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Progress toward real-world diagnostic
applications of microfluidic paper-based analytical
devices (uPADs)

Yohei Tanifuji® and Daniel Citterio @ *2°

Since their first report in 2007, microfluidic paper-based analytical devices (WPADs) have continued to gain
attention as promising tools for point-of-care diagnostics due to their low cost, portability, ease of
operation, and design flexibility. This review summarizes and discusses recent advances in the field, mostly
based on works published between 2017 and 2025, with a focus on progress and remaining challenges in
bridging the gap between proof-of-concept demonstrations in academic laboratories and real-world
implementation. Special emphasis is placed on devices validated with clinical samples and capable of true
sample-in-answer-out operation. To comprehensively assess recent developments, nearly one hundred
reported examples were analysed not only in terms of analytical figures of merit but also with respect to
practical criteria such as real-sample testing, long-term storage stability, the need for off-device sample
pretreatment, reagent handling complexity, time-control requirements, and the number of operation steps.
In parallel, topics of ongoing academic interest are highlighted, including automated sequential reagent
delivery, strategies for accelerating liquid flow, and robust signal readout methods going beyond purely
qualitative approaches to enhance assay sensitivity, precision, rapidity, and instrument-free usability. Finally,
the review introduces emerging analytical technologies newly integrated into uPAD platforms, such as
surface-enhanced Raman scattering (SERS), bioluminescence, CRISPR-based assays, and machine
learning-driven data interpretation, which further expand the analytical capabilities and scope of nPADs.
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Starting from the earliest litmus paper pH tests in the 17th
century, paper has been used as a versatile substrate for
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analytical assays for centuries. The introduction of urinary
glucose dipsticks in the 1950s"*> and lateral flow
immunoassays (LFIAs) in the 1980s** represent just two
examples for the success in commercialization, emphasizing
how a low-cost, mass-producible, and disposable material
could be transformed into practical real-world analytical
tools, including diagnostic devices. The currently ongoing
massive development of paper-based analytical devices
(PADs) in academic research laboratories was triggered back
in 2007, when the Whitesides group introduced the concept
of microfluidic paper-based analytical devices (uPADs) by
patterning of fluidic microchannels delimited by
hydrophobic barriers on filter paper via photolithography.’
Their pioneering work demonstrated that paper could be
used not just as a passive substrate for reagent
immobilization, but as an engineered microfluidic platform
capable of multiplexed assays, solid-liquid separation, and
capillary-driven sample transport, eliminating the need for
external pumps or power sources.

Following this breakthrough and continuing at present,
uPADs-related research has expanded rapidly across various
fields of application including medical diagnostics,
environmental monitoring and food safety testing, among
others.®® The relatively low technical and economical barrier
to entry in terms of device fabrication and cost, as well as the
design flexibility has driven an explosion of proof-of-concept
studies in the scientific literature, with the wax printing
method as a representative and dominant paper patterning
method.” Reported works cover the full variety of signal
detection techniques known from general analytical
chemistry adapted to PADs, reaching from colorimetry to
electrochemistry, fluorescence, bioluminescence and surface-
enhanced Raman scattering, as well as a broad spectrum of
targeted analytes ranging from small molecules, electrolytes,
metabolites, nucleic acids, to pathogens. However, the
enthusiasm and research activities in academia were not
exactly matched by the adoption to real-world applications.
The majority of reported wPADs have only been evaluated
under controlled laboratory conditions, often using simple
aqueous solutions or target analyte spiked artificial samples
just marginally mimicking real-world situations. This
tendency limited the understanding of how such devices
would perform when applied to complex, heterogeneous
clinical specimens, where factors like viscosity, interfering
substances, and matrix variability can significantly alter assay
performance.

In 2017, we have published a comprehensive review
summarizing and discussing the state-of-the-art in pPADs for
medical diagnostics in this journal.’® At that time, the
technology was still in a developmental state. It was beyond
the initial proof-of-concept stage but mostly not yet mature
enough for broad deployment into clinical practice. We
systematically analysed the reasons why, despite intense
academic research activity, pPADs still lagged in practical
uptake compared with already established paper-based
diagnostics such as lateral flow immunoassays (LFIAs).
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Drawing from both the literature and publicly available
market information, we identified several critical areas
requiring focused improvement:

e Operational complexity and susceptibility to user error.

e Limited validation with real clinical samples and lack of
interference studies.

e Insufficiently investigated long-term storage stability.

e Dependence on specialized detection equipment.

e Inconsistent and difficult-to-quantify signal readouts.

e Regulatory hurdles and competition with established
diagnostics.

Since that time, the global context for rapid diagnostics
has shifted dramatically. The COVID-19 pandemic brought
LFIAs into the daily routine of millions worldwide,
normalizing self-administered assays and increasing public
familiarity with their operation and interpretation.*'"'> This
societal shift has not only lowered the psychological
threshold for adopting paper-based devices but also raised
expectations for their reliability, convenience, and
affordability.

In terms of technological progress, most of the above-
listed challenges have seen incremental rather than
groundbreaking advances. However, a notable shift has
emerged in the general development of uPADs, marked by:

e A growing number of studies evaluating performance
using real clinical specimens and thereby investigating
potential interference from complex matrices.

e An increasing number of studies aiming at sample-in—
answer-out operation, achieved by combining existing
microfluidic architectures, detection chemistries, and sample
pretreatment modules.

Even without fundamental breakthroughs,
performance-oriented areas have seen active development,
particularly:

e Sensitivity and precision: improved through more
advanced sequential reagent delivery strategies, with
emerging designs automating reagent delivery via passive or
active flow-control elements, reducing user intervention steps
and improving analytical reproducibility.

e Rapidity: enabled by optimized or alternative fluidic
pathways, capillary force control, and preloaded reagents,
allowing to obtain results within minutes without sacrificing
analytical performance.

e Long-term storage stability: supported by integration of
nanozymes as replacement of natural enzymes.

Beyond operational performance, progress has also been
made in signal interpretation. Initial pPAD approaches were
mostly reliant on external bulky devices (e.g. scanners,
electrochemical workstations, etc.) used in combination with
computers for quantitative data processing. On the other end
of the spectrum remained the qualitative naked eye “yes/no”
signal readout schemes (e.g. LFIAS), or simple comparisons
with colour reference charts for semi-quantitative
interpretation (e.g. urinary dipsticks). Recent years have seen
a trend where researchers increasingly aim at either less
subjective, hence more reliable semi-quantitative systems, or

several
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quantitative analysis without use of bulky
equipment. This trend includes:

¢ (Semi-)quantitative systems: achieved by incorporating
internal calibration zones and smartphone-based image
analysis, to reduce subjectivity and improve
interpretation near decision thresholds.

In addition to these advancements, newly emerged
analytical technologies have been integrated with pPADs,
such as:

e Signal detection methods including surface-enhanced
Raman scattering (SERS) and bioluminescence.

e CRISPR-based assay techniques.

specialized

user

e Artificial intelligence integration represented by
machine learning (ML).
In contrast to recent comprehensive reviews on

UPADs,”"*™** the current critical review focuses on post-2017
developments mainly in the field of medical diagnostics. It
highlights attempts to shift toward integrated, application-
ready platforms and advancements in sensitivity, rapidity,
and semi-quantitative readouts, as well as integration of
newly emerged analytical technologies with wPADs. Since the
well-developed lateral flow immunoassay approaches are only
marginally touched in this work, the reader is referred to
related reviews for details of advancements in that
field.11’16717

General progress in the field of uPADs
Validation testing for clinical applications

