion
nanoparticles and gold nanorattles) can significantly enhance
the limit-of-detection.>*'**'"* Advancements in user-friendly
detection strategies like colorimetric can be achieved through
the impregnation of metal-organic frameworks (MOFs) like
NH2-MIL-125(Ti) in the paper or by using thermochromic
fibre papers by impregnating organic dye functionalized SiO,
nanoparticles for the photothermal detection of analytes in
ng ml™" range.”®>**° Visual colorimetric readouts can also be
coupled with electrical output using flexible piezoelectric
pressure sensors of a hybrid conductive material composed
of multiwalled carbon nanotubes (MWCNTSs) and polyaniline
urchin-like hollow spheres (PANI-UHSs) and an elastic
thermoplastic polyurethane (TPU) substrate.*®”
Functionalizing paper electrodes with multiwalled carbon
nanotube in a pressure-tight system can impart great
sensitivity to pressure changes induced by analyte detection
byproduct gas and impart good resistance with a detection
limit of <200 pg CEA per ml.>*® Introduction of conducting
paper that employs the printing of carbon-based electrodes,
photoelectric materials (NaNbO; nanostructures, g-C3;N,
quantum dots modified TiO, nanospheres, Bi,0,S (BOS)
nanosheets), or conducting polymers on paper can provide a
wider scope of quantification through electrochemical
detection in comparison to conventional colorimetric and
fluorometric strategies.”®*?°" The amalgamation of such
materials possessing unique properties can improve the limit
of detection to even femtogram per ml. Nano-inks developed
from inorganic-carbon-conducting polymer composites are
one such example."®” Miniaturization and technological
advancements in the detection process by integrating mobile
cameras for easy fluorescence readout instead of bulky
fluorescence equipment and the development of battery-
triggered electrochemiluminescence readers can be very
beneficial for robust and portable applications.>”®*%*

Capturing cancer-derived exosomes is an emerging way of
detecting malignancies through liquid biopsies like blood or
293294 Gold nanoparticles tethered aptamer-based
capturing of exosomes and multi-directional hybridization
chain reaction using hairpin-like DNA unit 1/2 to recruit
multiple signal molecules can enable electrochemical signal
amplification and aptasensing of as low as 283 exosomes per
ul of sample.””® Nevertheless, overcoming the bottlenecks
like negating the false positives by identifying the exosomes

urine.

