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Abstract

Cancer is one of the leading causes of death worldwide producing estimated cost of $161.2 billion
in the US in 2017 only. Early detection of cancer would not only reduce cancer mortality rates but
also dramatically reduce healthcare costs given that the 17 million new cancer cases in 2018 are
estimated to grow 27.5 million new cases by 2040. Analytical devices based upon paper substrates
could provide effective, rapid, and extremely low cost alternatives for early cancer detection
compared to existing testing methods. However, low concentrations of biomarkers in body fluids
as well as the possible association of any given biomarker with multiple diseases remain as

one of the greatest challenges to widespread adoption of these paper-based devices. However,
recent advances have opened the possibility of detecting multiple biomarkers within the same
device, which could be predictive of a patient’s condition with unprecedented cost-effectiveness.
Accordingly, this review highlights the recent advancements in paper-based analytical devices with
a multiplexing focus. The primary areas of interest include lateral flow assay and microfluidic
paper-based assay formats, signal amplification approaches to enhance the sensitivity for a specific
cancer type, along with current challenges and future outlook for the detection of multiple cancer
biomarkers.
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Paper-based analytical devices, including lateral flow and microfluidic devices, are adept at
detecting multiple biomarkers. Growing interests in the multiplexing field in general indicate the
potential for multiplex paper devices to improve the understanding of cancer patients’ condition.
Here, the developments in the multiplex paper-based devices are reviewed, and the trends in the
device configurations and signal amplification approaches are summarized.
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1. Introduction

Cancer imposes a high toll on human life and economics. In 2018, 1 in 6 deaths across

the globe were caused by cancer and approximately 70% of deaths from cancer occur in
low- and middle-income countries.[X] Despite these overwhelming numbers, early detection,
diagnosis and monitoring of cancer patients still play a key role in the reduction in mortality
rates for cancer and the economic burden on the healthcare field.[2] Current clinical practices
for early detection of cancer generally benefit from molecular level identification of cancer
biomarkers by common analytical techniques such as enzyme linked immunosorbent assay
(ELISA) or guantitative polymerase chain reaction (QPCR) using body fluids such as

urine, blood, or serum. Organ-level investigations can also be performed by more complex
methods such as mammography, colonoscopy, or computer tomography.[3] However, the
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need for special instruments (that can be expensive to purchase and operate) as well as
personnel that require training to perform (sometimes lengthy) procedures also contribute

to the extremely high overall healthcare costs for cancer diagnosis and the screening,
especially for longitudinal monitoring of patients.[4l For instance, bladder cancer is ranked
9th in the world in frequency of diagnosis (~430,000 new cases diagnosed annually).[%]
Moreover, on a per-case basis, bladder cancer is the costliest cancer type to diagnose and
treat ($90,000-$200,000 per person)[®] due to required continuous monitoring via invasive,
in-clinic procedures or “send-out lab tests”.[’] If cancer detection could be simplified to
easy-to-use, sensitive solutions that remove the need for expensive analytical equipment and
highly trained personnel, the costs could be reduced dramatically for this, and other types of
cancer.

Paper-based analytical devices, both in the forms of lateral flow assays (LFAs) and
microfluidic paper-based analytical devices (LPADs), have been proposed as low-cost
alternatives to meet many of the current cancer diagnostic challenges.[8] Paper-based
analytical devices are composed of inexpensive substrates that are designed to contain

all of the processing steps necessary to detect a particular biomarker using a sample
taken from a patient. Capillary-driven fluid flow along the porous paper sample provides
for all fluid transport and separation processes on the device, requiring little technical
expertise or additional equipment to obtain the test results. The paper substrates of existing
paper-based devices provide new opportunities for chemical modification to advance the
detection mechanisms for enhanced sensitivity. Further, ease of storage, transport, and
disposal attributes make them a robust and user-friendly testing platform that solve many
challenges that have so far hindered widespread use of biomarkers for cancer detection.

Despite these promising features of paper-based assays, their sensitivity and specificity still
require improvement before they can achieve widespread adoption. This lack of sensitivity
and specificity is directly related to the low abundance of cancer biomarkers present in

body fluids, and even when present at high concentrations, cancer biomarkers are often
indicative of other diseases or health conditions. Table 1 summarizes a list of cancer
biomarkers highlighting their association with cancer and several other disease conditions.
This problem of specificity is not limited to paper-based devices but also exists for
laboratory-based analytical testing. Yet, where only one biomarker could potentially indicate
multiple disease states, several biomarkers in tandem have a much higher probability of
specifically indicating a particular disease. Accordingly, multiplexing approaches that utilize
detection of multiple biomarkers in a single assay have been increasingly explored. These
studies have benefitted from statistical analyses of genomic data to establish adequate panels
of cancer biomarkers that are capable of diagnosing, with higher specificity, many cancer
types such as pancreatic cancerl®], prostate cancer, ovarian cancer[19, gastric cancer[!1l and
recurrence of breast cancer.[2% Particularly, the number of publications within the past ten
years in this arena reflects the growing interest in this field (Figure 1).

As a common goal of multiplex approaches, improvements in the diagnostic performance
of screening tests for early-stage cancer diagnosis could provide both system-wide and
patient level benefits. For example, a small change in the diagnostic performance of a
screening test can have dramatic impacts on the overall cost per cancer detected, depending
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on the prevalence of the cancer type. An improvement in the discriminative capacity of a
screening test, e.g., an increase in sensitivity from 90-95%, will reduce the cost per cancer
detected by $230,000 for ovarian cancer when women at age 50-54 (~30 cases/100,000) are
screened. However, this improvement will decrease the costs by only $7,900 for lung cancer
when smokers are screened (~850 cases/100,000).[12] An enhancement in the diagnostic
performance is also proven to reflect improvements in clinical outcomes. In this context,
patients with early-stage ovarian cancer could be discriminated from non-cancer individuals
with a high accuracy (receiver operating curve-ROC- area under the curve-AUC- of 0.9611
and positive predictive value of 88.9%) using a validated 4-biomarker panel (CA125, HE-4,
E-CAD, and IL-6) as opposed to screening a single biomarker (ROC AUC of 0.8513 and
positive predictive value of 65.2% for CA125).[13] At the patient level, the effects of the
diagnostic performance could be more dramatic. The consequences of false negative results
will be substantial for a fast-progressing cancer type with high mortality rates.[12] Moreover,
false positive results can impact the patients with several side-effects of unnecessary
treatments. Multiplex paper-based devices, in this regard, have been implementing novel
signal enhancement strategies to improve the detection capacity for low levels of multiple
biomarkers on a single paper device. However, the lack of further statistical analysis that
combines the quantified levels of multiple biomarkers to provide a discriminative decision
limits their current potential for cancer diagnosis. Accordingly, these devices will only be
positioned appropriately for cancer diagnosis if the future studies evolve in this direction.

This review article aims to summarize this growing interest over the past ten years by
highlighting recent advancements in paper devices for the detection of multiple cancer
biomarkers. After a brief introduction on cancer biomarkers and their biorecognition
mechanisms, advances in paper-based device configurations are discussed. Moreover, signal
amplification strategies are highlighted for various types of cancer biomarkers that are
integrated into multiplexed devices. Finally, advantages and current limitations for detection
of multiple cancer biomarkers using paper-based devices are considered while touching
upon what could be done to address some of these challenges.

2. Cancer Biomarkers and Current Challenges in Cancer Diagnosis

Some of the most widely studied cancer biomarkers are proteins.[2%] Although most
markers that are derived from proteomic evaluations are still in the discovery or translation
stages, there are already some FDA-approved protein biomarkers used for clinical detection
of cancer.[3%] These proteins are produced by either cancer cells (or other cells that

are interacting with cancer cells) and serve as a signature for cancer diagnosis. These
protein markers are sometimes present in blood or urine, allowing for non-invasive sample
collection. However, concentration of these markers can be extremely low, making their
quantification very challenging to resolve. One way to overcome this problem is to follow
protein enrichment proceduresl3! to concentrate the amount of protein in samples, but this
requires additional labor-intensive protocols and raises overall costs for cancer diagnosis.

In addition, the presence of other proteins in body fluid may create background noise and
cross-reactivity issues between proteins and the recognition component of the assay, thereby
increasing the risk of a false positive signal. Therefore, the low abundance of cancer-specific
protein biomarkers remains the greatest issue for achieving sensitive and specific protein
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detection and subsequent quantification. Enzymes are of particular interest as signatures for
cancer diagnosis due to the fact that certain enzyme levels and their distribution in the serum
is a reflection of the disease condition.[32] However, enzymes, like most other proteins, are
often sensitive to the ambient testing conditions such as temperature, pH, or ionic strength
and can lose their activity under extreme conditions. Therefore, enzyme activity-based
biorecognition approaches could be significantly affected by the testing conditions leading to
poor diagnostic performance if the optimum ambient conditions are not maintained.

Extracellular nucleic acids (circulating DNA/RNA markers) are another type of molecular
biomarker for cancer diagnosis.[33] Circulating DNAs are defined as DNA fragments that
are originated from tumor cells and are found circulating in the blood.[34] Even though

the exact sources of circulating DNA and their transport into the bloodstream are not fully
understood, a large fraction of these markers are assumed to form as a result of apoptosis.[3°]
Because these fragments have been shown at elevated levels in cancer patients’ circulation
as opposed to healthy subjects, they are an attractive target for cancer diagnosis.[3¢] Another
type of circulating nucleic acid markers is microRNA (miRNA). miRNAs are endogenous,
single-stranded non-coding small RNA with length of ~22 nucleotides that are involved in
regulating protein coding genes. Dysregulation of miRNAs can lead to overexpression of
oncogenes or decreased expression of tumor suppressor genes that are associated with tumor
development.[37] Therefore, differential expression of miRNAs could be a promising tool for
cancer screening. Despite their short half-life and low abundance in body fluids, circulating
nucleic acids can be quantified by DNA microarrays, northern blot, and quantitative real-
time polymerase chain reaction (qQRT-PCR). However, currently, these techniques rely upon
instrumentation and trained personnel that increase the cost of detection and quantification.

Additionally, circulating tumor cells (CTCs) have been explored in the context of cancer
detection. CTCs are rare cell subunits that are shed into circulation by a primary tumor

to invade the blood stream and potentially initiate new tumor growth in other parts of the
body.[38] Detection of CTCs from blood circulation and their quantification are of great
interest as a useful biomarker for diagnosing, treatment management, and monitoring cancer
patients.[3%] However, CTCs are present at relatively low numbers in the circulation, for
example 1-10 CTCs per mL of whole blood as opposed to millions of red blood cells in the
circulation.l9] This makes their isolation and quantification a complex and labor intensive
process. Similar to CTCs, cancer cell-excreted vesicles such as exosomes have received
recent interests as a promising diagnostic tool.[2] Exosomes are membrane-bound vesicles
with 30-150 um in size and carry a range of cellular information including DNA, RNA,

and proteins. They are found in different body fluids such as blood plasma, serum, urine,
breast milk, and therefore, very attractive biomarkers for cancer diagnosis.[42] A number of
different separation techniques have been applied to isolate exosomes from these body fluids
including ultracentrifugation, precipitation and size exclusion chromatograph.[43] However,
lipoprotein contamination in blood samples is still a major issue and needs to be addressed
with the development of new purification methods for the exosome extraction.[44]

Regardless of biomarker type or measurement technique, single biomarker driven cancer
diagnosis approaches also suffer from a lack of specificity toward a single cancer type.
This is directly related to the substantial heterogeneity in cancer tissues and the biomarker’s
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track record as a signature for other diseases. In addition, clinical studies have already
demonstrated strong evidence that a combination of biomarkers in a multiplex format
would contain more useful information about the presence of disease, and even disease
development (as compared to a single biomarker), significantly increasing diagnostic
accuracy.[43] However, current detection strategies for multiple biomarkers require high-cost
instrumentation and operation by skilled personnel. In this regard, paper-based analytical
devices offer rapid, simple, low cost, and instrument-free detection approaches for low
abundance cancer biomarkers. In the following section, the fundamentals of cancer
biomarker biorecognition mechanisms and their implementation to paper-based analytical
devices are briefly discussed.