A growing number of recent studies has moved beyond
proof-of-concept demonstrations to report integrated pPAD
platforms capable of sample-in-answer-out operation,
particularly in but not limited to the field of
immunoassays and nucleic acid testing (NAT).'®'® The
basic characteristics and the analytical performance of
these devices, including the aspects of real sample
pretreatment, are summarized in Tables 1-3, along with
further details in Tables S1-S3, separated into devices for
immunoassays, NAT, and other targets. As it is well
known, biofluid samples represent complex matrices
containing many compounds potentially interfering with a
specific assay, such as for example proteins.>® While the
degree of clinical validation varies widely, the approaches
employed for clinical sample testing with pPADs can be
broadly classified into four categories: (1) spiking known
amounts of target analytes into artificial matrices
mimicking clinical samples; (2) spiking known amounts of
target analytes into real clinical sample matrices to
evaluate recovery; (3) diluting clinical specimens with
water or buffer; (4) applying off-device pretreated sample
fractions such as serum, plasma, or extracted nucleic acid
samples; and (5) directly analysing the raw clinical sample
without any off-device pretreatment. From a point-of-care
testing perspective, the last approach offers the greatest
real-world relevance and acts as proof for eliminating the
need for off-device sample preparation.
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Looking at Tables 1-3, most reports demonstrated real
sample applicability at least at the level of the above-
mentioned category (1), by spiking target analyte into
artificial biofluids. Factors contributing to successful real
sample matrix tests without dilution include multiple
washing steps in immunoassays, off-device nucleic acid
extraction and purification, and the application of an
additional running buffer after the raw sample is applied. In
this context, paper-based immunoassays requiring neither
off-device sample pretreatment nor multiple operation steps
are outstanding. Examples rely on automated sequential
reagent addition methods,>*> or on bioluminescence
resonance energy transfer (BRET) signaling,” details of
which are introduced in following sections. In addition,
paper-based NAT functioning without a need for off-device
nucleic acid extraction are also noteworthy.>*>> However,
there is still a room for improvement in terms of reagent
handling and stability, long assay times, as well as a lack of
real sample testing. When focusing on clinical sample
matrices, blood serum is mostly used in immunoassays
(Table 1), while blood serum, nasal swab samples and less
frequently saliva are used in NAT (Table 2). On the other
hand, whole blood samples are more commonly used in
assays targeting routine health check parameters, such as
glucose. This is partially attributed to biosafety and logistic
challenges associated with obtaining and handling infectious
disease samples, as well as the instability of whole blood
samples, which makes it difficult to handle clinical samples
outside of hospitals. When it comes to spiked samples, it is
of importance to consider the practically relevant
concentration range for real clinical samples (Tables S1-S3),
a fact that is sometimes insufficiently addressed in
publications.

Evaluation of sample-in-answer-out pPADs

Reagent handling and device operation involved in assays are
important aspects to evaluate their user-friendliness. Ideally,
operations needed for end-users should be limited to only
sample application (more ideally, volume-independent) and
signal readout without any external equipment. Tables 1-3
also summarize the number of device operation steps, the
absence or presence of reagent handling requirements and
external equipment, and the assay time. Additional details
are provided in Tables S1-S3. Table 1 summarizing nPADs for
diagnostic immunoassays reveals that they generally require
more operation steps, such as washing and reagent addition,
compared with other types of assays. Additionally, precise
time control is often necessary during these multiple
operation steps. On the other hand, as shown in Tables 2
and S2 covering NAT, it is often required to use external
equipment, such as heaters or detection instruments to
enhance assay sensitivity, in addition to relatively longer
assay times. Compared with immunoassays and NAT, uPADs
relying on simple reaction mechanisms as shown in Table 3
require fewer operation steps and shorter assay times, since
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adaptation to point-of-care testing (POCT), since automated
signal acquisition systems can be implemented to eliminate
the requirement for exact time control by the user.*’ In
contrast, for the latter category, apart from automated
reagent or buffer addition described in the following
sections, integration of a built-in timer into pPADs is the only
practical way to enhance usability.****

The most commonly reported external equipment for use
with uPADs is nowadays the smartphone, often combined
with self-made controlled light boxes or 3D-printed
attachments. Such setups are generally more user-friendly
than scanners, RGB colour sensors, or benchtop
fluorometers. Readers are referred to a recent review
summarizing advances in smartphone integration with
UPADs.*” On the other hand, some reports on colorimetric
signal detection do not investigate the feasibility of naked-eye
signal interpretation, although the shown figures indicate
such possibility. To maximize the potential of instrument-
free signal detection, the determination of visual detection
limits (ideally evaluated by multiple observers) is of high
importance.>>**?* Apart from external equipment for signal
detection, heaters or incubators are often involved, especially
in NAT, as mentioned earlier (Table S2). Among these, Lee
et al. reported an interesting approach using a power supply-
free heating module based on the exothermic reaction of
calcium oxide with water. That system achieves precise
temperature control using a wax melting near the optimal
temperature for isothermal amplification, thereby enhancing
the usability in resource-limited areas.>*

To summarize the general progress in uPAD development,
assays targeting routine health checks or relying on simple
reaction mechanisms have nearly reached true sample-in-
answer-out functionality. In contrast, immunoassays and
NAT, which require multiple operation steps or higher

sensitivity, still demand further advancements before
reaching that level of integration. The greatest remaining
challenge lies in the necessity of off-device sample

pretreatment. Most clinical validation testing has been
conducted using serum or NA-extracted samples, rather than
raw biological fluids such as whole blood. While such off-
device sample pretreatment may be acceptable for pPAD
applications in small clinics equipped with compact
centrifuges or incubators, it remains impractical for bedside
diagnostics, at-home testing, or use in resource-limited
settings. Accordingly, the development of fully integrated
sample-in-answer-out pPADs capable of integrating on-device
sample pretreatment is expected to remain a key research
trend. However, when assessing whether pPADs described by
authors as “fully integrated devices” truly live up to that
designation, it is important to simultaneously look at
multiple parameters summarized in Tables S1-S3. For
example, an excellent long-term storage stability might be
reported for a pPAD, but a closer look reveals the omission of
pre-deposition of sensitive reagents needed in the assay. In
other cases, a significant reduction in pPAD operation steps
might be reported but accompanied by extensive off-device

This journal is © The Royal Society of Chemistry 2026
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sample pretreatment. Moreover, for cases reporting a
comparable number of device operation steps, whether
precise time control is required can greatly affect the overall
complexity of the assay. In other words, we believe the
parameters listed in Tables 1-3 and S1-S3 are useful to
evaluate and effectively judge user-friendliness of pPADs.

Improvement in performance-
oriented parameters

In the following sections, we describe fundamental
improvements in performance-oriented parameters of general
UPADs, including sensitivity, precision, rapidity, and long-
term storage stability. Although the examples introduced
below do not exclusively target diagnostic applications, the
demonstrated proof-of-concept approaches are readily
applicable to diagnostic applications, as they primarily focus
on pPAD design itself rather than on specific reaction
mechanisms or specific target analytes.

Sensitivity and precision

The detection ranges achievable with various analytical
methods for uPADs, including colorimetric, fluorescence,
electrochemical, and chemiluminescent approaches, were
discussed in detail in our 2017 review.'"’ In general,
improving sensitivity can be approached through multiple
assay design strategies. For immunoassay formats, for
example, enhancing washing efficiency to reduce background
noise and applying enzyme-mediated signal amplification are
both effective means of increasing sensitivity.>® However,
these improvements typically require additional operational
steps or sequential reagent addition, which in turn
compromise user-friendliness and can limit applicability in
resource-limited or self-testing environments. In this context,
considerable effort has been devoted to incorporating
automated fluid control systems into pPADs, enabling
sequential delivery of reagents or buffers with minimal user
intervention. This technology is expected to facilitate the
translation of highly sensitive laboratory-based clinical assays
that require multiple operational steps into bedside or at-
home point-of-care diagnostic applications. Even in 2017, a
handful of approaches aimed at simplifying these operations
have already been reported,>*” but since then, a broader
variety of novel strategies has emerged, as introduced in the
following subsections.

