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Abstract

The pervasive spread of infectious diseases andepains, such as the 2019 coronavirus
disease (COVID-19), are becoming increasingly sisriand urgent threats to human health.
Preventing the spread of such diseases prioritiedevelopment of sensing devices that can
rapidly, selectively, and reliably detect pathogemsminimal cost. Paper-based analytical
devices (PADs) are promising tools that satisfysehacriteria. Numerous paper-based
biosensors have been established that rival colmvettpathogen detection methods. Among
them, colorimetric strategies are promising sinesults can be interpreted by eye, and are
simple to operate, which is advantageous for poirdare testing (POCT). Particularly, the

application of nanomaterials on paper-based bi@senkas become important as these
materials are capable of converting signals frorihggens through unique mechanisms to
yield an amplified colorimetric readout. To highiigthe research progress on using
nanomaterials in colorimetric paper-based biosefmopathogen detection, we discuss the
sensing mechanisms of how they work, structuralaralytical characteristics of the devices,
and representative recent applications. Currentlesiges and future directions of using

PADs and nanomaterial-mediated strategies arededsassed.
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1. Introduction

Infectious diseases derived from numerous diseagsHty agents, such as pathogenic
foodborne and waterborne bacteria and viruses, b&oeme increasingly serious global
threats to human health and the economy [1]. OncMal9, 2020, the World Health
Organization (WHO) declared that the on-going 2@Monavirus disease (COVID-19)
situation was a global pandemic. The COVID-19 pamdehas been spreading rapidly
around the world and has widespread community tn&gsson in more than 150 countries
including China, Italy, United States, and Southrdéo Approximately 100,000 confirmed
cases quickly reached 209,839 confirmed cases wilédwithin 12 days, with 8778 deaths
reported over the 3 months since cases were épgirted in Wuhan, China on December 31,
2019 [2, 3]. COVID-19 is a variant of a large groofpviruses that cause the common cold
and other severe illnesses in humans such as Mida# respiratory syndrome (MERS-
CoV) and severe acute respiratory syndrome (SAR®}@dnich caused outbreaks in 2002
and 2012, respectively [4, 5]. It was reported tharugust 2003, there were 8,422 infected
cases of SARS-CoV which led to more than 900 deathrsdwide while there have been
only 2,494 cases of MERS-CoV since 2012. Howeuess, number of MERS-associated
deaths were roughly comparable to that of SARS-CaWijch were 858 cases since
September 2012, with a relatively high mortalitteraf 34.4% [6]. Compared to SARS-CoV,
COVID-19 has a stronger transmission capacity asdoathogenicity is considered to be
comparable to that of MERS-CoV [7]. Additionallyyet symptoms of COVID-19 infection
are nonspecific and are difficult to distinguistorfr the common cold. These symptoms
include fever, cough, headache, breathing diffieslt(dyspnea), and viral pneumonia.
Considering these nonspecific symptoms and widasprieansmission of this disease,
diagnostic examination is critical for reliably dwming suspected cases, screening probable

cases, as well as surveilling the spread of thesvi5]. Apart from viral epidemics,
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pathogenic microorganisms from unsafe foods wese abnsidered as causative agents of
morbidity and mortality [1]. The WHO reported thhere are 600 million cases of foodborne
diseases that cause 420,000 deaths each year #ueog®rld [8]. In addition, pathogenic
bacteria in contaminated water are also a presssug due to environmental pollution, and
is a concern even in industrialized nations. Fstance, annual deaths in the United States
caused by acute gastrointestinal illness have bemaasing from consuming unsafe water,
rising from 4.26 million to more than 30 millionn laddition, approximately 2.2 million
people die each year from diarrhea caused by coméded water intake [9, 10]. Thus, it is
important to develop rapid, precise, and senséamgroaches for early detection of pathogens
to prevent worldwide spread of infectious diseases] to optimize medical care to reduce
mortality and overall cost [1, 11].