Sens. Diagn., 2024, 3, 504-535 | 525


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sd00340j

View Article Online

Sensors & Diagnostics

Critical review

99T T wnsLo Mot [E21WaY-01309[H paonpai/sapniedoueu 19A1IS  payids S¢I-VD 120UBD UBLIBAQ STI-VD
pooiq (sT1-vD)
6% AN LW 0 00s¢ me [E21WaYd-01309[H safontedoueu pjoo sjuaned I90UBD UBLIBAQ uadnue 10ue) savdan
ddv
pue ‘vaD ‘vSd dav ‘vaD
103 [ 3d 9z0 sdejoueu SYAS [[OYS—210 wnias ‘(vsd) uadnue
6 UIW /£ pue ‘cy°0 ‘20 T o¢ 90U20SI0N[] Papodus (say) sohp uewey sjuaned I90UBd 9)BIS01d  dyrads-areIsord
?;E 3u 60°0) 66T Uadnue
66TVD ‘(,_[w Su 190ue) ‘(ddv)
S0°0) dAV ‘(,_[w saIpoqnue 66TVD-IIUE wnias urajordoloj-eydie  Aesse mopy
8¢ S 0¢T 3u £0°0) vaAD T o1 20U29sI0N[ ] ‘dAV-Due ‘YaD-nue pafaqe[ DLIA sjuaned sad£y 190ued opdnnIA ‘VaD [eo1I9A
(T06-NN®SAO-SYND)
(T x S9INJONIIS YIOMIWBIY yIeaiq
Tw 005 ~) reusdis OTUBSIO [BIOW pappaquud poreyxa opAyaprezuaq
0TT U g qdd 1°0-2'T  TW 0007 SYAS pue souddsaton  Sjop wnjuenb pue spoioueu pjoH Juaned 190ued Jung 9[IIB[OA
sqems
uru 71 10d yNa aNSSI [BIIAID VN 8T pue
19 o¢  prwserd zo1-0T T g 20UddsI0N[] VNA Pa[[oqe[ Apusdsaion]q sjuaned I20UBD [BIIATOD) ‘9T ‘TT ‘9 AdH
uru Sosull
06T 01 AN T g JLIJOWILIO[0D FPADs surede Apoquuy  [eI0 Sudned I90UBd [BIQ PRAD
oy aNSS [BIIAID
€61 1 sordod vNd ,0T 19 JL1JOWIIO0D VNa payrdure jsurede Apoqnuy sjuaned I20UBD [BIIATDD) VN AdH
sinoy aumn jo 90UBUOSAI aunn (¢-N11d)
00T T AN sdoip mog uowseld 20ejIns pazi[edo] Sd[IBIOURU P[OZ PAUI] Z-NITd-NUY sjuaned 190UED [RUdY z-urdifiog
sopnredoueu ewserd I20UBD 6-6TVD Ua3nue
0L¢ U g s 11 00T JL13OWILIO[0D) pro3 parednfuod Apoqnuy sjuaned  [€I02I0[0D PUE d[JBIIdURT aeipAyoqie)d
auouioy
urw WIS Aoueudew MI-ouowIoy
LLT  0T-ST LW Su gHT T 05T 20Ud0sI0N[] soontedoueu pjoon sjuoned Jo erwadredsrdadAy [erowny proifyyereq
sinoy ewserd VNA
0L € WIVC0 mse ERIGEREER (VK | BZISED-YASTID sjuaned I00UED [JIATO)  8T-AdH B 9T-AdH
uru winias (dav)
69¢ 0T (w 3u 0 m oot JII}OWIIO[0D) spniedoueu pjon s juaned I20ued 10ATT  urjoidolay-eydyy
vep-aru
190UBD [BUNISIIUIONSES pue oTg-yrw
897 AN roud o1 M os JI1}OWILIO[0D ooniedoueu pjon AN ‘190UeD ISeaIg S ANY OIIN
urw sojednfuoo  pooyq payids ewoydwAf
197 GT  S[[@d sowey 008 08 JLIJOWIIO[0D 1oweyde-sopnredoueu pjon  S[[90 souwrey spENng uewny ‘[[2o-g S[[99 sowey
(T
9) ardures saderds
[eurdea [B21A190 pue
smoy ‘(qu reutdea ‘ourin urajoxdoouo Kesse
78T 44 AN §)aunn JLIJOWILIO0D SIN] 1S3 [BIIAIDD K 9HOIUQ sjuaned I90UBD [BJIAIOD 9 8T PUB 9T AdH MO[J [eId)e]
aunn ‘ewserd
urta 1 19d sowosoxa ‘syueyeuradns BUWOUR[OW
997 ST SOT x ¥S°8 Moot J1WIIO[0D soontedoueu pjoon iEle) ‘S100URD [BIL30[0IBWOH SOWOSOXH
uru $909€]
S9¢ S> AN AN J11)9WILIO[0D D[ 1S9 ULLIdJSURIL], sjuaned I20UBd UO[0D (3.1) unzogsuely, yonsdig
‘Jod own aot awnjoa anbruyoa uonddleq a[noajow 3ursuas ordures ad£y 100uR)  Id[IBWOI] I9dUBD adAL,
Aessy odures

sa)dwes 1ed1und bulkojdwa sonsoubelp Jaoued paseq-iaded jo sajdwexy ¢ aqel

'90UB217 paModun 0'g uong LNy suowiwoD aaireas) e sepun pasusol|siapiesiyl |[EEGEEL ()

"INV 6T:TS:Z 9202/0T/T U0 papeo|umod 20 Afenige- £2 U0 paus!idnd 901y Ss300y uado