First, it is worth noting that the early concepts already
discussed in our previous review, such as maze-like channel
layouts,*® sucrose-based dissolvable barriers,*® and origami-
type folding valves,”® have continued to be used in later
years, either with further optimization or by introducing
alternative or mixed sugars to refine liquid flow delay
profiles. Approaches requiring user intervention and/or
external equipment have also appeared in recent years,
including sliding or movable reagent pads,*"**> manually
rotatable platforms,® centrifugal paper-fluidic devices,*

Lab Chip, 2026, 26, 1191-1218 | 1201
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thermally actuated shape-memory-polymer valves,> and
manually controlled hydrophilic bridges.** While these
methods enable precise timing control, they still depend on
user intervention or additional hardware, thereby limiting
their applicability in fully autonomous point-of-care devices.
A growing number of passive strategies not requiring user
intervention has been developed, enabling single-step assays

with  self-sequenced liquid delivery. These include
mechanisms based on aqueous two-phase systems,*
hydrogel- or swelling polymer-based valves,*®*” and

mechanical delay elements such as accordion-folded paper.*®
However, these approaches can suffer from certain
limitations: their applicability may be restricted to specific
assay types, the reproducibility of delay times is sometimes
relatively low, and the increased fluid viscosity resulting from
dissolved valving materials may affect downstream fluidic
transport and enzymatic reactions. On the other hand, Park
et al. reported a mechanical compression-based delay method
in 2017, where deforming part of a paper channel by applying
pressure slowed the fluid flow, with delays tuneable up to
approximately 3.5 minutes depending on compression
strength (Fig. 1a).*® This approach was then integrated in a
sequential ELISA (enzyme-linked immunosorbent assay)
workflow, illustrating its utility for immunoassays without
requiring additional chemical barriers. Subsequently, Strong
et al. developed a wax-printed time-delay channel method by
printing wax from both sides of the paper substrate (Fig. 1b).*°
This design partially sealed the channel and increased
capillary flow resistance, achieving precise liquid flow delays
of up to around 800 seconds by changing the coverage
percentage of wax deposited on the channel (shown as
yellow areas in Fig. 1b, top). The technique was applied to
multi-step biochemical assays, demonstrating that wax
patterning can serve as a low-cost and reproducible timing
mechanism in fully integrated devices. More recently, Lee
et al. introduced a delamination timer concept by printing a
hydrophobic ink with lower water resistance than that used
to fabricate the main channels.”® Upon wetting, this
interface gradually separated from an adhesive film, thereby
opening the flow path (Fig. 1c, top). By adjusting the
printed barrier width and the number of barriers, delays
ranging from 30 seconds to over 18 hours were achieved.
This timing mechanism was successfully integrated into
automated ELISA and DNA purification workflows,
showcasing its versatility for both protein- and nucleic acid-
based assays. In a very recent application of this system by
Dai et al., adjustments of the delamination ink deposition
widths (Fig. 1c, bottom left) enabled control of flow delays
between 150 s and 900 s (Fig. 1c, bottom right).”> In
addition to these systems, several flow-control strategies
have been reported by accelerating flow speed through gap-
controlled dual-layer paper designs®® or hollow-channel
structures embedded within paper.>® These concepts will be
described in greater detail in the following section. Along
with it, controlling the microfluidic channel length provides
another means to realize sequential reagent delivery. Chien
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et al reported a one-step vertical flow paper-based
immunoassay with on-device signal amplification, in which
pre-deposition of reagents combined with control of
channel lengths enabled a fully automated reaction without
any user intervention.”” Specifically, they achieved around 5
min delay of amplification reagent delivery (blue arrows in
Fig. 1d) after initial sample flow (red arrows) through
design of the total channel length in 3D-uPADs.

Overall, it should be noted that automatic time-delay and
sequential reagent delivery strategies that do not rely on
dissolvable materials tend to offer higher reproducibility
compared with sugar- or polymer-based approaches.
Improvements in reproducibility for assays requiring
sequential reagent delivery are important to enhance the
potential of pPADs to bridge the gap between highly
sensitive, multistep lab-based clinical assays and real-world
point-of-care diagnostic applications. However, to date, most
such developments have been limited to lateral flow assay
formats, whereas in vertical flow assays, delay control is still
typically achieved using sugars or polymers,>>*° or by
employing origami-type devices®**>®® that require user
intervention. Therefore, this area would profit from further
development to extend the applicability of highly
reproducible delay mechanisms free of any valving materials
to vertical flow assay platforms.

Rapidity

In paper-based microfluidics, the speed of fluid transport
driven by capillary action is strongly influenced by the pore
size of the paper substrate, as described by the classical
Washburn equation.®® While slower transport rates can be
advantageous in certain contexts, for example enabling
devices with distance-based readout that rely on time-
dependent flow® or facilitating antigen-antibody binding
requiring a certain interaction time,** they have generally
been regarded as a limiting factor for achieving rapid
diagnostics. Accelerating liquid flow not only shortens assay
turnaround time but can also enhance analytical
performance by reducing diffusion-driven dispersion of
analytes during transit. One of the most prominent
approaches involves introducing a gap between two layers, at
least one of them being paper. This concept, originally
introduced in 2012 by Jahanshahi-Anbuhi et al.,** has been
further investigated by other research groups even prior to
2017.°%% In 2018, Channon et al. demonstrated that
introducing an optimized height of interlayer gap between
two paper layers in taped devices increased the flow rate to
1.56 c¢cm s ', which is higher by around 145-fold in
comparison to the classical liquid wicking within a single
paper layer following the Washburn behaviour (Fig. 2a).*
This strategy was subsequently applied to enhanced
electrochemical flow injection analysis of cadmium ions and
virus particles.”*®” This method has since been used in
various PPAD applications, continuing to be reported in
studies up to the present.®®”7*

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 Examples of passive strategies enabling automated sequential reagent delivery on uPADs by creation of liquid flow delays: a) top left:
schematic of a 3D paper-based microfluidic device for measuring liquid flow delay time induced by compression of paper; top right: relationship
between applied pressure and time at which blue color appeared in the outlet; bottom: operation principle for the measurement of flow delayed.
Adapted from Park et al.*® Copyright 2017, with permission from Elsevier. b) Top: Schematic representation of wax deposition on uPADs; black
wax was used to define the border of the hydrophilic flow channel, while yellow wax was applied for fluid time delay creation (indicated as %
coverage of the paper channel); bottom: wicking distance over time depending on coverage percentage of yellow wax on channel. Adapted from

Strong et al.;>°

published by MDPI. c) Schematic illustration of the timer mechanism and fluid flow process in channels with timers opening

sequentially from left to right, and the relationship between timer widths and corresponding delays. Adapted from Dai et al.>> Copyright 2026, with
permission from Elsevier. d) Folding diagram of uPAD and flow process between 0 to 10 min displays the different assay stages from sample
injection, detection, and signal amplification, with the reagent flow at various time points indicated; red arrows: sample detection flow; blue

arrows: signal enhancement reagent flow. Adapted from Chien et al.?

More recently, there has been a noticeable shift toward
hybrid device architectures that do not rely solely on paper
for fluid transport. Instead, paper is strategically positioned
as a reagent chamber or detection zone, while fluid transport
is handled by alternative materials with inherently higher
wicking or flow rates. Examples include polymer films,”
polydimethylsiloxane (PDMS) microchannels,”® cellophane,””
and 3D-printed substrates,”® each integrated to form
continuous flow pathways that bypass the inherent speed
limitations of cellulose-based materials. In the following,
some examples not necessarily related to diagnostic
applications are discussed, since they represent approaches
that are potentially applicable to that field. Arun et al
combined PDMS and paper channels, achieving a significant
enhancement of fluid transport rate and mixing

This journal is © The Royal Society of Chemistry 2026

Copyright 2025, with permission from Elsevier.

performance.”® Aryal et al. reported a capillary-driven PAD
combined with transparency film for heavy metal detection
in 2023 (Fig. 2b).”> While conventional WPADs require
minutes to deliver samples to the detection zone, the
developed device took only 8 s until colour signals appeared,
pointing to a flow rate of roughly 0.3 cm s™. This velocity is
about 30-fold higher than the classical liquid wicking process
within a single paper layer. Although designed for
environmental monitoring, the mechanism itself could
readily be adapted for diagnostic purposes.”’®' Later,
Macleod Briongos et al. reported a 59-74% improvement in
liquid flow rate by the fabrication of laser-cut grooves on
paper.®” Lastly, Park et al fabricated flow channels on a
paper substrate using a digital light processing (DLP) 3D
printer.”® While quantitative flow speed data was not

Lab Chip, 2026, 26, 1191-1218 | 1203


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5lc01085c

Open Access Article. Published on 13 February 2026. Downloaded on 3/19/2026 6:53:31 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Critical review

a)
el /i :packing tape
: 7 i : paper
iii : double-sided tape
b)

{_. Transparency
’ 4

Capillary device

Pre-treatment pads
DSA 467MP/ Transparency/ DSA 467MP.