Several conventional methods have been developedetdify and monitor pathogenic
bacteria and viruses. These techniques considiantlard culture-based methods, enzyme-
linked immunosorbent assay (ELISA), and polymerasan reaction (PCR). Culture-based
methods are laborious and take a long time. ELISRARCR are highly sensitive and accurate
methods, but are expensive and depend on complapregnt and trained technicians that
are only feasible in centralized labs [1, 12]. Mer@ome such shortcomings, the WHO
strongly advocates for diagnostic approaches trataffordable, sensitive, specific, user-
friendly, robust, rapid, equipment-free, and detide to end-users (ASSURED). Point-of-
care (POC) analytical devices are potential card&dahat satisfy these ASSURED
requirements [13]. Paper-based analytical deviea®§) emerged as critical POC tools due
to their simplicity, low fabricating costs, easyrstge, portability, and disposability. These
advantageous features make PADs important for rakdigagnostics, particularly in
resource-limited areas, emergencies, and in horaéhlcare, without relying on external
devices and reagents [14, 15]. There are divedsgignal readouts that have been utilized in
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paper-based sensors that involve electrochemistgnductivity, fluorescence, and
colorimetry [13]. Among them, colorimetric papersed biosensors are in demand and are
the most attractive because the presence of a fispgethogen can be conveniently
monitored by a simple change in color, which cardiséinguished easily with the naked eye
without expensive and complex instruments [16]. friggor limitation of colorimetric assays
is low sensitivity since it is often difficult tognsform detectable signals into a color readout
[1, 17].

To resolve the limitation, enzymes were utilized gmduce selective and sensitive
colorimetric signal on PADs [18-20]; however, thegve several intrinsic problems such as
instability in diverse environments and high praitut cost, which critically hinders their
practical utilizations [21]. To strengthen the sewisy of colorimetric assays, a variety of
nanomaterials, such as noble metal nanoparticlelsidimg gold nanoparticles (AuNPS),
magnetic nanoparticles (MNPs), carbon-based narmdstes, conjugated polymeric
nanovesicles, and other enzyme-mimicking nanonssefnanozymes), have been used [22].
These materials exhibit distinctive physical anédmafcal properties, making them important
signal indicators for colorimetric paper-based bresors [22-24]. Besides, nanomaterials also
support diverse functionalizations with other bgtal materials, thus, facilitating target
capture and detection as well as signal amplifccatn colorimetric detection of pathogens
[1]. The large surface area of nanomaterials carease the amount of receptors conjugated
on their surface [25], consequently increasing #mount of recognition events and
improving the detection performances. Thanks toirthegh surface-to-volume ratio,
nanomaterials also generally exhibit remarkablyhhghysicochemical properties such as
catalytic activity, conductivity, and magnetic pesty, all of which could be essentially
utilized to enhance signal readout for colorimepathogen detection [1, 22, 26].

Despite these advantages accompanied with nanoaisit&ADs have several limitations
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that need to be resolved for providing more reéatisease diagnosis to end-users. First, their
diagnostic performances such as specificity andgiteity are usually highly affected and
can be varied by the kinds of paper substratettaungl the right choice of paper is required to
achieve optimal detection performances [27]. Gdherhigher speed of capillary flow,
which can be varied by the kinds of paper, resultsigher specificity but lower sensitivity
[28]. Besides, patterning step to construct micaoctel on paper substrate should be
elaborately designed and considered since it cderrdae the reaction pathway and
efficiency on PADs. There have been several pattgromethods on paper substrate,
including photolithography and printing methodselilknkjet and wax printing [29]. Among
them, wax printing is generally considered as thestmpopular method for creating
hydrophobic barriers for patterning in PADs, duatsorelatively low cost, simple and rapid
printing procedures, easy post-printing steps,ragld capacity to create flexible patterns [30].
However, it also has limitations including sampémakages caused by the surfactants in
biological samples [14]. Therefore, considering tieection efficiency, cost-effectiveness,
and kinds of employed reagent and reaction, apatepselection of paper substrate and
patterning method as well as improvements in theidation of PADs are required for the
widespread utilizations in diagnostic fields.

In this review, we focus on recent development$AbDs for colorimetric detection of
pathogenic microorganisms and viruses using naremat. We describe representative
types of paper substrates for POC analytical deyg#ization of noble metal nanomaterials,
nanozymes that have peroxidase-like activity, aodjugated polymeric nanovesicles. We
also describe prospective nanotechnology that eanskd to enhance colorimetric methods

to detect pathogens.