3. Biorecognition and Detection Mechanisms of Paper-Based Devices

Lateral flow assays (LFAs) and microfluidic paper-based analytical devices (UPADs) are
widely studied formats for paper-based analytical devices. The biomarker recognition
mechanism used in these paper devices relies upon either label-based or label-free detection
methods. Label-based assays mainly identify the biomarker from a complex mixture of
body fluid (in which many proteins and small molecules are present along with the

target biomarker) through highly specific interactions between the capture ligand and the
biomarker. In the sandwich format, labeled biomarkers are separated from other constituents
through their attachment to detection ligands that are localized on the paper surface. In

this case, signals originating from labels are collected at the detection site, and signal
intensity is directly proportional to the amount of biomarker that is captured on the paper.
As an alternative method, a competitive format of biorecognition can be used whereby the
biomarker competes with the label to be captured by the detection ligand. In this competitive
format, the amount of captured label present on the paper is inversely related to the amount
of biomarker.

Depending on the biomarker type, a number of different ligands are available for the
biomarker recognition process. In this process, capture ligands are conjugated on to the
surface of the label (especially in the sandwich format assays) to separate the biomarker
from the liquid sample. Then, detection ligands (that are immobilized on the paper
surface at the detection site) capture the labeled biomarker as the liquid sample flows
across the paper. The most commonly used ligands are antibodies, which are known for
their affinity to protein and enzyme biomarkers through non-covalent interactions. Based
on their production method, antibodies can be classified as polyclonal or monoclonal
antibodies. Polyclonal antibodies are produced by a combination of various B cell clones
from animal sources. Therefore, they contain a heterogeneous population of antibodies
that are specific to multiple different epitopes and possess batch-to-batch variations.[46]
Due to this heterogeneity, diagnostic methods are usually faced with cross-reactivity
issues and subsequent false positive results, especially when used for the recognition of
multiple biomarkers.[47] Alternatively, monoclonal antibodies that are produced from a
single cell line demonstrate much higher affinity towards a single epitope.[48] Further,
monoclonal antibodies have minimal batch-to-batch variations. With the caveat that
monoclonal antibodies are relatively expensive to produce, their enhanced specificity for
a target biomarker makes them suitable for capturing/detection ligands for multiplex assays.
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There are also other non-antibody protein ligands that have been explored in the context

of paper-based devices due to their cost-effective production and antibody mimicking
properties.[4%] For example, nanobodies are the smallest antibody fragments with a full
biomarker or antigen-binding potential.[50] Due to their characteristic shape, nanobodies
can bind structurally hidden binding domains in small cavities that may be inaccessible to
conventional antibodies.[1] Additionally, non-antibody binding proteins such as affibodies,
DARPIns, and anticalins are usually engineered from a constant core protein with a number
of biomarker recognition surfaces to mimicking the function of antibodies®?l and therefore,
have a great promise to play a cost-effective role in paper-based devices.

Aptamers are another class of capturing ligands. Aptamers are short-chain peptides or single
stranded oligonucleotides with high affinity to protein or nucleic acid-based biomarkers
through non-covalent interaction or hybridization event, respectively. Oligonucleotide-based
aptamers are produced by a process called systematic evolution of ligands by exponential
enrichment (SELEX).[53] In this method, aptamers with a high affinity to a target biomarker
are selected from a library of oligonucleotides. Then, non-binding aptamers are discarded,
and the number of bound aptamers is expanded by a PCR cycle. The aptamer selection

and expansion process is repeated for multiple rounds to enhance the enrichment of the
oligonucleotide pool. The resulting collection of aptamers is highly specific for the target
biomarker, and therefore, can potentially overcome the cross-reactivity challenges from
which most antibody-based biorecognition approaches suffer. Additionally, due to this
synthetic preparation method, selected aptamers are reproducible. Aptamers also exhibit
higher stability at ambient conditions as compared to antibodies, making them potential
candidates to replace or complement the biorecognition role of antibodies.[>4]

In addition to capture/detection ligands, the selection of appropriate labels is another
important consideration in the biomarker recognition and detection processes for paper-
based devices. In this context, labels can be composed of functional nanoparticles (NPs)
that have distinct optical, electrical, or magnetic properties (as well as surface chemistries)
that allow for flexibility in the conjugation methods for different capture ligand types.[5°]
The most widely used nanoparticles in paper-based devices include gold nanoparticles

(Au NPs), latex (polystyrene) beads, or quantum dots (QDs). Specifically, Au NPs are
known for their unique optical properties that depend on their size and shape that provides
easy-to-read visual output (color) once they are captured on the paper surface. This visual
signal can usually be detected with the naked eye and provides semi-quantitative readouts
for colorimetric measurements. In addition, the color intensity can be quantified by external
imaging tools to help determine the biomarker amount. Similar to Au NPs, latex beads

are also useful materials for color driven biomarker quantification and are cost effective
alternatives to Au NPs. However, the color created by Au NPs or latex beads may be similar
to the natural color of the sample, especially in whole blood samples that are applied to the
paper device. In such cases, color-inducing labels that are featured with more discriminative
color could be implemented to overcome this issue. Even though Au NPs and latex beads
are capable of generating easy-to-read outputs, the visual signals are usually not sensitive for
quantitative measurements. As an alternative to Au NPs and latex beads, QDs are nanoscale
semi-conducting materials with superior fluorescence brightness and have a higher stability
when compared to fluorescence dyes. When such materials are excited by a light source
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(usually in the UV range), they emit light at the longer wavelengths. The intensity of the
emitted light can be correlated with biomarker concentration. Even though QDs generate
fluorescence signals with high signal-to-noise ratio and sensitive biorecognition platforms,
their bioconjugation with capture ligands can be a complex process that limits their wide
implementation to the paper-based devices.[56]

Some of the aforementioned issues with low sensitivity of colored NPs and limited ligand
bioconjugation capability of QDs have led to new innovations in paper-based devices and
have opened up alternative routes for label-free detection approaches.[7] The biorecognition
mechanism of these approaches is similar to the label-based detections in that ligands
(capture and detection ligands) are used to capture the biomarker on the detection site.
However, as opposed to the use of labels in order to detect a biomarker, label-free

detection methods rely upon a change in the detection signal, either an electrical signal for
electrochemical platforms or an optical signal for plasmon-based methods, that is realized as
a result of the presence of the biomarker. The change in the detection signal could be either
the case with a biomarker binding to a surface at the detection site (producing the electrical
signal or a change in the light absorption feature), or the biomarker reacting with a special
reagent (such as redox active material) and the resulting chemical product inducing a change
in the electrical property at the detection site. This detected signal can be correlated with
biomarker concentration for quantitative measurements.

So far, we have summarized the biorecognition elements and the components for detection
mechanism for a typical paper-based device. In the following sections, we will focus

on the implementation of these necessary elements to the multiplex form of paper-based
devices. We will emphasize configuration aspects of the paper devices, as well as detection
and signal amplification methods for sensitive and specific detection of multiple cancer
biomarkers.

4. Multiplex Lateral Flow Assays

4.1. Operational and Configurational Aspects of Multiplex LFAs

A typical LFA for detecting a single biomarker consists of four primary components: a
sample pad, conjugate pad, reaction membrane, and adsorbent pad, each serving a distinct
function on LFAs. These pads are oriented in this sequence with some degree of overlap in
order to facilitate flow of the liquid sample through the device. The sample pad is where

the liquid sample is applied to the paper device. The paper is pre-loaded with buffers,
surfactants, blocking reagents and additives that help to account for any chemical variability
present in the sample. Next is the conjugate pad that contains pre-deposited capture ligand-
conjugated NPs; as the liquid sample flows from the sample pad to conjugate pad, the
desired analyte attaches to the capture ligand-conjugated NPs. The liquid sample then meets
the reaction membrane that includes detection ligands that are printed on the membrane in
the form of two parallel lines. The first line (test line) contains detection ligands that are
specific to the biomarker while the detection ligands on the second line (control line) can
only capture NPs. Finally, the adsorbent pad acts as a sink to continuously collect the liquid
from the reaction membrane and therefore, drives the flow of the sample through the device
(Figure 2). These four pads are then set in a backing and encased in a cassette.
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The materials used for each of these paper components plays a key role in enabling the pad
to function adequately. For example, the sample pad and adsorbent pad are often cellulose-
based papers with a high capacity to adsorb liquid. Meanwhile, the conjugate pad is usually
made from glass fibers that allows for NPs to flow across the reaction membrane as the
liquid diffuses. Lastly, the reaction membrane is most commonly made from nitrocellulose;
providing a high level of irreversible adsorption for detection ligands and helps the detection
ligands remain attached on the membrane as the liquid moves across.[58]

The configuration of a typical LFA that is mentioned in this section could be modified so
that multiple biomarkers can be detected on a single LFA and a number of emerging design
strategies have already been explored for various applications.[9] The most commonly
explored device design for multiple cancer biomarker detection has a single LFA device
format with multiple spatially arranged detection sites on the reaction membrane. Detection
ligands for each biomarker are immobilized either as multiple test lines or test dots.
Depending on the label’s characteristics and the adequate detection method, the presence
of each biomarker can be confirmed and further quantified.

Multiplex LFAs in a multiple test line format have been explored for detection of biomarkers
for a number of different cancer types. For example, Li et al. developed multiplex LFA using
fluorescent latex beads to detect two gastric cancer biomarkers, pepsinogen | (PG I) and
pepsinogen 11 (PG 11).[69] Monoclonal antibodies for PG | and PG I were printed as two
test lines on the reaction membrane to detect the biomarkers (Figure 3a). The fluorescence
signals generated on the test lines were analyzed by a custom design analytical device to
quantify PG I and PG 11 levels as well as the ratio of PG | to PG Il which is accepted as
another indication of gastric cancer.

Another LFA design for detection of multiple cancer biomarkers involves the immobilization
of detection ligands as multiple test spots on a single device. Recently, Galaziou’s group
designed an LFA strip with 10 detection spots that is capable of testing single nucleotide
polymorphisms (SNP) that are related to breast cancer.[5] The device is configured such that
each SNP is demonstrated by a pair of spots where left and right spots represent the presence
of wild-type and mutated alleles, respectively. At the detection spots, complementary
oligonucleotides to the specific primers were immobilized (Figure 3b). The device detected
and quantified variations in five alleles using antibody-functionalized, Au NPs by using the
visual signals. The color intensity of the detection spots was measured by a common flatbed
scanner in order to determine the allelic fractions. The assay’s performance using clinical
samples demonstrated that it could be used to assist in the diagnosis of breast cancer.

Although an LFA configuration with multiple test lines or dots can be useful for detecting
multiple cancer biomarkers, the space allocated in the multiplexing detection area and the
size required for the resolution of signal (e.g., lines/dots) ultimately limits the number of
target biomarkers than can be detected. However, one way to overcome this problem would
be to increase the size of the reaction membrane in order to fit more test lines/dots as
needed. In this case, the operational length of the paper device becomes longer, and the
time needed for the sample to diffuse across the device will necessarily be exponentially
longer, limiting the speed of the assay performance.[62] Alternatively, more test lines/dots
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can be printed at a given detection area with smaller separation. However, this may cause
issues with signal interference that originate from neighboring detection areas next to each
other and will also subsequently affect the analysis for biomarker quantification. In this case,
incorporation of multicolor labels to the device configuration that are specific to each target
biomarker would be another approach to achieve multiple biomarker detection in the same
space on an LFA.