Y

=== Detection pads

) —

Laminate

Wax

Waste pad

Paper based device

View Article Online

Lab on a Chip
O Horizontal

15} o Vertical
'-':h
€ 10}
.
Fy
£ 8
= 05}
g 8

0.0 -] 8 . -] i (- A L0 i o

0 100 200 300 400

Channel Height / um

15 2 25 3
Channel width (mm)

Fig. 2 Selected approaches towards uPADs with increased sample liquid flow rates: a) illustration of straight channel multilayer nPAD with a gap
defined by the thickness of double-sided tape (iii) in between two hydrophobic wax-patterned paper layers, and effect of channel height on flow
rate for horizontal and vertical 2-layer pPAD. Adapted from Channon et al>® b) Illustration of assembly of device made from paper and
transparency film, and its operation, and effect of channel width on time for sample to reach detection zone. Adapted with permission from Aryal

l.75

et al.”> Copyright 2023 American Chemical Society.

provided, the assay time of the device with 3D printed
channel was shorter than that of typical 2D puPADs, which
was attributed to an increase of fluid flow speed in the small
channels embedded within the paper. Through such
approaches combining paper with non-paper materials into
single devices, researchers have demonstrated the feasibility
of significantly reduced assay times, while retaining key
advantages of paper, such as the low cost and biochemical
compatibility. The examples highlighted in Fig. 2
demonstrate that designs to accelerate the liquid flow speed,
including interlayer gaps and hybrid fluidic pathways, can
simultaneously shorten assay time and improve analytical
performance by limiting diffusion-driven analyte dispersion.
These combined effects enhance the practicality of nPADs for
rapid and reliable diagnostic applications, particularly in
point-of-care settings where both speed and accuracy are
critical.

Long-term storage stability

Over the last few years, the storage stability of uPADs has
received greater attention than in the past, with many recent
studies assessing device performance over storage periods of
mostly one month (Tables 1-3). Notably, some reports that
extended storage tests beyond one month observed
significant declines in stability,”®**%>5% highlighting the
importance of truly long-term investigations. The longest
storage durations among the analysed publications were 10
weeks, 12 weeks, and 3 months, which still fall short of

1204 | Lab Chip, 2026, 26, 1191-1218

commercial requirements."**>*® However, such long-term
studies present a fundamental challenge in academic
settings, where publication timelines and the pressure for
novelty often discourage a year-long or multi-year data
collection. One potential solution is accelerated stability
testing based on the Arrhenius equation.®” By exposing the
devices to a harsher than usually encountered environment
(typically at elevated temperature), the equivalent of long-
term storage can be simulated within a much shorter period.
While this method is often used in the biosensor field,?%°
there are few reports adopting it to pPADs. Yakoh's group
recently introduced accelerated shelf-life testing for pPADs by
storing devices at 55 °C, thereby reducing the required
testing period to approximately one-eighth of the normal
duration. This approach provides a practical way for more
efficient evaluation of long-term storage stability.”>"*
Looking at more details of the storage stability studies
presented in Tables S1-S3, it is revealed that the thresholds
used to define acceptable signal changes vary widely, typically
ranging from 5% to 20%. Some reports do not even mention
quantitative results, which makes it difficult to compare
across different studies. To address this issue, we believe that
as long as commonly accepted standards are not available,
setting multiple threshold levels of acceptable signal change
and indicating the corresponding storage stability for each of
those would be the most practical approach. Furthermore,
while most studies monitor the signal stability in the absence
and presence of target analyte, some investigations use
calibration plots covering a wide target analyte concentration

This journal is © The Royal Society of Chemistry 2026
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range.””?> The latter approach is more effective for assessing
device behaviour over storage time, especially in the lower
analyte concentration range, where performance degradation
may have a stronger negative impact.

Regarding strategies to extend pPAD storage stability, most
remain consistent with those described in our 2017 review.
Namely, incorporating stabilizing agents such as small
molecules,” proteins,”*®® polymers,®*°® sugars,” or micro/
nanoparticles®” into the device matrix. Particular attention
continues to be paid to the stability of enzymes, which are
often the most degradation-prone components in pPAD
assays.’® In this context, the use of nanozymes as enzyme
mimics has emerged as a noteworthy trend.””'°° These
nanomaterial-based catalysts generally exhibit superior
thermal stability and prolonged activity, potentially
alleviating the shelf-life bottleneck. While some studies
confirmed the long-term storage stability of nanozyme-

assisted PADs for more than two months,"*"'%? others
reported stability for about 1 month,'**'** with certain
105-107

nanozymes retaining activity for as little as 2-3 weeks.
Since there has been no report directly comparing long-term
storage stability of natural enzymes and nanozymes on paper
substrates, more comprehensive research in this direction is
needed in the future. It should also be noted that the use of
nanozymes involves a trade-off in target specificity, which
could compromise analytical accuracy unless compensated
by further innovations in nanozyme design. Thus, nanozyme-
assisted PADs are sometimes combined with natural enzymes
such as glucose oxidase.'”® However, by combining
nanozymes and natural enzymes in a single PAD, the
advantages of the former in terms of device storage stability
are possibly sacrificed. Meaningful progress in this field will
depend not only on assay engineering but also on
advancements in the broader field of nanozyme chemistry.

As summarized earlier, long-term storage stability testing
is still often overlooked even in simple assays and is further
complicated by inconsistencies in the evaluation criteria.
Hence, it is important to remain critical of these aspects
when considering the real-world applicability of uPADs.

Simplified signal interpretation
beyond purely qualitative readouts

As already mentioned in the introduction, early pPADs
primarily relied on benchtop sized equipment and computer
software for quantitative data interpretation, or on qualitative
binary visual indications, such as the simple presence or
absence of a coloured line. The former offered limited
accessibility for POCT, while the latter were vulnerable to
user subjectivity, particularly near clinically relevant
threshold concentration values. In our previous review, we
already introduced several concepts for semi-quantitative
assays, which do not sacrifice user-friendliness, including
counting-based,'” timing-based,"'® distance-based,®* and
text-based signal readout formats."'* Since 2017, however, a

This journal is © The Royal Society of Chemistry 2026
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range of new approaches has
advancing this field.

One of the most widely explored concepts has been
distance-based formats, in which the migration length of a
coloured front in a paperfluidic channel correlates with
analyte concentration. Lee et al converted the originally
straight channel design to angular readouts,"'* thereby
enabling more compact device layouts while retaining the
concentration resolution. Subsequently, Teprek et al. and
Khachornsakkul et al. introduced counting-based schemes in
which discrete reaction spots along the channel sequentially
change colour as the sample liquid progresses in vertical and
lateral flow configurations, respectively (Fig. 3a and b)."**'*
Multiple paper layers in an origami-type device have been
modified with reagents, for example for the titrimetric
determination of Ca®" levels. Sample liquid passing vertically
through the device, thereby reacted with the pre-deposited
reagents on each circular reaction zone, resulting in
depletion of the target analyte and hence, changes in the
number of spots showing a colorimetric reaction (Fig. 3a). In
an alternative design based on a similar reaction principle,
results are interpreted by counting colored zones in a circular
lateral flow arrangement. Also building upon the distance-
based readout concept, others have incorporated machine-
readable patterns such as for example QR codes,""> enabling
smartphones to decode the reaction pattern and translate it
into concentration data (Fig. 3c). Multiple QR codes
composed of colorimetric indicators were placed in series
into a paperfluidic channel. In absence of analyte, all QR
codes are hidden, but an increasing number becomes
readable with increasing analyte concentrations. Although
the latter study targeted heavy metal ions for proof-of-
concept, the same approach is also applicable to diagnostic
assays. More recently, Manmana et al. introduced a system
converting a distance-based concept into a 1D barcode-based
signal readout''® for a semi-quantitative glucose assay in
artificial urine matrix (Fig. 3d).""” The barcode-based readout
offers the advantage of single-step result interpretation from
a single code, compared to the QR code-based system
requiring the scanning of multiple QR codes to obtain semi-
quantitative results. Only specifically designed QR code
patterns offer the possibility for a semi-quantitative single
QR code assay."'® Both QR- and 1D barcode-based signalling
strategies offer clear advantages in terms of simplifying data
digitization and storage, features not that readily achieved
with more conventional readout methods.