© 2024 The Author(s). Published by the Royal Society of Chemistry

526 | Sens. Diagn., 2024, 3, 504-535


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sd00340j

View Article Online

Critical review

Sensors & Diagnostics

(0D1) apIx0 WNIdS JISBAIq pue IaAl] ‘Onearoued
08T S 0¢ Lwdur Mot [eorway-01309[F  auayderd paonpai paddes yaD-nuy sjuaned ‘uerreao ‘3uny ‘uofod viaD
190UBd
uru asodwoooueu (£0%4) apIXo WNIdS JIsealq pue JaAl[ ‘Oonearoued
69T 0T Jw3u g AN [E2TWAYD-01309[d  UOII — SSA-LOAAd Pasdel vaD-nuy sjuaned ‘uerreao ‘3uny ‘uofod viaD
I90UBd
urw aysodwosoueu WINIdS JIsealq pue IaAl[ ‘Oneardued
79T ST Ju3uzg AN [BdTWAYD-01309[d  IND - SSd:LOAHAdPa33e) vaD-uy sjuaned ‘uerreao ‘3uny ‘uofod \cie)
(caaH)
SI9JeM PIXO UODI[IS winiIas 103d2031 10308)
uru -/UODI[IS UO SABIIE dPOIIOI[-0IdTW panfipun 3mo13 rewrroprda
9/T o€ wd T mos [e21WaY-01309[H pro8 uo pazijiqowwr soweldy  payids gaaH 190UBd Jsealg uewWny
(sdNmy/auTUOI}/9PIX0
urw suayderd paonpai) wnias (sz1vD) STt
6.7 0g W N 100 AN [BOTWIAYD-0130[H sajisodwodoueu pagdde) Apoquuy s juaned I90URD UBLIBAQ uadnue 120UB)
(SAN ny/vs4D) sojonredoueu
pro3 padoo aurwreaysAy  ewserd d ur
8/7 UIW g Lwnst AN [e21WaYd-01309[H SAN NV-vSAD/AOD-Vda-3v paxids g1 vD I90UBD UBLIBAQ uadnue ¢gT VD
9po1d[d
1aded pajurad uoa1ds uo pPazeod
asodwooou (sdNny) saponredoueu SOpO13II[d
pro3/auruoryy/ouayderd WNIdS  I2DUBD [BJ1AID ‘Onearoued 1oded
78 AN L Iw 3d o1 AN [B2TWIAYD-01309[H payuIl VAD-BUY sjuaned ‘“o1msed ‘3uny ‘rernaio[o) viaD 3dunonpuo)
urw JIH sordures
0S 2 L 3u 002-0 1™ 00T JIPWIIO0)  PIm pajednluod-Apoqnue T-XIL-HUY  WNIdS Poord J9oURd ISeaIg T-UIXOP3IOTY],
(erwraynay onsejqoydwA]
sordwes INOE [[90-g ‘BTrWIaNI|
uru saonredoIonu pooiq onooydwA] oruoayd) S[[o2
10T OT> M 1ad s[[a0 170 T o1 20U29SI0N[ A Juddsalonfy payednfuod-Apoqnuy 1800 AJyng 190UBd [ed130[0IeWoRH 120UBd +TJ0Y
opoxodaped 1aded payurad
U29I10S UO Pajeod djisodwodoueu I90UBD JSBIIq puk
urw SANNY/UBSOII-dPIXO wnias I2A1] ‘oyeaIoued ‘uerieao
9/T ST L Jw 3d g0 T 0'F  90U90SaUIWN[IWAYD-01I09[H auaydeid payur Apoqnuy sjuaned ‘3uny ‘uojod ‘eyeIsoid Vi ‘VSd
€STVD (S21VD)
opoxdare 1aded I90UBRd ¢zT uadnue
parurid U22IdS PalJIpoOW UBSOIIYD WINIdS JISealq pue IaAl[ ‘Oneardued a1eIpAY0qIed
G/T Ul g [ 3u $00°0 ™ 0C [BOTWIaYD-01393[H pue auaydeid pajeos Apoquuy s juaned ‘uerreao ‘3uny ‘uofopn ‘Vap ‘dav
uru pooiq
¥LT o€ WH 100 M os 20U20SI0N[] saqoid uooeaq Ie[NII[ON sjuaned 190UBd Jsealg 1T VNITW
sinoy apo1dafe p[ogd oyuo paydene BAI[ES
€17 T-S'T WJ 20°0 me [eorway-01309[d  douanbas uonrudosar 3odiey you-o sjuaned I20UBD [BIQ €LT
(;_1w 3u £2°0) BAI[ES
urr - NaN/ZIdH ‘(,_[W s[oqe| parednfuoa-oiq pue wnias (z-9919-D)
TLT [T 3u z0'0) vAD AN JuddsaION[ g sjop wnjuenb suz/aspD sjuoned I90UBD JSEaIq pUB UO[0D  NAN/Z-19H ‘VAD
saqoxd YNQ Arejuowra[duwiod yiim pooiq BIWNNI[
1T AN N ¢ 0T AN [eoTWAYD-01309[d  SIop winjuenb aprusfes wnrwpe) sjuoned snoua3o[aAur druoIyD saouanbas yNA
(sdN ny/ysAD) saponredoueu
pro3 pades surwealsio pue ewserd
moy yur-oueu (0HY/3V) apixo suayderd uewny
‘Jod own ao1 awnjoa anbruyoa uonodleq a[noafow 3ursuas ordures ad£y 100uR) Id[IBWOI] I9dUBD adA7,
Aessy ordures

'90UB217 paModun 0'g uong LNy suowiwoD aaireas) e sepun pasusol|siapiesiyl |[EEGEEL ()

"INV 6T:TS:Z 9202/0T/T U0 papeo|umod 20 Afenige- £2 U0 paus!idnd 901y Ss300y uado

(ponuRuod) ¢ d1qe]

Sens. Diagn., 2024, 3, 504-535 | 527

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sd00340j

Open Access Article. Published on 23 February 2024. Downloaded on 1/10/2026 2:51:19 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Critical review