Wang et al. implemented a multicolor labeling approach to develop an LFA for multiplex
detection of cancer biomarkers CEA and AFP.[%3] Instead of creating multiple lines,
detection ligands (mouse anti-AFP and mouse anti-CEA) were localized at the single test
line (Figure 4a). Moreover, QDs of two different colors were used as the labeling material
for the biomarkers. Specifically, QDs were selected from commercially available products
that emit lights at 546 nm and 620 nm upon UV exposure. The LFA developed in this
study was tested on human serum samples and demonstrated high specificity (94% AFP and
97% CEA) and high sensitivity (93% AFP and 87% CEA). While this LFA was limited by
the number of antibodies that was immobilized on a single line, the results indicated the
potential to detect multiple cancer biomarkers with multicolor QDs. In a similar approach,
Rong et al. demonstrated a paper device with multiplex detection capacity for free PSA
(f-PSA) and complex PSA (c-PSA) using multicolor magnetic quantum dot nanobeads
(MQBs) on a single test line.[64] In this example, MQBs include super paramagnetic iron
oxide at the core while quantum beads are attached to the polymer (PEI)-coated core via
electrostatic interactions. MQBs with red color and green color were then conjugated with
antibodies for f-PSA and c-PSA, respectively (Figure 4b). The magnetic features of these
label components aid in the isolation and enrichment of biomarker-MQBs complexes from
the liquid sample. Once the sample diffused on the paper device, red and green color
tagged PSA complexes were captured by the mouse monoclonal t-PSA antibody that was
spotted at the test line. A custom designed, smartphone-based optical device was used to
record the optical signals of MQBs that were detected at the test line. The simultaneous
detection of f-PSA and c-PSA in clinical serum samples were compared with the values that
were obtained by a commercial immunoassay system. The results were consistent with the
commercial system.[64]

After introducing configurational aspects of LFAs that are used for multiple cancer
biomarker detection, we will now focus on specific examples of multiplex LFAs that are
designed for detecting protein, nucleic acid and exosome-based biomarkers (Table 2).

4.2. Multiplex LFAs for Protein Biomarkers Detection

A number of signal enhancement and signal amplification approaches have been
implemented to multiplex LFA designs in order to solve biomarker’s low abundance
problem. For example, Xiao et al. developed an LFA capable of detecting NSE and CEA,
which are biomarkers associated with lung cancer.[6%] This device implemented a quantum
beads (QBs)-based signal enhancement approach. Briefly, QBs incorporate many QDs
into a single NP. Given that protein conjugation on a 5 nm QD is limited to only 2-5
proteins with about 100 kDa in size,[86] QBs can increase the quantity of antibody-bound
QDs and enhanced the fluorescent signal. In addition, a simple custom designed handheld
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device known as a Handing system was used to detect the fluorescence signals. This study
demonstrated that QBs had a greater sensitivity than QDs for the detection of CEA and
NSE. When extended to clinical samples, Xiao et. al’s multiplex LFA detected CEA with
a sensitivity of 99% and specificity of 97% while sensitivity and specificity for NSE were
97% and 100%, respectively.[%5] In another work, Chen et al. studied a multiplex LFA

that used fluorescent quantum dot-doped carboxylate-functionalized latex NPs to label a
Cytokeratin-19 fragment (CYFRA 21-1) and CEA for early screening and prognosis of
lung cancer.[67] This LFA utilizes the multiple test line format to spatially localize CYFRA
21-1 and CEA on the paper. Further, fluorescence signals collected from the test lines
were analyzed with a portable fluorescence strip reader in order to quantify the amount of
biomarker. The quantification results from clinical serum samples were comparable to those
obtained via commercial immunoassay Kkit.

Another signal enhancement approach includes magnetic NPs as the label component of
the paper device. Magnetic NPs exhibit a high signal-to-noise ratio on paper given that
paper substrate has no magnetic background. Therefore, magnetic NPs-based LFAs provide
considerable advantages over LFASs that generate optical-based signals for the detection of
biomarkers. Using this approach, Lu et al. designed a multiplex LFA capable of detecting
CEA and NSE using magnetic NPs.[68] Their custom-made magnetic NPs consisted of iron
NPs with carboxyl surface modification to allow for antibody conjugation. The magnetic
NPs that were 80 nm in size were found to be the optimum size for the assay performance.
Once the assay was performed on this paper device, the magnetic signals on the test lines
(one for CEA and one for NSE) and the control line were recorded by a magnetic assay
reader. The magnetic signal intensities were correlated with the biomarker concentration
using the standard curve that was generated from a plot of known biomarker concentration
vs magnetic signal intensity. This paper device showed high specificity (97% for NSE

and 95% for CEA) and sensitivity (87% for NSE and 93% for CEA) for the lung cancer
biomarkers when tested with clinical serum samples.[68]

In addition to their feature of high signal-to-noise ratio as the label component for the
multiplex LFAs, magnetic NPs have also been used for protein enrichment and separation
from body fluids. In this case, magnetic NPs interact with the target biomarker to form
complexes that can enhance the target biomarker concentration and detection sensitivity. If
a magnetic NP-driven biomarker enrichment process is combined with a fluorophore-based
detection method, the assay will suffer from an undesired fluorophore quenching problem.
This is mainly due to the ability of magnetic NPs to quench various fluorophores with

high efficiency.[6%] Zhang et al. utilized this fluorescence quenching feature in order to
create a multiplex assay to quantify CEA and CA153 for breast cancer diagnosis.[7%] In
this work, Cy5 molecules were utilized as a fluorescent label and detection antibodies
conjugated with Cy5 molecules were immobilized on the two test lines. Additionally, iron
oxide-based super paramagnetic nanoparticles (SPMN) were conjugated with the capture
antibodies of CEA and CA153 to enable magnetic-field-induced biomarker enrichment and
separation. SPMN-biomarker complexes that are aggregated in the test lines reduce the
fluorescence intensity of Cy5 molecules, which can be then correlated with the amount

of biomarker. The two-step-signal enhancement method (first via protein enrichment and
second via quenching of fluorophore molecules) increases the sensitivity of this paper
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device with the limits of detection of 0.06 ng/mL and 0.09 U/mL for CEA and CA153,
respectively. Moreover, SPMN-biomarker complexes form a visual signal on the paper
device for rapid colorimetric qualitative readout. SPMNs also provide a 5-fold enhanced
colorimetric response for the enriched biomarker when compared to the visual signal
generated from the non-enriched sample. When tested with clinical serum samples, this
dual-mode LFA demonstrated consistent clinical efficiency with the commercial diagnostic
technologies in terms of sensitivity and specificity for the detection of both biomarkers

for diagnosis of breast cancer.[70 Figure 5 represents a schematic demonstration of SPMN-
induced biomarker enrichment from the body fluid as well as simultaneous qualitative and
quantitative detection of CEA and CA153.

Another common approach for amplification of detection signal involves the collection of
emitted light that is produced from a chemical reaction, also known as chemiluminescence.
In a typical chemiluminescent LFA, capture antibodies are tagged with enzymes. Once the
target biomarker-capture antibody complex is captured at the test line, enzymes are then
used to create optical signals through production of light emitting components that are
formed by enzyme-substrate interaction. Horseradish peroxidase (HRP) conjugated capture
antibodies are commercially available enzyme-antibody conjugates that usually carry one
or two HRP molecules on the antibody for a chemiluminescence reaction. In this regard,
Chen et al. prepared a multiplex LFA that included Au NPs with antibody conjugated HRP
for chemiluminescence detection of CEA and AFP, diagnostic biomarkers for malignant
tumors.[71] The optical signal that was generated from HRP-luminol reaction in the presence
of H,0, was detected by a portable chemiluminescence analyzer. The most striking feature
of this multiplex device is the large number of HRP molecules that are attached to a single
Au NP (243 HRP per Au NP). This large number of HRP molecules accounts for the
amplification of optical signal, producing a limit of detection of 0.2 ng/mL for CEA and
0.21 ng/mL for AFP. In addition to these low limits of detection, Au NPs create visual
readouts at the test lines that can be seen with the naked eye indicating CEA and AFP at the
level of 5 ng/mL (Figure 6).

Rather than a direct investigation of biomarkers from samples of body fluid, an
unconventional amplification approach would be to explore the products of an in vivo
response of dysregulated activities that are subsequently cleared in body fluid.[72] Warren
et al. proposed such an in-situ amplification technique to recognize multiple engineered
synthetic cancer biomarkers to detect colorectal cancer from urine samples.[73] In this
study, synthetic peptide-coated iron oxide nanoworms are administered to the circulation,
which are engineered to accumulate in the tumor tissue. In the presence of matrix
metalloproteinases (MMPS), which are over-expressed in solid tumors, the surface peptide
layer of the synthetic biomarkers is cleaved, releasing biotinylated reporter peptides that will
ultimately be eliminated in the patient’s urine. (Figure 7). In addition to these nanoworms,
biotinylated free reporter peptides are injected intravenously, allowing for normalization of
any variation in the urine. Once patient samples are applied to the multiplex LFA, both
reporters and free reporters are labeled with streptavidin conjugated Au NPs and then
captured at different test lines by reporter specific antibodies. Then, the paper device is
scanned to quantify the relative colorimetric reporter intensities as opposed to the signal

of free reporter signal. In order to determine the accuracy of this device, the rate of true
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positives (sensitivity) and false positives (1-specificity) are analyzed by receiver-operating
characteristics curves. The results show that the multiplex LFA is highly accurate and
discriminates colorectal cancer with an AUC of 0.90.

4.3. Multiplex LFAs for Nucleic Acid Biomarkers Detection

Similar to protein biomarkers, nucleic acid-based cancer biomarkers also suffer from a
limited abundance in body fluid. This becomes a critical issue if the target biomarker

is downregulated in the presence of cancer. Accordingly, recent studies have devoted
considerable effort toward development of sensitive and specific methods for miRNA
detection.[74] For example, Zheng et al. have developed an LFA for the visual detection

of multiple miRNAs using a sandwich-type nucleic acid hybridization reaction, similar

to sandwich immunoassays with antibodies.[”®] Specifically, Au NPs were conjugated

with thiol-modified single stranded DNA (ssDNA) in order to capture the target miRNAs
from the liquid sample. The streptavidin-biotin modified detection ligands (sSDNAS) were
immobilized on the test lines. Once the liquid sample including the target miRNAs (miRNA
155, 21, and 210) migrates across the paper device, the sandwich-type nucleic acid
hybridization reaction results in sSDNA-miRNA-ssDNA/AUNP complexes that aggregate at
the test lines to form visual signals (Figure 8a). Further quantification of the three miRNAs
were performed by the intensity measurement of the test lines using ImageJ software.

The resulting threshold for the visual detection of miRNA 155, 21, and 210 were found

to be 0.01 nM, 0.01 nM, and 0.05 nM, respectively. In addition, the detection limits of
these miRNAs were lower than the enzymatic-based signal amplification method. Javani

et al. demonstrated a unique design of an LFA for detection of miRNA 210 and miRNA
424 where unmodified detection ligands (oligonucleotide molecular beacons) captured the
target miRNASs on the test lines.[”®] In typical nucleic acid-based LFAs, the detection
ligands (ssDNAs) are usually modified with streptavidin-biotin in order to enhance their
immobilization on the paper. This study demonstrated that the detection ligands (molecular
beacons) can be immobilized on the paper without protein-based modification, reducing the
overall cost of the paper device. These molecular beacons consisted of a single-stranded
hair-pin DNA with characteristic stem and loop structure. The loop includes 18-30 base
pairs that is complimentary to a specific target (miRNA 210 and miRNA 424 in this case)
with the stem having 5-7 base pairs.l””] Molecular beacons were attached to the paper at
the test lines from their stem, the 3" and 5” ends, and their loop structure was in a closed
state in the absence of a target miRNA. In the presence of a target miRNA, the loop structure
opened to hybridize the target to capture at the test line (Figure 8b). In addition to molecular
beacon-based detection mechanism, this multiplex LFA incorporated DNA-conjugated, Au
NPs to tag the target miRNAs. Thus, the color formation at the test line was associated with
the Au NPs confirmed the presence of target miRNAs. Colorimetric signals were analyzed,
and the limit of detection was found as 10 pmol for both miRNA 210 and miRNA 424.