In parallel, transparent film-supported strategies have
emerged as an alternative means of interpreting results of
colorimetric assays. In 2017, Yamada et al. reported a text-
displaying colorimetric PAD, in which chemical reactions
trigger colour development of indicators inkjet-deposited
onto paper in the form of text. When overlaid with a
transparent film featuring coloured zones of varying colour
shades and intensities, the underlaying text symbols (e.g,
“trace”, “1+”, “2+”) become readable only when their colour
intensity surpasses a threshold corresponding to a specific

been reported, further
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Fig. 3 Examples of uPADs enabling naked eye (semi-)quantitative signal readout: a) illustration of a folded origami-type pPAD with sample
application, and standard colour scale used for interpretation of experimental results on pPAD for end point detection in titrimetric analysis;
increasing number of purple spots indicates higher target analyte levels (e.g. Ca®*). Adapted from Teprek et al.** Copyright 2020, with permission
from Elsevier. b) Illustration of a device and method to interpret results by counting colored zones in a circular lateral flow arrangement. Adapted
with permission from Khachornsakkul et al.** Copyright 2022 American Chemical Society. c) Photograph of QR code array PADs relying on the
distance-based signalling mechanism after application of various Cu?* concentrations. Reproduced from Katoh et al.''® d) Schematic illustration
explaining the principle of semi-quantitative 1D barcode readout PADs; red arrows in the right panel indicate bar positions that change from
normal to wide state with increasing analyte concentration, thereby converting the distance-based concept into a changing barcode signals. e)
Schematic showing the working principle of a text-displaying device; overlaying a transparent film with screening colour on a paper layer with
inkjet-deposited reagents for colorimetric protein detection (human serum albumin) results in the readability of text depending on the urinary
albumin level. Adapted from Yamada et al.** Copyright 2017 American Chemical Society. f) Schematic showing the working principle of a “dip-
and-read” distance-based detection method; overlaying a transparent film with colour gradient on a paper layer with a colorimetric reagent
deposited in the form of a line results in a target analyte concentration-dependent change in the visible line length. Adapted from Yamada et al.**°
(9) Photographs of origami-uPAD, schematic cross-sectional view of multilayer origami-type traffic light uPAD and illustration of varying liquid flow
paths depending on a hydrogen peroxide-responsive hydrophobic to hydrophilic phase-switching reagent (hydrophobic wall) resulting in H,O,

concentration-dependent traffic light colour display. Adapted from Ohta et al.2°

urinary albumin concentration (Fig. 3e).>* Later on, in 2018,
a “dip-and-read” distance-based detection method was
developed by modifying the transparent film overlay concept.
Using a film with a colour gradient, a line of colorimetric
indicator printed on a paper substrate becomes visible to the

1206 | Lab Chip, 2026, 26, 1191-1218

naked eye only in regions where its colour exceeds that of the
overlaid film (Fig. 3f)."*® Although so far only demonstrated
for Ni quantification, this method is expected to be equally
applicable to diagnostic assays. This “quasi distance-based”
readout approach offers advantages over most conventional

This journal is © The Royal Society of Chemistry 2026
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distance-based assays in terms of speed and independence
from the applied sample volume. Because the entire PAD is
dipped into the sample liquid, rather than relying on the
application of a fixed sample volume to an inlet area, it is
not necessary to wait for the completion of fluid wicking
through the device. However, the method is more likely to be
affected by ambient light conditions.

Finally, several  additional exploit
microchannel engineering to encode concentration
information. Ohta et al. reported a multi-layer origami traffic
light pPAD for semi-quantitative glucose detection in artificial
urine, achieved by varying liquid flow paths, channel
geometry and width, and the concentration of a hydrogen
peroxide-responsive hydrophobic to hydrophilic phase-
switching material (Fig. 3g)."*° While earlier traffic light type
WPADs relied on smartphones for augmented reality-based
result display™™" or fluorescence-based signal output,"** the
origami device enabled naked-eye readout via coloured spots
composed of food dyes that maintain a stable time-
independent colour appearance resistant to fading, in
contrast to many chromogenic indicators. The approaches
shown in Fig. 3 demonstrate how advances in semi-
quantitative visual and encoded signal outputs can transform
WPAD readouts beyond purely qualitative analysis. Such
improvements in interpretability and consistency are crucial
for diagnostic applications in resource-limited settings,
thereby strengthening the applicability of uPADs for real-
world point-of-care testing.

On the other hand, smartphone-based signal detection
approaches represent one of the most important strategies
for enabling target quantification. They have already been
explored prior to 2017, as discussed in our previous review.
However, many early smartphone readout methods suffered
from the influence of external light variability, requiring
dedicated light sources or enclosed imaging boxes to ensure
consistent measurements.>>'** Chen et al. addressed this
limitation by scattering the smartphone's built-in flash to
achieve uniform illumination (Fig. 4a)."*® Fan et al. mitigated
the issue by adapting image processing algorithms to correct
for ambient light fluctuations (Fig. 4b).”> Alongside these
hardware- and software-based improvements, there has been
a rise in studies explicitly validating smartphone
compatibility as part of uPAD design, positioning mobile
phone-based detection as a key enabler for achieving true
POCT functionality.'***

innovations

Signal detection methods and
analytical techniques recently
integrated into uPADs

While much of the development in pPADs since 2017 has
focused on refining existing methodologies, the broader field
of analytical chemistry has also witnessed the emergence of

entirely new technologies with transformative potential.
Several of these innovations originally developed without

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 Examples of approaches mitigating the influence of external
light variability in smartphone-assisted pPAD signal readout: a)
photographs of 3D printed assembled imaging box with smartphone
and illustration of light diffusion upon scattering of the smartphone's
built-in flash to achieve uniform illumination for readout of uPADs.
Adapted from Chen et al'?® Copyright 2019, with permission from
Elsevier. b) Principle of colour correction using a standard colour bar:
automatic recognition of colour bar region, measurement of RGB
colour intensities, and reconstruction of image. Adapted with
permission from Fan et al.®2 Copyright 2022 American Chemical
Society.

UPADs in mind have begun to find their way into paper-
based platforms, enabling capabilities that were previously
unattainable in such simple formats. Integration efforts
remain relatively limited in number, but their trajectory
suggests a growing interest in leveraging these advances for
portable, low-cost diagnostics. In this section, we highlight
three representative areas where analytical technologies have
newly intersected with pPAD research: 1. detection
techniques involving surface-enhanced Raman scattering
(SERS)"**'*” or bioluminescence’®® that push detection
sensitivity towards low analyte amounts, 2. techniques
represented by CRISPR-based assays,'>*'*° and 3. machine
learning  (ML)-assisted image analysis and data
interpretation, that enhance accuracy and selectivity.'*""**
These examples illustrate how the convergence of emerging
analytical tools with pPADs could redefine the boundaries of
point-of-care testing in the coming years.