2. Representative typesfor paper-based biosensors
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Paper substrates have historically been used itytanah and chemical applications. In
particular, paper chromatography is often usedémarating and detecting molecules such as
amino acids, proteins, antibodies, and small mdéscirom matrices [14]. The utilization of
paper substrates in POCT has become increasinglgriant [14, 15]. Compared to sensors
made out of other materials such as glass, siliaod,plastic, PADs are cheaper and easier to
fabricate. In addition, PADs are also easy to stor@ transport, and can be disposed without
cost in a safe and environmentally-friendly manrdre intrinsic hydrophilic property of
paper, due to its porous structure, is highly ath@eous since it can facilitate fluid flow by
capillary action without the need for external pumgg15].

In practice, PADs can be classified into three nigoes: dipstick assay, lateral flow assay
(LFA), and microfluidic paper-based analytical dev(tPAD) Figure 1) [27]. LFA assays
are frequently used to detect pathogens since pheyide many advantages for practical
pathogen detection including fast-response, siatgp-operation, cost effectiveness, user-
friendly format, high sensitivity, and sufficientlectivity [12]. The two major types of paper
substrates are cellulose and nitrocellulose menglstaDellulose membranes are widely used
in dipstick and pPAD applications, while nitrocétlse membranes are extensively used in
LFA assays [27]. Urine test strips, the most comrdipstick assay, are utilized to evaluate
urinary tract infection caused by nitrites. Thesemce of nitrites is not common in urine, and
is mainly attributed to the presence of bactenamiost cases Gram-negative bacteria, that
can reduce urinary nitrates into nitrites. The @rtest strip is specific, but not sensitive,
needing more than 1@ells/mL to present a positive result [31]. Thénertest strips are
made up of a piece of water-resistant plastic fdantaining many absorbent pads with
immobilized chemical reagents. Depending on themta& composition of the urine sample,
the change in color of the different absorbent padgate urinary health [32]. LFA strips are
primarily comprised of four integrated fragments) $ample pad where the analysis sample
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is added, (2) conjugation pad where signal taghket to the bio-receptor, (3) nitrocellulose
membrane where the capture molecules are immobiliaeorm the test line (T line) and
control line (C line), and (4) absorbent pad tooabsexcessive fluid and prevent reversed
flow of liquid. Regarding to uPAD, hydrophobic balamies patterning is a principal process
as the fluid was driven not only by the capillagrde of hydrophilic paper but also the
hydrophobic microchannel network [13]. The uPADs generally constructed into 2D or 3D
configurations. The 2D method primarily relies asribontal or passive fluid movement via
capillary force, whereas the 3D method exploitshbdtorizontal and vertical fluid
transportation via connected patterned layers.

For fabricating pPADs, there have been severalniqolks for 2D configuration such as
photolithography, inkjet printing, wax screen pimgt and flexographic printing, as well as
other fabrication methods for 3D configuration sashstacking of patterned papers, origami
method, and 3D wax printing [29]. In 2007, Whitessd group first applied the
photolithography technique to generate microfluigatterns on paper substrate [33]. This
method utilized UV light to transfer patterns ofphotomask on photoresist-coated paper
substrate. It created hydrophilic channels on #qgep by forming hydrophobic surroundings
using polymeric materials [11, 29]. Other printimgethods such as inkjet and wax printing
have also been widely utilized to construct pPAIDEjet printing can be simply performed
with commercially-available inkjet printer, to preely deposit patterning agent such as alkyl
ketene dimer (AKD), to form hydrophobic barriers ¢tme paper [29, 34]. AKD can
hydrophobize the cellulose component of the pagezdberification; however, the inevitable
use of organic solvent to dissolve AKD has desivaceffect on printer cartridge [34]. To
circumvent this disadvantage, UV-curable acrylate was utilized in place of AKD [35].
Wax printing utilized a non-toxic and hydrophobalid wax to create microfluidic patterns
on the paper with a solid-ink printer. After primgi, heating treatment should be performed to

8



melt the solid wax as well as enable the liquid w@aspread vertically and horizontally into
the entire paper [36]. This method enables rapdliaexpensive patterning on the paper and
does not depend on sophisticated instrumentatich lrmful organic solvents [29].
Flexographic printing utilized polystyrene solutias hydrophobic patterning ink, and has
been utilized to produce a large quantity of uPAZSs 34].