B I N —
Q © ~N =} ©
~ — — — ©
2 4
g2 =) g =) =)
= =] S =
1] o o o o
< B = E S p— g
- -
7 — o [
[ —
o0 o0
on [ VRN T =¥
a s © o
Q N < 2 N
— S S - S
BQE’ _“
o = -
25l = 2 2 2
) = o <
©v > — N [Ie} —
[}
=1
g —_ _ = =
=) © < < <
< 2 2 8 8
o £ E E E
+ 5] [} [ 5]
a < o = <
o 9 ? ? ?
E=} ° ] o <
13 = = = =
[} = - - )
8 3] |3} |3} 3]
5] < 2 L2 2
A = =] =] =
vl
i ] S
n © ‘] = L
v =
[ S g &
g2 Zo& »
08 €8¢ &
[ag= [SER I o] E
22 w3 o
3} A o0 R
= = O = !
3 o2 BB TZ ¢
k] %8 QX B
S s= £E£EE §
E - © —‘m—‘ g
5 =% %% §
=] Q= o = Q =
@ Lz 2¢of8 <
=} o = R ) =)
o g o S s g <
©n < < 2 < A
n 1) %) ©n
] ) =y =y =
o SE GSESEST
= S 2 T©PEEEB8
< < o T 08 O © =
©» A~ ©» A v A ©nRAQa
b7
]
S £
b
s ¢
R
=
> =
88 5 8§
o o0 . =] = 3}
g; g = S )
55 g =
.25 8 g 8
- O =
Slgg8gs 2
[=] =g & & 8 [=]
< T 93z 2 = =
Q S0 oI [a¥) =
-
Q
=
-
<
= -
2 —
Q N
i
g =
Q
) = < [27 <
03’ o] [sa) % (75
2 O O & O
S
I
o]
L
M
9 5
% o
P &

528 | Sens. Diagn., 2024, 3, 504-535

View Article Online

Sensors & Diagnostics

secreted by normal cells, reduction of sample volume, and
exosome stability during analysis would help unleash the true
potential of these biosensors for clinical sample analysis.”®
Genetic biomarker sensing would be extremely important for
personalized cancer treatment, therefore, detecting cancer-
specific genetic biomarkers like the BRCA1 gene from breast
or ovarian cancer patients, methylguanine methyl transferase
(MGMT), IDH1/2 from glioma patients, FLT3, DNMT3A from
acute myeloid leukemia, etc. would be the way forward to
develop next-generation paper-based diagnostics.>**%”
Electrochemical biosensors can be tuned to detect the BRCA1
mutated cancer patients by capturing BRCA1 single-stranded
DNA (ssDNA) using complementary DNA adhered lipid
membrane-coated gold nanoparticles. Anchoring this
complex onto a 2D-layer of graphene analogue i.e. MXene can
several fold enhance the ssDNA detection signal and increase
the limit of detection to 1zM (zeptomolar).”*®
Electrochemical-based biosensing of biomarker DNA up to
1.2 pM can be achieved by integrating CRISPR-Cas12a in a
portable biosensor with a smartphone-based signal read for
resource-limiting conditions. Semiconductors like In,O03-
In,S; can be used to modify the paper substrate for
photoactivation, which can generate photocurrents based on
differential G-quadruplexes cleavage by activated target DNA-
bound CRIPR-Cas12a.””

To make these biosensors more user-friendly and compact,
research is being driven toward making ‘all-in-one’ paper-based
devices. It focuses on capturing and amplifying target nucleic
acid present in the sample directly on paper and integrating it
with the detection system using paper fluidics."*® Paper fluidics
approach can reduce the detection time to 1 hour and also open
the doors to capture more varied types of ‘biomarkers’ on
paper, for instance, capturing cancerous cells directly.'?*?””
Since the conventional biorecognition elements such as
antibodies, DNA, and PNA, are relatively less stable on paper-
substrate, new bio-recognition elements such as synthetically
injectable and tunable markers and MIPs are gaining
importance.”>'®* In addition, research focuses on modifying
the paper substrate itself through the generation of
nitrocellulose-polymer composites can also address the above-
mentioned limitations, including the requirement of flexible
substrates to capture intact cells and the printing of electrodes
for enhanced detection.>?%° All these new strategies have shown
promising results as a proof-of-concept, however, the efficacy of
these paper-based techniques as point-of-care diagnostics will
truly be validated upon testing in a large cohort of patients in
clinical trials and real-world settings. Overall, paper-based
sensors offer promising future applications in personalized
therapy for cancer by enabling: real-time monitoring of disease
biomarkers and treatment responses, facilitating immediate
adjustments to therapy, augmenting precision medicine
approaches through personalized molecular profiling and
targeted therapy selection, and early detection of disease
recurrence or treatment resistance. Integration of data analytics
and machine learning to the paper-based cancer biosensing can
tremendously help identify clinical biomarkers, their rapid and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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minimally invasive detection, and provide personalized therapy
decisions in a highly cost-effective manner.**
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