Surface-enhanced Raman scattering (SERS)

SERS is a highly sensitive detection technique that enhances
the weak Raman scattering of molecules adsorbed onto
corrugated metallic surfaces through localized surface
plasmon resonance.'*®'*” This technique has enabled
ultrasensitive, label-free molecular detection through distinct

Lab Chip, 2026, 26, 1191-1218 | 1207
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peaks in Raman spectra representing “fingerprints” of target
analytes. Raman signals are enhanced by factors up to 10® or
even larger,"** when target molecules are located within hot
spots, formed through metallic nanostructures on various
solid substrates. Owing to this feature, SERS has gained
considerable attraction in the analytical chemistry field in
the 2000s, particularly for applications that demand high
sensitivity, such as in biomedicine, environmental
monitoring, and chemical reaction monitoring.”** The
combination of SERS with paper substrates has attracted
interest since the 2010s,"*>'*° largely due to the inherent
advantages of paper materials, including biocompatibility,
physical flexibility, passive fluid transport through capillary
action, low cost, and portability as summarized in several
review articles devoted to this specific topic."*”***

However, most reports adopting paper as a SERS substrate
are not directly related to diagnostics and just marginally
mention such application potential as a future perspective,
with the exception of some LFIAs. A key bottleneck lies in the
detection system itself. For example, Lim et al™° and
Mabbott et al.'*° reported paper-based SERS for the detection
of acute myocardial infarction biomarkers and a microRNA
associated with myocardial infarction. The former one
achieved multi-target detection through a multi-channel
design fabricated on a single paper (Fig. 5a), and the latter
one successfully simplified the assay procedure by integrating
a multi-step reaction assay into a multi-layered vertical pPAD
(Fig. 5b). Both approaches use gold nanoparticles modified
with Raman reporter molecules and either capture antibodies
or DNA oligomers complementary to the target RNA. On the
other hand, their work still relied on laboratory-scale SERS
detecting modules. Therefore, paper-based SERS approaches
must be developed along with the miniaturization of Raman
spectrophotometers including laser source, detectors, and
optical components, before achieving true POCT capabilty."*"
While there are many reports devoted to the development of

portable Raman spectrophotometers, including those
compatible with smartphones, the trade-off between
instrument size and analytical sensitivity remains a

significant challenge.'*' Moreover, publications describing
the successful integration of paper-based SERS and portable
spectrophotometers, as for example reported by Zeng and co-
workers, are currently mostly limited to typical model targets
including rhodamine 6G, malachite green and crystal violet
with their distinctive C=N spectral features (Fig. 5c)."**'**
Considering this fact, as well as the still relatively high costs
of portable Raman spectrometers, more work is required
looking at both aspects of potential practical application to
meaningful analytical targets and portable and low-cost, but
sensitive Raman signal detecting instruments.

Bioluminescence

Bioluminescence (BL) is a subcategory of
chemiluminescence, with light emission produced by an
oxidation reaction involving an enzyme (luciferase) and its

1208 | Lab Chip, 2026, 26, 1191-1218

View Article Online

Lab on a Chip
a)
GPeB % e
V4 ‘ 22
"
Sample A
Ahuman serum/ Noworis
purified protein) : Nt

b) miR-29a-3p

Sample
Q@lmoﬂ

c)

Rhodamine 6G
Malachite green
Crystalviolet

Sample

Smartphone-based
Raman analyzer

Paper strip
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surface-enhanced Raman scattering (SERS): a) schematic illustration of
multiplexed pPAD with signal acquisition by SERS for detection of
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permission from Zeng et al'*? Copyright 2019 American Chemical
Society.

substrate (luciferin) in living organisms. Compared to other
optical detection techniques applied to puPADs relying on
colorimetric or fluorescence signals, chemiluminescence and
BL have the advantage of achieving superior signal-to-noise
ratios due to the nearly zero background signal. At the same
time, they eliminate interference caused by environmental
light conditions as in case of colorimetric approaches, or the
necessity of external light sources for fluorescence-based
detection. BL is particularly attractive due to the enzyme
reaction resulting in generally higher quantum yields
compared with chemiluminescent systems, allowing
ultrasensitive target detection down to attomole levels."*®
While BL-based analytical assays have been reported for
decades in laboratory settings, their application to paper-
based analytical devices (PADs) started more recently in the
late 2010s. One of the earliest reports appeared in 2014 by
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the Johnsson group, where a BL-based reaction was
performed on a filter paper substrate with a 96-wellplate-like
design."** Their system relies on ratiometric BL sensor
molecules referred to as luciferase-based indicators of drugs
(LUCIDs), enabling the detection of several types of drugs by
monitoring changes in the emission colour caused by a
bioluminescence resonance energy transfer (BRET) process.
However, this approach was still remote from a POCT
applicable system, since all reagents were applied during the
assay, with the paper platform solely acting as a replacement
for plastic microwell plates for the purpose of reducing
sample and reagent volumes. Several years later, the same
group demonstrated a related BRET-based assay with sensing
proteins lyophilized on paper substrates,"*> a first step
towards reducing the burden of reagent handling by the
assay user. Subsequently, Tenda et al reported fully-
integrated BRET-based nPADs using a different type of BL
molecular sensor named LUMABS (luminescent antibody
sensor) (Fig. 6a).>® By pre-deposition of both LUMABS and its
substrate furimazine on spatially separated paper layers,
simultaneous detection of antibodies against HIV,
hemagglutinin, and dengue virus was achieved by the
application of a single drop of whole blood and subsequent
acquisition of a photograph in the dark, without any reagent
handling. However, when compared to other paper-based
immunoassays, the achieved limit of detection in the
nanomolar order is relatively high (Table 1). A major
advantage of all BRET-based approaches is that BL signals
are recorded as changes in emission colour, rather than the
highly time-dependent BL emission intensity. The latter
necessitates stricter control over signal readout timing.

Since then, a growing number of BL-based pPADs has
been reported. However, the greatest challenge in applying
BL to puPADs lies in the limited stability of bioluminescent
substrates under ambient and refrigerated
conditions.”>'*® As a consequence, these substrates are often
not pre-deposited on the uPAD but added along with or after
sample application, limiting user-friendliness.**'*"*° In
some cases, long-term storage stability has not been
adequately investigated.'>® BL bacteria-based assays are
superior in terms of stability, but their assay mechanism
might limit analyte selectivity, since it commonly relies on
the inhibition of bacterial enzymatic reactions by the target
molecules.”"'>*> While not using paper as the assay platform,
Kurita et al. reported a BL substrate named Huluminol, a
coelenterazine analogue (Fig. 6b, top).'”® They targeted
human serum albumin in serum samples, which behaves as
a luciferase catalysing the oxidation of Huluminol pre-
deposited on a polyethylene strip in a dry film state,
producing a corresponding BL signal (Fig. 6b, bottom). While
BL intensity rapidly decreased to 68% when devices were left
at room temperature overnight after fabrication,
approximately 50% of the initial luminescence intensity was
still retained after one month stored at room temperature
due to the premature substrate oxidation being limited to the
surface of the dry film. But given that for many reported BL-
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different antibodies. Reproduced from Tenda et al.%* b) Comparison of
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based assay devices even storage under vacuum condition
could not achieve long-term stability under ambient
conditions,*>* chemical encapsulation or molecular structure
modification of BL substrates are expected to offer more
promising solutions."> However, it should be noted that
extension of storage stability often comes at the expense of
assay sensitivity, since increased resistance to air oxidation
potentially reduces the reactivity of the BL substrates. Overall,
continued efforts in this direction are required to lead to
fully integrated pPADs with high long-term storage stability
under ambient conditions.

CRISPR-based assay techniques

The Clustered Regularly Interspaced Short Palindromic
Repeats (CRISPR) and CRISPR-associated (Cas) protein
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systems initially attracted attention in the field of gene
editing,'® with their applications in analytical chemistry
emerging in the late 2010s. CRISPR/Cas systems are classified
into several subtypes according to their nucleic acid targeting
properties, among which Cas9, Cas12, and Casl13 are most
widely used."*”**® Common to all systems, a ribonucleoprotein
(RNP) complex consisting of a Cas protein and a programmable
guide RNA referred to as CRISPR RNA (crRNA), recognizes a
specific nucleic acid sequence, after which the RNP complex
becomes activated. Owing to their simple design, high
specificity capable of distinguishing single-nucleotide
mismatches, and the ability of signal amplification through
trans-cleavage turn-over reactions (limited to Cas12 and
Cas13), CRISPR-based assay techniques have been widely
investigated up to now.