In addition to colorimetric methods for detection of cancer associated multiple nucleic
acids, surface enhanced Raman scattering (SERS) technique has been also explored as an
alternative signal enhancement approach on multiplex LFAs. This method involves the gain
and loss of energy between an incident light and vibrational motions of a specific target
molecule, also known as a SERS tag, on a SERS active label (Au NPs).[78] The resulting
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spectrum with narrow and sharp peaks is specific to the SERS tag and very sensitive to

its surrounding environment. For example, certain peaks in this spectrum can change their
position or intensity as a result of an attachment of another molecule on the surface of

the SERS label such as a target biomarker.[7%] Thus, the presence of a target molecule can
be identified by monitoring the changes in this spectrum. In this context, Wang et al. has
developed a multiplex LFA that can simultaneously detect dual nucleic acids using SERS-
based detection method.[8%] This study has focused on the differentiation of two diseases,
Kaposi’s sarcoma (KS) and bacillary angiomatosis (BA), that exhibited similar clinical
presentation.[82] In particular, Au NPs (SERS label) were functionalized with a SERS tag
(malachite green isothiocyanate-MGITC) and were conjugated with DNA probes that were
complementary from one end to the KS and BA associated DNA targets. Additionally, the
DNA probes for KS and BA were immobilized on the two test lines on the paper device.
Once the sample with target DNAs was introduced to the device, the target DNAs were
hybridized from their one end with the DNA probes that were localized on the surface of
Au NPs. Then, the Au NPs were localized at the test lines by hybridization of the target
DNAs from their other end with the DNA probes on the paper. In order to quantify the target
DNA s at each test line, the test lines were sequentially exposed to a laser light (632.8 nm),
and the Raman peak intensity centered at 1617 cm™ that was originated from the SERS tag
(MGITC) was then monitored. The limit of detection values of target DNAs for KS and BA
were estimated as 0.043 pM and 0.074 pM, respectively. These highly sensitive results were
10,000 fold less than the values that were obtained from a colorimetric detection method.[82]

4.4. Multiplex LFAs for Exosome Detection

Even though the detection of cancer cells-derived exosomes on LFAS has not been explored
as broadly as other biomarker types such as proteins and nucleic acid biomarkers,[3]

there was a recent study that demonstrated a multiplex LFA for detecting exosomes with
multiple surface protein markers. Here, an isotachophoresis separation technique on a paper
device was developed for a rapid isolation and identification of prostate cancer line-derived
exosomes with multiple exosomal protein biomarkers.[84] Briefly, the isotachophoresis
separation technique was based on an electrokinetic sample separation in a discontinuous
electrolyte environment. Depending on the electrophoretic mobility of the components of

a mixture, each component can be separated into pure detection zones. Specifically, the
electrophoretic mobilities of target exosomes for prostate cancer cells and normal exosomes
that were obtained from healthy donors were different and resulted in separation and
enrichment of these exosomes at the test lines of the paper device. In order to create the
discontinuous electrolyte environment, the sample loading section of this paper device,
representing the cathode side of the device, was immersed in a pH 7.1 buffer solution while
the other end of the paper was soaked in a pH 7.9 buffer solution (the anode side of the
device). Additionally, monoclonal antibodies against CD63 and CD44 that were protein
markers for normal and target exosomes, respectively were immobilized on two separate test
lines of the paper device before the device assembly. When a mixture of red dye labeled
target exosomes and green dye labeled normal exosomes was introduced to the paper, an
electrical stimuli (equivalent to 150 V) was applied to the anode side of the device, and

the cathode side was then set to ground. During this process, negatively charged target

and normal exosomes were mobilized from the sample loading site towards the test lines
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and finally captured at the respective test lines. Then, the fluorescence signals that were
associated with the target and normal exosomes were collected to determine the limits of
detection as 1 ng/mL and 0.6 ng/mL, respectively. The comparison between the sensitivity
of this device with the commercial ELISA assay demonstrated that the limit of detection for
this paper device was 30-fold less than that of the commercial assay.

5. Multiplex Microfluidic Paper-Based Analytical Devices

Microfluidic paper-based analytical devices (LPADs) are slightly different than LFAs in
terms of the device configuration. However, similar biorecognition elements such as labels,
capture and detection ligands are still used for the development of analytical tools for cancer
biomarkers detection. pPADs implement the principles of microfluidics, manipulation of
small amount of fluids using channels, to facilitate small-scale, capillary-action to process
the flow of fluids on paper. Rather than overlapping a series of pads like in LFAs, JPADs
are created by modifying a single piece of paper (usually chromatography paper) with pore
sizes ranging from 11-25 um.[8%] The paper modification involves the use of hydrophobic
materials to form hydrophilic fluid flow paths (such as fluidic channels in a microfluidic
device) on the paper. Thus, small amount of liquid sample (usually in the pL range) can

be directed from an inlet toward desired locations on the paper via capillary action and this
process takes place without the need for an external device to create a pressure drop (e.g.,
pumps). Collection of the sample in multiple separate detection zones allows for interaction
of the sample only with target specific biorecognition components and therefore, multiple
biomarkers can be identified at distinct locations on the paper.

A number of different patterning strategies have been applied to paper-based devices in
order to generate hydrophaobic barriers for the multiplex pPADs and to confine sample flow
within the defined areas.[86] Each patterning method requires full penetration of hydrophobic
material through paper substrate. Photolithography, the fabrication method for the first
example of pPADs used for analytical measurements,[87] involves impregnating paper with
photoresist (light-sensitive material) and then its polymerization by UV exposure. Once

a patterned transparency mask is applied on the photoresist-coated paper during the UV
exposure step, the photoresist that only interacts with the UV light is polymerized, and
therefore becomes solidified. Uncured photoresist is then washed with organic solvent to
form hydrophilic channels while cured photoresist defines the boundaries of the channels.
Alternatively, wax-printing using wax-based ink in a commercially-available printer is used
to print patterns on the paper, and then the wax ink melts through the paper upon application
of heat.[88] Inkjet printing, on the other hand, focuses on printing pre-polymer ink on

paper and then its polymerization by either heat or UV exposure.[8%] Flexographic printing,
another form of direct ink printing, applies multiple layers of hydrophobic ink through
paper using a specialized printer at a much faster rate.[%] Even though its rapid production
of hydrophobic patterns seems advantageous for a high-throughput fabrication process,
flexographic printing requires a specialized printer and multiple printing steps for full
penetration of the ink. Alternatively, paper-cutting and shaping can also be used to define
flow boundaries without chemical treatment with waxes, polymers, or solvents.[9] However,
these patterning approaches require high-cost cutting instruments that limit their wide use in
the UPAD fabrication. Despite issues with its low resolution, wax printing remains the most
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common technique for patterning the hydrophobic barriers on paper substrate for multiplex
UPAD fabrication.

The multiplex forms of UPADs that are described in this section are classified as two
dimensional (2D pPADs) and three dimensional paper devices (3D PPADs) according to the
number of patterned papers incorporated to the paper device. 2D uPADs have a simpler
architecture and are fabricated on a single piece of filter paper. 3D pPADs are more
complicated in that they utilize multiple layers of patterned papers. The layered structure
of 3D PPADs reduces undesired contact between reagents and allows for control over
multi-step operation. Even though the overall device designs of 2D uPADs and 3D pPADs
are different, fabrication methods for hydrophobic barriers and thus creation of hydrophilic
channels are similar. In the next section, we will discuss the details of configurational and
operational characteristics of 2D and 3D uPADs and their application in multiple cancer
biomarkers detection.

5.1. Multiplex 2D Microfluidic Paper-Based Analytical Devices (Multiplex 2D puPADs)

5.1.1. Configurational and Operational Aspects of Multiplex 2D pPADs—The
configuration of 2D pPADs for multiplex detection of analytes can take two forms, namely
branched or array formats. 2D pPADs with a branched configuration are usually designed
around a centralized sample zone with multiple hydrophilic channels radiating outwards

to detection zones (Figure 9a). Once the sample is applied to the device from the sample
zone, it is directed to multiple detection zones through the branched patterns of hydrophilic
channels. Depending on the assay, detection zones may be pre-loaded with target biomarker-
specific reagents (capture and detection ligands and signal generating components) to give
off a measurable signal upon sample introduction, or these reagents can alternatively be
introduced to the detection zone in a sequential manner to generate the signal for biomarker
identification. As an alternative to the branched architecture, an array of hydrophilic spots
can be used for multiple biomarkers detection on the paper (Figure 9b). In this array type

of configuration, the hydrophilic spots are generated by the previously mentioned patterning
techniques. Each spot in the array is dedicated to capture and detect one type of target
biomarker. Sequential addition of assay components (capture/detection ligands, labels) as
well as the sample on the hydrophilic spot serves to generate the signal and quantify the
amount of biomarker that is present in the sample. For example, sandwich immunoassay-
type 2D UPAD:s start with capture antibody loading on the hydrophilic spot. A blocking
agent, usually BSA, is then added to the spot in order to minimize non-specific protein
adhesion on the paper. Next, the sample is added to capture the target biomarker and finally,
detection antibody conjugated label is added to tag the captured biomarker. The signal that is
generated by the label is collected and analyzed for correlating the signal intensity with the
amount of biomarker in the sample.

Innovations in the development of 2D pPADs provide the opportunity to reduce fabrication
time and cost. In order to simplify the overall 2D pPAD fabrication process, for example,
Guo et al. recently developed a novel 2D PPAD fabrication method in which a polystyrene
solution (derived from recycled foam plastics) was used to create patterns of hydrophilic
channels on the paper.[®¥] In this method, adhesive masks were applied on both sides of
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the paper. Then, patterns of channels and detection zones were cut by a cutting plotter. The
cutting strength was carefully adjusted in a way that only adhesive masks were cut, and

not the paper itself. The adhesive tape representing the patterns of channels and detection
zones remained on the paper and the rest was removed. The hydrophobic material (recycled
polystyrene) was then introduced to the paper by simply dipping the paper with the tape in
polystyrene-chloroform solution and subsequently letting the paper dry at room temperature.
Once the tape mask was removed, the sections covered by the mask were left as the

patterns of multiple hydrophilic branches (Figure 10). This new technique reduced the
fabrication time and cost by using recycled polymer as the hydrophobic patterning material
and indicated a promising alternative to simplify fabrication of multiplex 2D pPADs.

5.1.2. Multiplex 2D pPADs for Protein Biomarkers

Capture Ligand Related Sensitivity Enhancement Strategies: Increasing sensitivity of
2D UPAD:s for the detection of multiple protein biomarkers has been a primary focus

in recent years. One common obstacle is maintaining antibody attachment to the cellulose-
based paper devices. This becomes a major issue especially when the liquid sample or
solutions of other reagents, such as detection antibody or washing buffer, are introduced
after capture antibody immaobilization on the paper. Notably, a previous study demonstrated
that 34 to 42% of antibodies attached to the cellulose-based paper through non-specific
adsorption can desorb from the paper upon washing with buffer solution,[%>] which may
eventually affect the sensitivity of the paper devices for detection of protein biomarkers.
One possible solution to this problem could be the covalent immobilization of antibodies
on the cellulose paper requiring additional steps for chemical modification on the paper.
Various paper modification methods have been reported[%] but chitosan coating is the most
commonly used paper modification approach for developing sensitive 2D pPADs.[94 97]
Chitosan, a cationic polysaccharide, interacts with anionic cellulose and can be readily
crosslinked with glutaraldehyde where capture antibodies are covalently immobilized on the
2D UPAD. For example, Wang et al. adapted chitosan modified paper for detecting CEA,
AFP, and CA-125 on an array format 2D uPAD.[97a] |n this work, chitosan modification
improved not only the stability of immobilized capture antibodies that are specific to

each biomarker but also the wet-strength of the paper device. Alternatively, periodate
oxidation of cellulose paper has been used for grafting capture antibodies on the paper. This
approach relies on the creation of aldehyde groups on the cellulose fibers upon reacting with
sodium periodate and utilization of these aldehyde groups in covalent attachment of capture
antibodies. Ge et al. demonstrated covalent immobilization of capture antibodies on the
periodate modified detection spots of an array format 2D uPAD for AFP, CA 153, and CA
125.[93] Even though periodate oxidation provided a simple route for paper modification,

it required multiple washing steps to complete removal of unreacted sodium periodate that
may eventually affect the wet-strength of the paper.

Rather than covalent attachment of capture antibodies on the modified paper, their
immobilization on stationary platforms (that remain immobile upon liquid introduction)
could be an alternative approach for securing capture antibodies on the paper device. Baynes
and Yoon showed a novel multiplex 2D uPAD design for the detection of colorectal cancer
related biomarkers (CEA and CA 19-9), in which capture antibodies were localized on
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the surface of submicron latex beads.[%8] These beads were large enough to exhibit limited
mobility on the paper. Therefore, capture antibodies remained in the main channel where
beads were initially loaded (Figure 11). This study employed a fluorescence scattering
immunoagglutination detection method in order to measure the change in the scattered light
angles upon UV exposure that resulted from biomarker-capture antibody aggregation on the
bead surface. The results demonstrated low detection limits for CEA (1 pg/mL) in blood and
for CA 19-9 (1 U/mL) in serum (about 100 times lower than previously reported in human
serum).[®]

Label Related Sensitivity Enhancement Strategies. In addition to enhancing capture
antibody attachment on the 2D PPADs, researchers have been exploring various signal
enhancement approaches for the development of sensitive paper devices for detection

of multiple protein biomarkers.[94 97a. 100] The branched form 2D multiplex pPAD that
was developed by Guo et al. included an enzymatic signal amplification strategy that is
based on a chemiluminescent detection mechanism. Specifically, HRP conjugated detection
antibodies for CEA, AFP, and PSA were incorporated into the assay design (Figure 12).194]
Once the sample was introduced to the paper, target biomarkers were captured in the three
detection zones. Then, the solution of HRP conjugated detection antibodies was added to
the detection zones to form antibody-biomarker complexes. Next, luminol and H,O, were
added to the detection zone that led to luminol oxidation and the resulting emitted light was
detected by a chemiluminescence detector. The analytical performance of this device was
capable of generating low detection limits for CEA, AFP, and PSA at 0.02 ng/mL, 2 ng/mL,
and 0.3 ng/mL, respectively. Additionally, quantification of these biomarkers in the human
serum spiked samples revealed comparable results with the standard ELISA method.[94]

An alternative method for improving the detection efficiency of 2D pPADs involves
incorporation of a “turn on” mechanism for quenched fluorescence signals in the detection
sites. Ge et al. developed an array format of a multiplex 2D pPAD where copper-mediated
signal recovery of quenched QDs was used to improve the sensitivity of the assay.[%%] The
device was able to simultaneously detect four different cancer biomarkers of AFP, CA 125,
CA 153, and CEA. Capture antibodies that were specific to these markers were immobilized
in individually dedicated detection zones in the array format. Dithizone coordinated CdTe
QDs were also localized in the detection zones. The coordination of dithizone at the surface
of the CdTe QDs suppressed the fluorescent signal via fluorescent resonant energy transfer
(FRET). In this sandwich immunoassay, detection antibodies that were labeled with copper
oxide nanobodies released Cu?* ions that activated the fluorescence of CdTe QDs in the
detection sites. As a result of this quenching and “turn on” mechanism, the assay achieved
high sensitivity with very low limits of detection (1.0 x 1073 ng/mL for AFP, 2.0 x 1073
ng/mL for CA 125, 1.0 x 104 ng/mL for CA 153, 5.0 x 1073 ng/mL for CEA).

5.1.3. Multiplex 2D pPADs for Detection of Circulating Tumor Cells—There

are different approaches for employing a multiplexing strategy for detecting CTCs from

the blood stream. For instance, CTCs can be captured through recognition of multiple
biomarkers that are specific to a CTC type, followed by detection using paper-based devices.
Accordingly, Wu et al. developed a 2D YPAD that can identify a model CTC, cell line of
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Huh?, by detecting cell surface biomarkers of EpCAM and GPC3.1970] Figure 13 illustrates
the CTCs detection mechanism that was used at the detection zone. Briefly, this study

used silica NPs that contain multiple types of QDs in order to amplify electrochemical

and fluorescent signals for the detection of cancer cells. Specifically, electrochemical and
fluorescent signals of the device are collected through a screen printed carbon electrode.
The PPAD was loaded with three types of silica NPs that are labeled with Cd1, Cd2, and

Zn QDs to tag EpCAM and GPC3. The presence of surface proteins (EpCAM and GPC3)
on the Huh7 cells were confirmed by the fluorescence signals of Cd1 and Cd2 loaded NPs.
Additionally, the presence of these biomarkers were identified by the electrical signals that
were enhanced by the incorporation of Cd1 and Zn to the silica NPs. Further, labeling silica
NPs with multiple QDs was found to increase the sensitivity for EpCAM detection 2.3 times
and the sensitivity for GPC3 2.8 times compared to the UPAD sensitivity that contains silica
NPs with a single QD.[97P]

The detection of multiple CTC types on a single device has also been attempted.
Specifically, Liang et al. reported a 2D UPAD design to demonstrate fluorescence-based
detection of three cancer cell types (adenocarcinoma cells (MCF-7), human acute
promyelocytic leukemia cells (HL-60), and human chronic myelogenous leukemia cells
(K562). The design included biorecognition of cancer cells by cell specific aptamers.[92]
The aptamer probes were initially conjugated to QDs that were loaded on mesoporous
silica NPs (MSNs/QDs) and produced different detection signals at different wavelengths.
Thus, each aptamer probe could be differentiated by the color of MSNs/QDs that they
were attached. Then, aptamer conjugated MSNs/QDs were localized at the detection zone
where graphene oxide was previously loaded. The presence of graphene oxide resulted in
quenching the fluorescence signals of aptamer conjugated MSNs/QDs. When the sample of
cell mixture was introduced to the device, aptamer probes were released as a result of their
interaction with corresponding target cancer cells leading to the emission of fluorescent
signals. Quantification of this fluorescence signals revealed the limits of detection for
MCF-7, HL-60, and K562 as 62 cells/mL, 70 cells/mL, and 65 cells/mL, respectively.

A summary of the research efforts for the development of 2D pPADs for detection of
multiple cancer biomarkers is included in Table 3.

5.2. Multiplex 3D Microfluidic Paper-Based Analytical Devices (Multiplex 2D pPADSs)

5.2.1. Configurational and Operational Aspects of Multiplex 3D pPADs—
Recent advancements in WPADs offer unique opportunities to further develop paper devices
that can manipulate the fluid flow not only in two dimension along the hydrophilic
channels but also in the third (vertical) dimension. These devices exhibit key features

such as integration of essential elements (working, reference and counter electrodes) for
electrochemical-based detection methods as well as flexibility to combine multiple detection
methods on a single device. Further, incorporation of adequate reagents/buffers at different
layers on the 3D device simplifies the complex assay procedure that requires multiple

and sequential reagent addition and washing steps.[192] In addition, manipulation of fluid
diffusion between layers (from top to the bottom layer) brings the opportunity to apply a
necessary filtration step that is not feasible on LFAs or 2D pPADs.
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The assembly of 3D uPADs involves patterning of hydrophobic barriers on each individual
paper layer if the device consists of a multilayered design. This is often performed through
patterning strategies that were briefly described in the earlier section. Paper layers are then
assembled by stacking these individual pieces on top of each other. Alternatively, patterning
of hydrophobic barriers can be formed on a piece of paper, and the 3D device can be
assembled by following carefully designed sequential bend-and-fold steps in an origami
style. Figure 14 illustrates examples of multiplex 3D PPADs with layered and origami type
device configurations. For both configuration designs, a binding clip is required to secure
the necessary contact between the layers and to maintain the fluid flow in vertical direction.
Any additional reagent, buffers, or chemical modification that are specific to the assay are
typically added to their respective layer before the assembly process.

Multiplex assays using a typical layered 3D UPAD configuration apply a simple operational
procedure. The sample is usually added to the sample layer, then moves onto the splitting
layer and reaches to the test layer to perform the assay. Horizontal flow of the liquid sample
splits the sample and carries the analytes within layers that hold various functions such

as filtering, reserving necessary reagents for the assay, collecting the liquid in the waste
and the detection zones. The splitting layer is important for multiplex analysis to allow

for localization of the sample on multiple separate spots which is especially important

in a limited space on a single device. Once the sample reaches the detection zone, the
assay-specific detection signals are generated in the presence of target biomarkers. Finally,
the device is unfolded for further quantitative or qualitative analysis using assay-specific
detection method.

5.2.2. Multiplex 3D pPADs for Protein Biomarkers

Chemical Modification-Based Signal Enhancement Strategies: Current trends in
identification and quantification of multiple protein biomarkers using 3D PPADs are mainly
based on electrochemical detection methods. Modifications to the detection zones (working
electrode) by incorporating different surface coatings on the paper or introducing functional
nanomaterials to the detection system have been the foremost emphasis in the development
of recent 3D UPADs for multiple protein biomarkers detection. For example, Wu et al.
integrated graphene onto a chitosan-modified paper to enhance electrochemical signals

for the detection of a panel of four cancer biomarkers (AFP, CEA, CA 125, CA 153).

[104] Multiple detection zones (working electrodes) that were dedicated to each biomarker
were functionalized with graphene oxide in order to accelerate the electron transfer, and
then biomarkers were captured on the paper in a sandwich immunoassay. In this assay,
HRP molecules that were chemically linked to detection antibodies through a synthetic
polymer chain were then reacted with a substrate (O-phenylenediamine-H,0, mixture).
Finally, differential pulse voltammetric measurements were taken when the electroactive
species (2,2’ -diaminoazobenzene) were produced upon HRP-induced catalytic reaction.
This particular device could reach limits of detection for these biomarkers ranging from
0.01 ng/mL - 0.05 ng/mL. A slightly modified 3D pPAD design was also created that
could detect these biomarkers at a sub picogram per milliliter level. In this device, detection
antibodies were tagged with silica NPs where multiple HRP molecules were conjugated.
Incorporation of multiple HRP molecules to the detection system aided in increasing the
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sensitivity of this paper device that was reflected in the lower limits of detection for

the target biomarkers (0.001 ng/mL AFP, 0.005 ng/mL CEA, 0.001 ng/mL CA 125, and
0.005 CA 153 ng/mL).[193] |n addition to graphene modification, multi-walled carbon
nanotubes (MWCNTS) were applied to the sensing component of an origami type multiplex
3D WPAD in order to produce signal enhancement in the detection of CA 125 and CEA.

[106] The device utilized HRP- O-phenylenediamine-H,0, electrochemical system for an
immunoassay type biomarker recognition and its analytical performance was verified by
testing with biomarkers spiked-PBS solutions. MWCNTs mediated enhancement of the
electronic conductivity of the working electrode resulted in sensitive detection of CA 125
and CEA at limits of detection of 0.05 ng/mL and 0.001 U/mL, respectively. Once the device
was tested using clinical samples, quantitation of biomarkers produced relative errors that
were less than 5.8% for CA 125 and 6.5% for CEA when compared to reference values from
a commercially available chemiluminescence method.

Modification of the working electrode with metal-based coatings on 3D uPADs can also be
utilized to increase the surface area of the working electrode and consequently the amount
of immobilized capture ligands. Li et al. demonstrated a multiplex 3D paper device with a
nanoporous silver modified working electrode for enhancement of detection of two protein
biomarkers (AFP and CEA).[197] Bjomarker recognition was achieved by chitosan-coated,
nanoporous Au NP labels that were loaded with large amount of metal ions such as Cu%*
and Pb2*. It was hypothesized that the presence of these metal ions on the NP labels

played a key role in electrochemical signal enhancement. Additionally, the sensitivity of
this device was found to be higher than the device with an unmodified electrode. When the
assay’s performance was compared with the results that were obtained from a commercially
available electrochemiluminescent method, this multiplex 3D uPAD could detect AFP and
CEA with a relative error of 3.2%. In a similar signal enhancement approach, another
electrochemical-based multiplex 3D uPAD was developed through the use of a cuboid silver
coated working electrode.[198] |n this 3D pPAD design, nanoporous silver-chitosan coated
NPs were loaded with Cu2* and Ag* and were used to tag CA 125 and CA 199 on the
working electrode via sandwich antibody conjugation. The electrochemical responses upon
capturing biomarkers at the working electrode were investigated by cyclic voltammetry. The
cuboid silver modified electrode produced much higher sensitivity for these biomarkers than
unmodified working electrode and the limits of detection, 0.02 mU/mL and 0.04 mU/mL
for CA 125 and CA 199, respectively, were much lower than the cutoff values used for the
biomarkers in clinical diagnosis.[10€]

The working electrode modification using Au, either in its NPs or nanorods (NRs) forms,

is another attractive metal-based coating strategy for electrochemically active multiplex 3D
UPADs. Li et al. designed an origami type 3D paper device with a working electrode where
the electrode surface was coated with Au NPs for detection of multiple protein biomarkers
(CEA and AFP).[209] Similar to previous examples of silver coated paper devices, addition
of Au NPs lowered the resistance while increasing the conductivity of the electrode that
resulted in improved sensitivity of the device. This 3D pPAD employed 3D graphene sheets
to tag the biomarkers. These graphene sheets were previously loaded with dual redox probes
(methylene blue and carboxyl ferrocene) before incorporating them into the electrode in
order to trace the electrochemical changes upon target biomarker capture. The detection
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limits of this multiplex device were determined to be 0.5 pg/mL and 0.8 pg/mL for CEA
and AFP, respectively. In the presence of other interfering agents such as CA 125, BSA

and PSA, the device demonstrated minimum cross-reactivity with a relative error in the
range of —3% ~ 3.5%. Similar to signal enhancement by Au NPs, Ma et al. demonstrated

Au NRs-based signal enhancement on a 3D paper device capable of detecting two protein
biomarkers (CA 125 and CEA\) at the working electrode.[11%] This work additionally applied
a metal ion induced-electrochemical signal enhancement strategy by incorporating metal
ions (Pb2* and Cd%*) to BSA coated Au NP labels for the detection of biomarkers with a
sandwich immunoreaction. The combination of metal ions on the labels and Au NRs coating
on the paper surface created dual effects for improving the sensitivity of the multiplex device
and the limits of detection for CEA and CA 125 were found to be 0.08 pg/mL and 0.06
mU/mL, respectively. Once this device was tested using clinical samples, the absolute error
compared to a commercial electrochemiluminescent single-analyte test was less than 3.6%.
In addition, minimal cross-reactivity between these two biomarkers overall reflected the
clinical potential of this 3D UPAD design for detecting multiple protein biomarkers.