In the classical Cas9 system, the RNP complex targets
double-stranded DNA (dsDNA) and cleaves it through the so-
called cis-cleavage reaction. In 2016, Pardee et al. reported a
Nucleic Acid Sequence-Based Amplification (NASBA)-CRISPR
cleavage assay named NASBACC for Zika virus detection. In
this system, isothermal nucleic acid amplification following
reverse transcription of isolated Zika RNA, combined with
the sequence-specific nuclease activity of CRISPR/Cas9,
enabled discrimination of viral strains with single-base
resolution.”®® They further demonstrated the feasibility of
freeze-drying NASBACC reagents on circular-shaped paper
discs, suggesting the applicability of this approach on paper-
based assay platforms. On the other hand, the Cas13 system
targets RNA, where the RNP performs cis-cleavage of the
target RNA, followed by collateral indiscriminate cleavage of
surrounding RNA molecules, a process referred to as
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DNA bridge >< / |
0
2

(

+ dsDNA trigger
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trans-cleavage reaction. The first Cas13-assisted assay was
reported by Gootenberg et al. in 2017, termed Specific High-
Sensitivity Enzymatic Reporter UnLOCKing (SHERLOCK).'*’
By using a quenched fluorescent RNA reporter, the
trans-cleavage activity of Cas13 triggered by RNA that was
amplified  through reverse-transcribed recombinase
polymerase amplification (RPA) followed by T7 transcription
was transduced into a fluorescence signal. This enabled the
successful detection of specific strains of Zika and dengue
virus, discrimination of pathogenic bacteria, as well as
genotyping of human DNA, and identification of mutations
in cell-free tumour DNA. Importantly, they also demonstrated
the feasibility of freeze-drying SHERLOCK reagents on paper
discs. Similarly, in the Cas12 system, the RNP complex
targets and cleaves dsDNA, followed by collateral
trans-cleavage of surrounding single-stranded DNA (ssDNA).
In 2018, Chen et al. reported a Cas12a-based assay combined
with RPA for the detection of human papillomavirus in
patient samples.”*® Their assay method became known as
DNA  endonuclease-targeted  CRISPR  trans  reporter
(DETECTR). The detection mechanism closely resembles that
of SHERLOCK, except that a quenched fluorescent ssDNA
reporter is used instead of an RNA reporter. Subsequently,
both SHERLOCK and DETECTR were integrated with paper-
based lateral flow assays in 2018 and 2020, respectively.'®® %
Based on this history of CRISPR-based diagnostics, further
integration with paper platforms is expected to offer strong
potential for POCT applications.

It is therefore no surprise that such integration has
increasingly progressed. Since comprehensive reviews on this
topic have been published recently,"®*'®* we here focus on
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crosslinked CRISPR-responsive hydrogels for electrical readout, and SEM images of paperfluidic channels in the absence (top) and presence (bottom)
of target dsDNA. From English et al.'’* Adapted with permission from AAAS. b) Schematic of the sensor components of a face-mask-integrated
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reagents on multiple pads, and assay procedure. Adapted with permission from Suzuki et al.
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highlighting the crucial and critical aspects. While many
pPAD implementations currently employ CRISPR primarily at
the signal detection stage,'®>'’° there is a growing trend
toward fully integrated devices in which sample preparation,
amplification, and CRISPR-mediated detection occur within a
single paper-based platform, as described in an earlier
section. A CRISPR-based uPAD going beyond simple paper
discs was first reported by English and Soenksen et al in
2019 for the detection of Ebola ssRNA (Fig. 7a)."”" The assay
mechanism relies on viscosity changes in an ssDNA-
crosslinked hydrogel in response to Casl2a-mediated
trans-cleavage. The assay was carried out by adding a pre-
incubated Cas12a RNP mixture together with RT-RPA-
amplified nucleic acid and the DNA hydrogel on different
paper layers. The resulting signal is obtained from dye flow
in the bottom paper channel. The first fully integrated
CRISPR-based pPAD was reported by Nguyen and Soenksen
et al. in 2021 (Fig. 7b).>® Integration of sample collection,
lysis, isothermal nucleic acid amplification, a SHERLOCK
reaction zone, and a lateral flow strip minimized user-
intervention, limited to just pushing an activation button to
initiate fluid flow and subsequently reading the result by the
naked eye. Furthermore, CRISPR-based diagnostics are not
limited to nucleic acid detection, but also applicable to small
molecules or metal ion targets by use of aptamers or
antibodies through ELISA-like formats. Suzuki et al. reported
a CRISPR-assisted origami paper-based ELISA for the
detection of hepatitis B virus surface antigen in whole blood
in 2025 (Fig. 7¢).”” The Cas12a system was used for signal
amplification, in combination with DNA network-labelled
antibodies initiating ¢rans-cleavage of an ssDNA fluorescent
reporter, resulting in higher sensitivity than conventional
HRP-labelled ELISA. Moreover, by integrating a blood
separation membrane and all necessary reagents onto paper
layers, required end-user operation was reduced to paper flap
folding and adding buffer solutions.

However, aside from the publications mentioned above, to
the best of our knowledge, there have been no further reports
of fully integrated CRISPR/Cas-related pPADs in the
diagnostic field. This gap can be attributed to several factors:
the use of paper limited to a substrate material for signal
detection (as seen in SERS-based approaches),’”*'”® the
requirement for off-device sample pretreatment®® or off-
device nucleic acid amplification,*”**>'”* the need for user-
handled CRISPR-related reagents,'’>'’® or the absence of
validation with biofluid sample matrices.®**’” Since these
techniques are ongoingly developed, truly “fully-integrated
UPADs” making use of CRISPR/Cas systems remain highly
anticipated.

Artificial intelligence integration

The integration of artificial intelligence (AI) technologies
such as machine learning (ML), neural networks (NN), and
deep learning (DL) has begun playing an increasingly
important role in advancing POCT, particularly given their

This journal is © The Royal Society of Chemistry 2026
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rapid development in recent years."*" Since the early 2020s,
these technologies have been integrated with pPADs
primarily for the following purposes:

e Enhancement of sensitivity, accuracy, and selectivity.

e Reduction of assay time.

e Improvement of image capture in colorimetric
approaches by minimizing ambient light interference.

e Mitigation of interference from complex biofluid sample
matrices.

e Simplification of experimental optimization steps.

This field, especially the development of ML-assisted fully
integrated pPADs, has been mainly advanced by the Ozcan
group. Here, we introduce some relevant publications and
discuss how their approaches achieved the objective listed
above.

Joung et al. reported a DL-assisted vertical-flow pPAD for
serological diagnosis of early-stage Lyme disease in 2020
(Fig. 8a)."”® The nitrocellulose sensing membrane
incorporated 13 immuno-reaction spots with different
capture antigens or antigen-epitope containing peptides, as
well as negative and positive controls. Two types of 3D-
printed top cases were used for the uniform distribution of
applied serum samples to all sensing spots and to generate
colour signals through embedded gold nanoparticles (AuNPs)
conjugated to anti-human IgM or IgG antibodies. By selecting
an optimal subset of detection antigens from the 13 spots
through ML and using batch-specific standardization and
threshold tuning, they achieved an area-under-the-curve
(AUC), sensitivity, and specificity of 0.963, 96.3%, and 85.7%,
respectively. In the same year, Ballard et al. reported a
similarly structured pPAD for C-reactive protein (hsCRP)
testing.’”® The device featured 81 immunoreaction spots of
different antigens with different concentrations, from which
optimal subsets were selected through ML as well. As a
result, they successfully quantified hsCRP with an expanded
dynamic range. As demonstrated by the examples above,
increasing the number of result parameters enhances the
performance of ML-based analysis. In this regard, signal
detection techniques producing large scan-based datasets,

such as electrochemical or SERS measurements, are
particularly useful for ML or DL to enhance assay
accuracy.'®'®" On the other hand, simplification of multi