Zn0 nanorods (ZNRs) are another metallic material of interest that have been explored

in the development of sensitive electrochemical-based 3D uPADs for multiplex analysis

of cancer biomarkers. For instance, due to high surface area of ZNRs, low tendency

to agglomerate and their unique electron transportation properties, the working electrode

of a paper device was modified with ZNRs to develop an origami type 3D PPAD for

the multiplex detection of HCG, PSA, and CEA.[111 |n this device, capture antibodies
were immobilized on the ZNRs. The fundamental detection mechanism of this multiplex
assay relied on the change in the electrical current once H,O, was reduced by BSA-
stabilized silver NPs that were attached to graphene oxide labels. BSA-stabilized silver
NPs contributed not only catalyzing H,O5 but also aided in maintaining detection antibody-
label conjugation for target biomarkers. Analysis of the resulting electrochemical signals
upon introduction of biomarkers to the paper device revealed the limits of detection for
HCG, PSA, and CEA to be 0.0007 mIU/mL, 0.35 pg/mL, and 0.33 pg/mL, respectively. In
addition, quantification of these biomarkers from clinical serum samples showed the relative
error as 4.8% when compared to a commercial electrochemiluminescent method.[111] A
more complex immunoassay design of a 3D paper device including a photoactive matrix
(ZNRs coupled with CdS QDs) with visible light absorbency and photoelectrochemical
activity was created by Ge et al. for detecting CEA and AFP.[112] Briefly, CdS QDs

were galvanostatically deposited on the ZNRs surface that were grown on the Au/Pd NPs
coated paper electrode. CEA and AFP were tagged with nanoporous silver NP labels that
were conjugated with detection antibodies and glucose oxidase (GOx). Upon biomarker
capture and glucose introduction to the device, the large amount of GOx produced H,0,
aided in light-induced electrical signal enhancement. The overall sensing mechanism of this
electrochemical device was based on visible light sensitization of CdS QDs at the working
electrode that resulted in enhanced light absorption and improved the photocurrent. This
photoelectrical activity was further enhanced by the production of H,O», an electron donor
to scavenge the holes in the valence band of ZNRs that were generated by their interaction
with visible light-sensitized CdS QDs (Figure 15a). Substantially amplified photocurrent
response was about 2.4 times greater than carbon nanotube modified working electrode and
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resulted in improved sensitivity for cancer biomarkers of CEA and AFP with the limits of
detection of 0.3 pg/mL and 0.5 pg/mL, respectively. The multiplex device showed relative
errors of less than 3.5% for human serum samples when compared with reference values that
were obtained from a commercial electrochemiluminescent detection method.[112]

L abel Free Methodsfor Signal Enhancement Strategies: Even though the majority of
electrochemical-based 3D paper devices implement sandwich type immunoassays as the
biorecognition element, there are also examples of 3D paper devices that adapt label-free
biorecognition using aptamers. For example, Wang et al. developed a multiplex 3D uPAD
with a layered configuration in which simultaneous detection of lung cancer biomarkers of
CEA and NSE was achieved by electrochemical aptamer-based sensing.[113] In this study,
thiol modified DNA aptamers against CEA and NSE were synthesized. Two carbon working
electrodes were formed on the bottom paper by modifying the electrode surface with amino
functional graphene (NG)-Thionin (THI)-Au NPs (NH,-G/THI/Au NPs) and Prussian blue
(PB)-poly (3,4-ethylenedioxythiophene) (PEDOT)-Au NPs (PB/PEDOT/Au NPs) that were
the electroactive species in this assay design. Then, the solutions of CEA aptamers and
NSE aptamers were dropped onto the surface of the NH,-G/THI/AuNPs and PB/PEDOT/
AuUNPs modified electrodes leading to covalent attachment between Au NPs and aptamers.
A microfluidic channel patterned paper layer (filtration layer) was sandwiched between the
bottom layer (with the working electrodes) and another paper layer on which counter and
reference electrodes were created. Finally, a fourth paper layer, the sample layer that was
printed according to the design pattern, was placed on top and the assembly of the 3D
device was achieved by stacking these paper layers and securing their close contact with
double sided tape (Figure 15b). Once the liquid sample was introduced to the sample layer
(top paper), it diffused in the vertical direction and was filtered while moving through the
layers. The electrical responses upon capturing CEA and NSE at the working electrodes
were recorded by the differential pulse voltammetry. With the use of optimum Au NPs size
(determined to be 15 nm in size), this 3D UPAD demonstrated the analytical performance
at very low detection limits for CEA and NSE, 2 pg/mL and 10 pg/mL, respectively as
compared to the clinical cutoff values of 5 ng/mL for CEA and 15 ng/mL for NSE.

5.2.3. Multiplex 3D pPADs for Nucleic Acid Biomarkers—Sample preparation for
nucleic acid testing often involves extraction of nucleic acids from a cell lysed mixture
(usually via a centrifuging process), amplification of the nucleic acids, and the detection
procedure. The filtration feature of 3D paper devices offers unique opportunities to simplify
this sample preparation process for multiple nucleic acid biomarkers in particular. The first
example in this context for integration of small RNA extraction and amplification process on
a paper device was shown by Deng et. al, for the detection of two cancer biomarkers that are
associated with lung cancer (miRNA 155 and miRNA 21).[114] |n this work, the extraction
of nucleotides from cancer cell lysate was performed through a poly(ether sulfone) (PES)
filtration set up where cell lysate was introduced to PES layers. Then, a mixture of
amplification solution including a hairpin probe was added to the PES layers. An origami
type, foldable and patterned paper (foldable detection chip) was also prepared by adding

a DNA probe that is conjugated to QD labels to the hydrophilic spots on the top layer.
Streptavidin-biotinylated capture probes for the target miRNAs were dispensed on the test
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spots at the second and third layers of the foldable paper device. Next, the PES layers were
assembled with the folded paper by aligning the PES layers with the patterns of the folded
and placed in a heating block for exponential amplification reaction (EXPAR). During the
amplification process, target miRNAs diffused from the top layer and captured at the second
and third layers due to their interaction with the corresponding DNA probes. Finally, the
paper device was unfolded, and fluorescence intensities generated upon UV exposure at the
detection spots were used for quantification of target miRNA amounts (Figure 16a). The
unique design of this 3D PPAD eliminated the centrifuging-based nucleotides isolation step
from cell lysates and provided a straightforward sample preparation process for miRNA
extraction. Even though the amplification procedure required additional equipment in the
form of a portable heating block, this process exhibited a shorter isothermal process (20
minutes) relative to other lengthy isothermal amplification strategies (over 6 hr).[115] This
multiplex device produced optical signals from QD labels at two distinct wavelengths
enabling detection of two RNA biomarkers on a single device. Also, this device achieved the
sensitivity range from 3 x 10° copies to 3 x 108 copies. Further, this 3D pPAD showed an
increase in optical signals from samples that were extracted from clinical tumor samples as
opposed to samples that were extracted from healthy tissues.

Another fluorescence-based detection of multiple miRNAs was explored by Liang et al.
with the goal of reducing background optical signals and subsequent signal enhancement
for detection of miRNA21 and miRNA210 on an origami type 3D pPAD.[116] The group
used interconnected dense flower-like silver (FLS) layer deposition onto the paper surface at
the detection zone to reduce the background fluorescence of the paper. The proposed signal
generation mechanism was based on fluorescence signal recovery of quenched carbon dots
(CDs) in the presence of miRNA biomarkers. Specifically, CDs labeled DNAs (DNA1-CD)
were immobilized on the FLS coated paper and hybridized with CD quencher carrying DNA
strand (DNA,-CeO5). Once the solution of target miRNASs was introduced to the detection
zone, the fluorescence of DNA-CD was recovered and measured by a spectrophotometer
under excitation at 390 nm. In addition to enhanced fluorescence signal by the fluorescence
recovery, the quenching component (DNA-CeO5), exhibited the potential for generating
visual color when reacted with H,O, (Figure 16b).

5.2.4. Multiplex 3D pPADs for Detection of Circulating Tumor Cells—There are
only a few examples to date of 3D UPADs that have been developed for detection of CTCs.
The general assay principle for such paper devices relies on an electrochemiluminescence
detection method. For example, Wu et al. designed a multiplex 3D uPAD that used a
macroporous paper with a particle retention size of 25 pm for the detection of four types

of cancer cells: MCF-7, HL-60, K562, and CCRF-CEM.[117] This study used aptamer-
mediated CTCs attached on the working electrode. In addition, coating the electrode surface
with Au NPs increased the surface area for cell binding as well as facilitated the transfer

of electrons to increase the sensitivity of the electrical signals. Moreover, cells were labeled
with concavanalin-A-conjugated AuPd NPs to enable catalyzation of the disproportionation
of H,0, once introduced to the working electrode. The resulting O, from this reaction

then reacted with peroxydisulfate that was subsequently added to the electrode to produce
electrochemiluminescence signals. The analytical performance of this device revealed that
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the limits of detection for MCF-7, HL-60, K562, and CCRF-CEM were 250 cells/mL, 236
cells/mL, 241 cells/mL, and 265 cells/mL, respectively.

A 3D UPAD with a better sensitivity for detection of smaller cell numbers was designed for
electrochemiluminescent detection of multiple types of CTCs, specifically MCF-7, CCRF-
CEM, HeLa, and K562 cells.[*18] |n this work, aptamer-based capture ligands were applied
to the working electrode for CTC attachment. A Sudoku-like structure of this 3D device
allowed for storage of assay reagents in different layers such as CTC labeling component,
graphene QDs, and other reagents that are essential for the assay in different layers. This
configuration aided in directing the fluid flow such that captured cells could interact with
the signal generating reagents in a sequential manner. Further, the electrochemiluminescence
signal amplification was achieved by incorporation of two efficient co-reactants (silver NPs
and semicarbizide) that enabled dual mode signal enhancement. Addition of these dual
enhancers created a strong electrochemiluminescence response, and resulted in much lower
detection limits of CTCs; 38 cells/mL, 53 cells/mL, 67 cells/mL, and 42 cells/mL for
MCF-7, CCRF-CEM, HeLa, and K562 cells, respectively. These detection limits were found
to be one order of magnitude more sensitive than a previous study.[117]

A summary of multiplex analysis approaches using 3D PPADs for cancer biomarkers is
listed in Table 4.

6. Summary and Outlook

Early detection, diagnosis and monitoring of cancer play a critical role in reducing mortality
rates for cancer and overall healthcare costs. Paper-based analytical devices could serve

as cost effective platforms for rapid and sensitive detection of multiple cancer biomarkers
from body fluids. In this context, novel multiplex LFAs and pPADs have been developed

to provide easy-to-use, sensitive diagnostic tools. These devices produce measurable signals
for delivering both semi-quantitative and quantitative results. Given that cancer biomarkers
are usually found at trace levels in body fluids, notable innovations for signal enhancement
strategies are of the most important features of these devices.