analyte detecting assays using distinct reaction spots for each
analyte is another strength of uwPADs. However, Goncharov
et al. introduced a different approach utilizing non-specific
colour changes from multiple sensing spots for the
quantification of three biomarkers, myoglobin, creatine
kinase-MB (CK-MB), and heart-type fatty acid binding protein
(FABP) using DL (Fig. 8b)."® While multivariable linear
regression models only yielded coefficients of determination
<0.85, neural networks improved these values to 0.92, 0.93,
and 0.95 for myoglobin, CK-MB, and FABP, respectively.
Similarly, in 2024, Eryilmaz et al. categorized COVID-19
immunity levels based on the IgG and IgM concentration
levels.'® Furthermore, Ghosh et al achieved single-tier
serodiagnosis of Lyme disease by a single DL -classifier
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the device with two types of top holder, and image processing and deep learning (DL)-based analysis of the multiplexed sensing membrane.
Adapted with permission from Joung et al'’® Copyright 2025 American Chemical Society. b) Overview of the multiplexed paper-based
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Adapted from Goncharov et al.*®2 c) Flow of image processing starting with image frame extraction from recorded video and architecture of the
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2025 American Chemical Society. d) Neural network analysis-based correction of outlier clinical samples (yellow plots in left figure) caused by

blood serum matrix interference in a chemiluminescence readout uPAD for cTnl. Adapted from Han et a

trained to simultaneously interpret the response to IgM and
IgG antibodies."® In addition, inclusion of time-dependent
colour change data into training datasets has been shown to
contribute to sensitivity enhancement,'®® as well as to
reduction of assay time without sacrificing the analytical
performance (Fig. 8c).'%°7%”

Besides data interpretation, ML and DL approaches have
also been used to assist the capture and processing of images
in colorimetric assays. Mercan et al. used ML to automatically
select the optimal analysis region of an image in cases where
colorimetric reagents were heterogeneously distributed across
a circular assay spot.'®® Compared with conventional colour
threshold-based analysis, the ML-assisted approach was not
affected by variations in seven different illumination
conditions and four different smartphone models. Ning et al.
further demonstrated result robustness not only to ambient
light conditions but also to variations of image shooting
angles.’® Based on other similar reports,'®® these findings
suggest that ML or DL-assisted uPADs can enhance user-
friendliness and reliability of smartphone-based assays.

As noted above, ML and DL have also been adopted to
mitigate the interference from complex biofluid sample

1212 | Lab Chip, 2026, 26, 1191-1218
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matrices. Low et al. reported an ML-assisted pPAD for
accurate acute early diagnosis and prognosis of myocardial
infarction."®  After evaluating eleven machine-learning
algorithms, they achieved an area under the receiver
operating curves (AUROC) of 0.97 + 0.018 for all possible
classification thresholds. Similarly, Jang et al. reported DL-
assisted uPADs integrated with field-effect transistors (FET)
for cholesterol testing.’®> In this system, cholesterol oxidase
reacts with cholesterol to generate hydrogen peroxide, which
modulates the FET's threshold voltage (AVy,). While relying
on AVy, alone yielded a coefficient of determination of 0.81,
the ML-integrated approach after training with optimal
subset of specific range of time and gate voltage achieved
high precision (CV < 6.46%) and reasonable correlation (>
> 0.976) compared against results obtained from a certified
laboratory. In another example, Han et al focused on a
small number of outlier clinical serum samples in cardiac
troponin I detection using chemiluminescence (CL)-based

vertical-flow pPADs with a sandwich immunoassay
format.">® Three samples deviated significantly from the
calibration curve based on normalized CL intensity

(Fig. 8d). These deviations were attributed to serum matrix

This journal is © The Royal Society of Chemistry 2026
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interference, which was effectively corrected by neural
network-based analysis.

On the other hand, integrating ML or DL with pPADs
resulted in the identification of unique features. Ning et al.
noticed that including reagent batch IDs and fabrication
batch IDs as input features during neural network training
improved the final accuracy from 80% to 85%, highlighting
the influence of batch-to-batch variations in both device
fabrication and assay operation.'"®® Moreover, when
developing optimization models for pPADs, flow-related
behaviour must be incorporated into the governing
equations, given the intrinsic dependence of paper-based
microfluidics on capillary-driven transport.’**

Very recently, a ML-assisted optimization approach was
also extended to distance-based uPADs by Lv et al. in 2025."%°
They utilized ML for parameter optimization and engineering
manufacturing of distance-based pPADs, resulting in the
reduction of experimental time and effort.

While ML- or DL-assisted uPADs contribute to unlock the
full analytical potential of these devices as hardware, software,
and assay chemistry continue to co-evolve, several
considerations must be kept in mind. These include the
complex regulatory landscape, the possibility of erroneous or
illogical outputs caused by unrepresented or underrepresented
cases in training datasets (e.g:, rare diseases or specific patient
subgroups), and the limited transparency of some ML
systems.'*” Implementing rigorous quality-control measures
and recognizing that certain exceptional cases may remain
unpredictable for ML or DL systems are therefore essential
steps in responsible application of these techniques.

Conclusions

Since our previous review on pPADs published in this journal
in 2017, the field has continued to advance toward real-world
applications. At that time, we pointed out three major
challenges for uPADs aimed at routine health checks: the
necessity of complicated wuser operations, insufficient
evaluation on long-term device storage stability, and reliance
on detection equipment unfamiliar to general users. Thanks
to the progress made in on-device sample pretreatment and
smartphone integration, most studies targeting routine
health checks have now achieved sample-in-answer-out
functionality, and research focus has shifted towards the
simplification of more complex assays, including
immunoassays or nucleic acid testing. While assay operation
has been simplified through automated sequential reagent
delivery and device design innovation, there is still room for
improvement in integration of off-device sample
pretreatment steps such as for example blood separation and
nucleic acid extraction. To comprehensively evaluate future
reports on sample-in-answer-out pPAD systems, we
emphasize the importance of assessing in parallel the trade-
off between the necessity for end-user reagent handling and
long-term device storage stability, and the relationship
between the number of operation steps and off-device

This journal is © The Royal Society of Chemistry 2026
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pretreatment requirements, together with time control needs.
Meanwhile, long-term device storage stability, one of the
challenges highlighted in our 2017 review, remains
insufficiently addressed, even for pPADs intended for routine
health checks performed by end-users in non-clinical
settings, in addition to evaluation criteria for acceptable
signal deterioration not being standardized. Apart from the
development of sample-in-answer-out systems, recent studies
exploring automated sequential reagent addition, increased
liquid flow rates, and semi-quantitative signal readout
approaches represent foundational concepts for achieving
fully integrated pPAD versions for more complex assays in
the future.

Technologies such as SERS- and bioluminescence-based
signal detection, CRISPR-based assay methods, and ML or
DL-assisted image analysis and data interpretation have only
more recently gained significant momentum in the field of
pPADs. While SERS and bioluminescence still face major
limitations in terms of the need of external Raman detecting
modules and the instability of bioluminescent substrates,
CRISPR-based assays and ML/DL approaches have already
had significant impact in the field. Various CRISPR-based
assays have been combined with pPADs due to the flexibility
of their signal transduction mechanisms and are now actively
contributing to the development of fully integrated NAT
platforms. ML- and DL-assisted image analysis and data
interpretation have enhanced pPAD performance without
adding operational complexity, enabling shorter assay times
without compromising sensitivity, minimizing sample matrix
interference, and simplifying experimental optimization.

Finally, microchannel patterning methods on paper
substrates are likely to become an increasingly critical issue
for academic research. Currently, the wax printing method
remains the most widely used technique for device
prototyping in academic laboratories due to its simplicity,
speed, and flexibility in design modification. However, with
the discontinuation of commercially available wax printers,
there is growing concern about the long-term sustainability
of that approach. Although a range of alternative patterning
methods has been reported,”®'?*°* none have yet matched
the ease of use and rapid turnaround time offered by wax
printing.
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