The sensitivity of multiplex LFAs and pPADs can be directly linked to a number of key
design features including incorporation of multiple labels in a single NP body, amplification
of optical signals through enzyme driven chemical reactions, or chemical modifications

on the paper to improve the electrical properties of the paper electrodes, each of which
have been reviewed herein. Future devices will continue to optimize device layout and

the exploration of new methods to achieve highly sensitive and specific indicators of the
presence of extremely small amounts of biomarkers. One critical consideration moving
forward is the possible cross-reactivity among multiple biomarkers as well as other
proteins that are present in the sample. One way to approach to this problem is to

create innovative sensing mechanisms that derive their inspiration from biomarker-specific
biological processes.[123] For instance, leveraging enzymatic activity to measure biomarker
levels is just one example for integrating catalytic reactions to such biorecognition
mechanisms.[73: 1241 Enzymes are known for their high affinity to a particular substrate
while going through catalytic reactions. Therefore, enzyme specificity toward only one
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substrate could be utilized to reduce other biomarkers’ interference to the catalytic reaction.
In addition, the implementation of new signal enhancement strategies that are uniquely
programmed to amplify a signal upon this catalytic reaction and produce a pronounced
visible color change could bring these devices closer to the goal of achieving point of care
results without the need for analytical equipment.[124]

Even though technology-driven advencements in the detection of multiple biomarkers on
paper-based devices would provide highly sensitive and specific quantitative outcomes in the
future, additional key steps in the device design will need to be taken so that robust clinical
decisions can be made for cancer diagnosis using these devices. Specifically, the current
multiplex paper-based devices are lacking statistical evaluations of the quantified levels of
multiple biomarkers. Future efforts in the field of multiplex paper-based devices should

be devoted to broaden the scope of selected biomarkers that includes various clinically
proven panels of biomarkers with high specificity towards a single cancer type. This will
require collaboration between material scientists, chemists, clinicians and statisticians to
successfully develop new sensing platforms with real clinical utility for cancer diagnosis.

From a broader perspective, widespread adoption of paper-based cancer diagnostics will

also depend on overcoming current medical, societal and logistical impediments. In other
words, even once technological advances in paper-based devices enable them to achieve high
diagnostic performance, these barriers still stand in the way of bringing these technologies
to patients at the point of care. Paper-based devices, as all other medical devices, must go
through a strict regulatory approval process by the appropriate regulatory authority before
being available on the market. The complex workflow of these regulatory processes for point
of care devices and variations in these processes that change according to the regulatory
authority make the commercialization and translation of the paper-based technologies non-
trivial.[125] This is one of the reasons why there are limited numbers of paper-based devices
for cancer diagnosis that are currently available in the market.[88 Moreover, these devices
need to be accepted by the public as effective diagnostic tools. As new and effective
products become available in the future, healthcare providers will need to work on educating
the public to raise the awareness on the significance, similar to regular mammogram or pap-
smear tests for the screening purposes. Also, robust reimbursement strategies are required

in the healthcare system so that these technologies can be accessible to wider patient
population.[126] |n addition to the aforementioned medical and societal challenges for paper-
based diagnostic tools, there are still logistical issues in terms of transportation, storage,

and managing supply chain of the paper-based diagnostics. Even though these problems are
not always major issues in high-income countries, they still remain challenges in low- and
middle-income countries, especially for the people who live in rural and resource-poor areas.

It may also be possible in the future to utilize not only body fluids for detection of disease-
specific biomarkers, but also gasses like breath or body odor. For instance, numerous studies
have suggested that canines have the ability to detect a number of diseases through the
scents produced by patients with cancer!127] and even possibly COVID-19.[128] |t is possible
that detection devices (called electric or artificial noses) could be implemented instead for
detection of these diseases.[1291 One promising technology in this area is the increasing

use of metal-organic frameworks (MOFs), which have pores that can be precisely tuned to

Adv Mater Technol. Author manuscript; available in PMC 2022 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yonet-Tanyeri et al.

Page 27

have the desired shape, size, and surface chemistry to detect a specific chemical entity. In
recent years, a number of research groups have shown how arrays of MOF can be used to
make better electronic noses,[13% and could one day be used to detect diseases from subtle
changes in body odor or breath.

Overall, recent innovations in the design and configuration of paper-based devices have
been responsible for advancements in multiplexed analysis of cancer biomarkers and
will continue to inspire future studies. By adopting novel biorecognition systems with
signal enhancement strategies, the multiplex paper-based devices will deliver much more
accurate and specific results in the future that will aid in early diagnosis of cancer and
correspondingly timelier, life-saving treatments for patients. In particular, translating these
early stage laboratory prototypes to affordable commercial products (similar to at-home
use of pregnancy tests) will put diagnostic technologies in the hands of patients in a

cost effective manner. Further, future paper-based devices will one day likely implement
simple, portable readout systems in a uniform way. This will enable cancer diagnosis not
in the clinics but also in resource-poor settings. Accordingly, smartphone-based readouts
would offer low cost, simple and fast data generation and analysis. Given that less than
30% of the population in low-income countries have access to health services for cancer
treatment, the ability to make cancer screening and monitoring readily available using
portable devices would be transformative in healthcare areas that currently have no other
options for diagnosis.
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Figurel.
Current trends in cancer diagnosis field for detecting multiple biomarkers. This data was

generated by an advanced keyword-based searching approach on Web of Science with the
following search terms: ((multiplex or panel or simultaneous) and (cancer or tumor) and
biomarker)) covering the time frame between 2010 and 2019.
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on single biomarker detection.
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Schematic description of LFA configuration designs for multiplex cancer biomarker
detection. a) PG | and PG Il were captured at multiple test lines, Reproduced with
permission.[89] Copyright 2019, Elsevier. b) Alleles-specific primers were captured at
oligonucleotides containing multiple test dots. Reproduced with permission.[81] Copyright

2019, Springer.
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Schematic representation of multiplex LFA configurations with multicolor labels and
biomarker detection at the single test line. a) AFP and CEA are labeled with multicolor
QDs and captured at the single test line. Reproduced with permission.[63] Copyright 2015,
Elsevier. b) Multicolor magnetic quantum nanobeads (MQBs) are used to label f-PSA

and c-PSA in order to detect at the single test line. (i) Mixing biomarkers with MQBs,

(ii) magnetic field induced biomarker separation, (iii) sample application on the LFA, (iv)
capturing biomarkers on the antibody immaobilized test line, (v) detection of biomarkers and

c-PSA antibody-
conjugated MQB525

Adv Mater Technol. Author manuscript; available in PMC 2022 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Yonet-Tanyeri et al.

Page 39

interpretation of the resulting measurements. Reproduced with permission.[64] Copyright
2019, Elsevier.
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Schematic illustration of the multiplex LFA with two step signal enhancement approach. a)
Antibody conjugated super paramagnetic nanoparticles (SPMN) form complexes with target
biomarkers of CEA and CA153 and these complexes are separated from the sample with

an external magnet. b) Once SPMN-biomarker complexes are introduced to the multiplex
LFA, captured CEA and CA153 results in loss in fluorescence signal of Cy5 due to SPMN
induced fluorescence quenching. The aggregated SPMN also generate rapid visual color in
the test line. Reproduced with permission.[”%] Copyright 2017, Royal Society of Chemistry.
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Figure 6.
A multiplex LFA implements enzymatic signal amplification strategy and provides dual-

readouts for sensitive detection of cancer biomarkers of CEA and AFP. a) The scheme of Au
NP conjugation with the capture ligands (antibodies for CEA and AFP) and HRP molecules.
b) Schematic representation of CEA and AFP detection by visual and chemiluminescent
readouts. ¢) The results of simultaneous detection of CEA and AFP on the multiplex LFA
demonstrate the detection limits for visual and chemiluminescence readouts. Reproduced
with permission.[72] Copyright 2016, Royal Society of Chemistry.
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Protease sensitive nanoworms probe the presence of tumor tissue in the body. a) Synthetic
biomarkers include iron oxide NPs that are conjugated with protease specific peptide
substrate and the peptide reporter. b) (1) Synthetic biomarkers are intravenously injected

to the patient. (11) Nanoworms accumulate at the tumor site and release reporters through
proteolytic cleavage of peptide substrate. (111) A patient’s urine sample is collected. (V) The
urine sample is applied to the multiplex LFA for the diagnosis. ¢) Detection antibodies are
immobilized at the test lines and reporter analyte conjugated Au NPs aggregate at the test
lines as the urine sample diffuses across the paper device. Reproduced with permission.[73]
Copyright 2014, National Academy of Science.
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Schematic illustration of nucleic acid-based LFAs for multiple miRNA detection. a) Target
miRNA-specific ssDNAs serve as the capturing and detecting ligands. Sandwich-type
hybridization complexes (SSDNA-miRNA-ssDNA-Au NR) are formed at the test lines

for colorimetric readout. Reproduced with permission.[”3] Copyright 2018, Elsevier. b)
Molecular level target miRNA recognition mechanism of molecular beacon-based LFA.
Reproduced with permission.[78] Copyright 2017, Elsevier.
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Figure.
Schematic illustration of typical multiplex 2D uPADs configurations. a) A branched

configuration with multiple hydrophilic channels confines the diffusion of liquid sample
along the channels and allows for collecting the sample at the detection zones where each
biomarker is detected separately. Reproduced with permission.[%2] Copyright 2016, Elsevier.
b) An array of hydrophilic spots is created for simultaneous detection of multiple cancer
biomarkers within separate detection spots. In this configuration, each spot is specifically
modified for detection of one type of biomarker. Reproduced with permission.[93] Copyright
2013, Elsevier.
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Figure 10.
Schematic representation of a novel dipping method to fabricate branched configuration of a

multiplex 2D pPAD by using recycled polystyrene as the hydrophobic material. Reproduced
with permission.[%4] Copyright 2019, Elsevier.
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Schematic representation of the multiplex 2D uPAD with the strategy to minimize capture
antibody desorption from the paper device. a) The overall outline for the 2D pPAD
configuration. b) Summary of the biomarker capturing mechanism via immunoagglutination.
Once the target biomarker containing sample reaches to the main channel, biomarker-
antibody interaction induces aggregation of latex particles. c) Aggregated particles exhibit
characteristic changes on the fluorescence light scattering angles at 440 nm and 610 nm
under UV exposure for CEA and CA 19-9, respectively. The change in the scattered

light is measured for determining the biomarker quantity. Reproduced with permission.[98]
Copyright 2018, SAGE.
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Schematic of the signal amplification strategy for sensitive detection of CEA, AFP, and
PSA (antigen) on the three detection zones of a multiplex 2D puPAD. Reproduced with
permission.[%4 Copyright 2019, Elsevier.
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Figure 13.
Schematic illustration of the 2D UPAD for detection of multiple cell surface biomarkers for a

model CTC, Huh 7. Reproduced with permission.[97] Copyright 2014, Wiley.
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Figure 14.
Schematics of typical multiplex 3D pPADs configurations. a) Wax printed two paper sheets

(paper A and paper B) were chemically modified to develop multiple working electrodes on
paper A and counter and reference electrodes on paper B. b) Multiple detection zones were
dedicated for electrochemical-based detection of four protein biomarkers. Reproduced with
permission.[%9] Copyright 2012, Elsevier. c) Optical images of the 3D UPAD that exhibits
origami style device assembly. d) Description of assay reagents that are loaded on each
layer and the flow direction of the sample once applied to the sample layer. Reproduced
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with permission.[192] Copyright 2020, Elsevier. ) The 3D pPAD including a rotational disks
format. i) Three layers of rotating disks with electrodes integrated in the auxiliary and
detection disks. ii) The assembly of the rotational 3D device. iii) The control mechanism of
the “on/off’ states of upper and lower valves. Reproduced with permission.[103] Copyright
2018, Elsevier.
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Figure 15.
a) Schematic illustration of the detection mechanism of the electrochemical-based multiplex

3DPPAD including a photoactive matrix. i) The working electrode was prepared by coating
the paper with Au/Pd NPs. ii) ZNRs were grown on the modified electrode and coupled with
CdS QDs. iii) Capture antibodies for CEA and AFP were immobilized on the ZNRs surface
and the surface of the paper were blocked with BSA. iv) Nanoporous silver NPs-based labels
including detection antibodies and GOx were introduced. v) Photocurrent activity under
visible light (“on” or “off”) was recorded following the glucose addition to the electrode.
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Reproduced with permission.[112] Copyright 2015, Royal Society of Chemistry. b) Layered
paper configuration for multi-parameter aptamer-based electrochemical detection of protein
biomarkers (CEA and NSE). (1) sample inlet, (2) filtration sit, (3) counter electrode, (4)
reference electrode, (5) detection zone, (6) working electrode. Reproduced with permission.
[113] Copyright 2019, Elsevier.
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Novel 3D UPAD designs for the detection of nucleic acid biomarkers with fluorescence-
based detection methods. a) Schematic illustration of the 3D uPAD configuration that is

capable of DNA amplification on the paper device. b) Diagram of DNA amplification

process on the 3D YUPAD from lysing cells in a sample to filtration and finally fluorescent

detection of the captured miRNAs. Reproduced with permission.[214] Copyright 2017,
American Chemical Society. c) Schematic representation of the multiplex detection

mechanism that used silver coating-based signal enhancement for the recovered fluorescent
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signal and generation of visual signal upon miRNA detection. Reproduced with permission.
[116] Copyright 2017, Elsevier.
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Table 1.

Common cancer biomarkers and their relationship with various diseases.

Page 55

Biomarker Related Cancer Diagnosis Related Benign Diagnosis Ref
MRNA 21 Breast, colon, lung, pancreas, prostate, and gastric Cardiac and pulmonary fibrosis, myocardial infarction [14]
cancer
MRNA 155 Breast, colon, lung cancer Asthma, cystic fibrosis, [14b, 15]
MURNA 424 Non-small cell lung cancer, breast cancer Fragile X-associated tremor/ataxia syndrome, [16]
amyotrophic lateral sclerosis
MRNA 210 Breast cancer Hypoxia, cardiovascular diseases [17]
AFP Liver, ovarian, testicular cancer Pregnancy, hepatitis [18]
CEA Colorectal, gastrointestinal, ovarian, urinary tract, Pancreatitis, cholecystitis, peptic ulcer disease, liver [19]
breast, lung, medullary thyroid cancers cirrhosis, hepatitis, inflammatory bowel disease, and
benign extrahepatic biliary obstruction
NSE Non-small cell lung cancer Brain injury, spinal cord injury, stroke, cardiac arrest [20]
PSA Prostate cancer Prostate hyperplasia, prostatitis [21]
CA 125 Ovarian Ovarian cysts, benign ovarian tumors [22]
CA 19-9 Colorectal cancer, gastric cancer, pancreatic cancer, Pancreatitis, cholecystitis, bronchiectasis, bronchiolitis, [18b, 20]
cholangiocarcinoma emphysema, idiopathic interstitial pneumonia, collagen
disease associated pulmonary fibrosis, pleural effusion,
tuberculosis, diabetes mellitus, cystic fibrosis, renal
failure, autoimmune disorders, gastric ulcer, and benign
ovarian cyst
CAT72-4 Primarily gastrointestinal and gynecological cancers ~ Pancreatitis, liver cirrhosis, pneumonia, rheumatic [19]
illness, and ovarian cysts
CA 15-3 Breast, lung, ovarian Benign breast conditions, endometriosis, hepatitis [23]
HCG Testicular, trophoblastic disease, germ cell tumors, Pregnancy, pregnancy-related disorders, gestational [24]
choriocarcinoma trophoblastic disease
Ratio of PG I/l Gastric cancer Superficial and atrophic gastritis [25]
EPCAM Breast, prostate, lung, colorectal, or non-small cell Congenital tufting enteropathy [26]
lung cancer
GCP3 Liver cancer and, squamous lung cancer, and non- [27]
small cell liver cancer
CRP Colorectal cancer, ovarian cancer, and prostate Arthritis, obesity, diabetes, cardiovascular diseases, and [28]

cancer

neurological diseases
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Table 2.

Summary of LFAs for the multiplex detection of cancer biomarkers.
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Biomarkers Sample Configuration Signal Reporter Limit of Detection épni‘leygs Ref
CEA and CA15-  Serum Multiple Test Fluorescence- QDs and QBs CEA: 0.06 ng/mL 2-3 min for [70]
3 Lines quenching CA15-33:0.09 visual, 15 min
ng/mL for
fluorescent
CEA and NSE Serum Multiple Test Fluorescent QDs and QBs CEA:0.0378 ng/mL < 15min [65]
Lines NSE: 0.0378 ng/mL
fPSAand cPSA  Serum Single Test Line Fluorescent Multicolored fPSA:0.009 ng/mL 60 min [64]
QDs cPSA: 0.087 ng/mL
AFP and CEA Spiked Single Test Line Fluorescent Multicolored AFP: 3ng/mL CEA 15 min [63]
serum QDs 2ng/mL
CEA and NSE Serum Multiple Test Magnetic Magnetic CEA: 0.045 ng/mL N/A [68]
Lines Nanobeads NSE: 0.094 ng/mL
CEA, and Serum Multiple Test Fluorescent QDs CEA: 0.35 ng/mL 15 min [67]
CYFRA: 21-1 Lines CYFRA: 21-1: 0.16
ng/mL
CEA and AFP Serum Multiple Test Visual and Au NPs AFP: 0.21 ng/mL 30 min [71]
and Lines chemiluminescent CEA: 0.2 ng/mL
whole
blood
PG land PG Il Plasma Multiple Test Fluorescent Fluorescent PG I: 2.6 ng/mL PG 15 min [60]
Lines Microsphere 11: 1.0 ng/mL
SNPs Spiked Multiple Test Visual Au NPs 5 fmol of extended 2hr [61]
bovine Spots primer (~17 pM)
serum
miRNA (21, Spiked Multiple Test Colorimetric Au NPs HRNA 21: 0.073nM 10 min [75]
155, 210) serum Lines URNA 155: 0.061
nM pRNA210:
0.085 nM
miRNA (210, Spiked Multiple Test Colorimetric Au NPs 10 pmol (~2 pM) 2-5min [76]
424) serum Lines
KS and BA Buffer Multiple Test SERS Au NPs- DNA (KS): 0.043 20 min [80]
associated DNAs Lines pM DNA (BA):
0.074 pM
Synthetic Urine Multiple Test Fluorescent Au NPs 0.1pM 30-60 min [73]
biomarkers Lines
Exosomes from Spiked Multiple Test Fluorescent Fluorescent Healthy (CD63): <10 min [84]
healthy (CD63) serum Lines dye 0.6 ng/mL Prostate
and prostate cancer (CD44): 1
cancer (CD44) ng/mL
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Table 3.

Summary of 2D PPADs for the multiplex detection of cancer biomarkers.
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Biomarkers Sample Configuration Signal Reporter Limit of Detection Analysis Ref
Time
AFP, CA 125, Serum Array Chemiluminescent HRP AFP: 25 ng/mL 3.5 min [97a]
CEA CA 125: 35 ng/mL
CEA: 5 ng/mL
AFP, CA-125, Serum Array Chemiluminescent HRP AFP: N/A CA-125: 16 min [100]
CEA N/A CEA: 0.05
ng/mL
AFP, CEA, PSA  Serum Branched Chemiluminescent HRP AFP: 2 ng/mL CEA: 30 min [94]
0.02 ng/mL PSA
0.03 ng/mL
CA 19-9, CEA Whole Branched Fluorescent Multicolored CA19-9:0.1U/mL  1min [98]
blood or polystyrene CEA: 1pg/mL
serum particles
EpCAM and Phosphate Single Electrochemical and CdTe and ZnSe 10 cells/mL 85 min [97b]
GCP3 positive buffer Detection Zone  fluorescent QDs on silica
cells solution NPs
K562 Serum Branched Visual and QDs on silica K562: 65 cells/mL 30 min [92]
(leukemia), fluorescent NPs MCF-7: 62 cells/mL

MCEF-7 (breast
cancer), HL-60
(leukemia)

HL-60: 70 cells/mL
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Summary of 3D YPADs for the multiplex detection of cancer biomarkers.

Table 4.
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Biomarkers Sample Configuration  Signal Reporter Limit of Detection Analysis Ref
Time
CA125 CEA Serum Stacked Photoelectrochemical Carbon Dots CA125: 3.6 mU/mL 20 min [119]
CA15-3 CA15-3: 3.8 mU/mL
CEA: 1.8 pg/mL
AFP CA125 Serum Stacked Electrochemiluminescent  Ru(bpy)32 AFP: 0.15 ng/mL 30 min [99]
CA199 CEA CA 125: 0.6 U/mL
CA 199: 0.17 U/mL
CEA: 0.5 ng/mL
AFP CEA Serum Origami Photoelectrochemical Glucose oxidase ~ AFP: 0.5 pg/mL 8 min [112]
on silver NPs CEA: 0.3 pg/mL
CA125 CEA Serum Stacked Electrochemical HRP CA 125: 0.2 mU/mL CA 125: [106]
CEA: 0.01ng/mL 2.5 min
CEA: 3.3
min
CEA NSE Serum Stacked Electrochemiluminescent ~ Au NPs CEA: 2 pg/mL NSE: 1lhr [113]
10 pg/mL
AFP CEA Serum Origami Electrochemical Gu NPs AFP: 0.8 pg/mL 40 min [120]
CEA: 0.5 pg/mL
AFP CA153 Serum Origami Chemiluminescent Silver NPs AFP: 25 ng/mL 9.3 min [101]
CA199 CEA and CA153: 0.4 U/mL
whole CA199: 0.06 U/mL
blood CEA: 0.02 ng/mL
AFP CEA Serum Origami Electrochemical Nanoporous Au  AFP: 0.08 pg/mL 5.3 min [107]
chitosan CEA 0.06 pg/mL
CA125 CA Serum Origami Electrochemical Nanoporous CA 125: 0.08 mU/mL 6 min [108]
199 silver chitosan CA 199: 0.1 mU/mL
CEA HCG Serum Origami Electrochemical Reduced CEA: 0.33 pg/mL 5 min [111]
PSA graphene oxide HCG: 0.0007 mU/mL
silver NPs PSA: 0.35 pg/mL
AFP CEA Standard ~ Origami Electrochemiluminescent ~ Au/Pd NPs AFP: 0.82 fg/cell 110 min [121]
CEA: 24.69 fg/cell
CA125 CEA Serum Origami Electrochemiluminescent ~ Au-BSA NPs CA 125: 0.06 mU/mL 7 min [110]
CEA: 0.08 pg/mL
CA199 AFP Serum Origami Fluorescent Fluorescein AFP: 0.03 ng/mL 5 min [102]
CEA isothiocyanate CA 199: 0.09 U/mL
CEA: 0.05 ng/mL
AFP CA125 Serum Stacked Electrochemical HRP on silver AFP: 0.001 ng/mL 4.2 min [105]
CA153 CEA NPs CA125: 0.001 ng/mL
CA153: 0.005 ng/mL
CEA: 0.005 ng/mL
AFP CA125 Standard Stacked Electrochemical HRP AFP: 0.01 ng/mL 4.2 min [104]
CA153 CEA solutions CA125: 0.05 ng/mL
CA153: 0.05 ng/mL
CEA: 0.01 ng/mL
miRNA21 Standard Origami Fluorescent MnO, sheets miRNA 21: 0.0033 1lhr [122]
Folate fM FR: 0.667 ng/mL
Receptor (FR)
miRNA21 NE buffer ~ Origami Fluorescent QDs 3 x 10° copies 20 min [114]
miRNA155
miRNA21 Standard Origami Visual and fluorescent Silver enhanced  miRNA-21: 0.06 fM 15 min [116]
miRNA210 fluorophores miRNA-210: 0.03 fM
CCRF-CEM Spiked Origami Electrochemiluminescent ~ Au/Pd NPs CCRF-CEM: 265 5 min [117]
K562 HL-60 Serum cells/mL K562: 241
MCF-7 cells/mL HL-60: 236
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Biomarkers Sample Configuration  Signal Reporter Limit of Detection Analysis Ref
Time

cells/mL MCF: 250

cells/mL
CCRF-CEM Spiked Origami Electrochemiluminescent ~ Semicarbazide CCRF-CEM: 53 2hr [118]
Hela K562 Serum and graphene cells/mL HeLa: 67
MCF-7 QD enhanced cells/mL K562: 42

silver NPs cells/mL MCF-7: 38

cells/mL
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