Compared with the above examples describing 2D aftigdic patterning on paper, 3D
patterning on the paper has greater potential bamre detection performances by allowing
the integration of many functional layers or resa with controllable fluid flow whose
direction can be either horizontal or vertical [3¥]. To fabricate 3DuPADs, stacking
method to vertically connect multiple 2D patterrpagpers using adhesive tape was reported.
This method could transfer the fluid more easilyl dreely as required; however, it has
limitations of complicated alignment, bonding, gndhching processes, which can negatively
affect the fluid flow [29, 30, 34]. Origami methadilized simple folding process of 2D
patterned papers to construct 3D configuration, thnod it is quick and easy to perform, and
allows various 3D shapes for diverse operationg. [Bdrthermore, 3D wax printing was
reported by printing wax on both sides of papel.[B§ elaborately controlling the density of
wax as well as heating period, the penetrationtdepsolid wax could be manipulated and
thus several layers of channels on a single pdpstsvere constructed. These 3D patterning
methods allowed effective integration of many fldidws, enabling more complexed or

multiplexed assays on a singiBAD.

3. Noble metal nanoparticle-mediated colorimetric pathogen detection

Noble metal nanoparticles are interesting in PO&sdmnsing research because they can be
directly utilized as signal reporters due to thetrinsic physical and optical features. These
features consist of high surface-to-volume ratiaclwhenables suitable surface modification
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with bioactive compounds, excellent capacity faacteon catalysis, electrical conductance,
good biocompatibility, particularly high charactic extinction coefficient in visible light,
as well as visual color transition from the shiftsarface plasma absorption by varying size,
shape, interparticle distance through the aggregatind dielectric environment [13, 26]. The
deployment of noble metal nanoparticles in colotimebiosensors can significantly amplify
signal intensity and thus enhance the sensitivaty thrget biological molecules such as
pathogenic bacteria and viruses, DNA, toxins, pngteand others [26, 39]. Among noble
metal nanopatrticles, gold and silver nanopartiees particularly interesting due to their
simplicity in producing a color response with higeknsitivity [39]. Gold nanoparticles
(AuNPs) are extensively used in colorimetric bioiel assays since they are easy to
synthesize, are chemically and physically stab&jehgood biocompatibility, have unique
optoelectronic behavior, and are easily modifiethviioactive and organic compounds [13,
40].

One important property of AuNPs is localized suefgtasmon resonance (LSPR). This
phenomenon involves collective oscillation of frelectrons positioned in the conduction
bands of AuNPs that become activated by interactiitly a resonant frequency of incident
light [26]. This interaction leads to electricall@azation that generates an oscillating dipole,
resulting in a unique change of light absorptionsoattering. For example, small and
symmetrical AUNPs usually absorb light, whereagdaiand less symmetrical particles tend
to scatter light. The effects of LSPR are easilystéd by changing structural factors such as
size, shape, inter-particle distance, and dielestalue of its surroundings. Monodispersed
AuNPs in solution are red due to LSPR-induced giismr peaks at green wavelengths,
while the aggregated state induces a color tramsfbon to blue or purple. Thus, size-
induced LSPR effects of AuNPs have been used foriatetric detection of targets [40].

One of the main issues in biosensor developmesapésific detection of targets from a
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medium containing several interfering componentse Thoice of bio-receptor is critical

since it can determine detection sensitivity arldcivity for target pathogens. Several types
of bio-receptors, such as oligonucleotide aptamangibodies, proteins, and other small
biomolecules, can be functionalized on nanomatertal enhance the affinity of these
materials towards target pathogenic bacteria angs@s in complex matrices. Among these
types of bio-receptors, antibodies and aptamersnaxst often used for pathogenic detection

[1, 40].

1) Antibody-functionalized noble metal nanoparticles for colorimetric pathogen
detection

The high affinity between antigens and their cqpoesling antibodies is of great interest and
has been widely used to detect many types of pati®ofi2]. For example, Lei et al. showed
that two specific capture antibodies for influen&asubtypes HIN1 and H3N2 were
functionalized with AuNPs for rapid colorimetricreening of pathogenic viruses [41]. In this
study, capture antibodies were adsorbed onto eazh off 48-well microfluidic paper.
Samples were then loaded into each well to indoeerteraction between virus particles and
antibodies. Subsequently, primary antibodies wdded, followed by horseradish peroxidase
(HRP)- or AuNPs-coupled secondary antibodies tdoper sandwich immunoassays. Signal
detection by AuNPs was optimized by enhancing gotivth to physically enlarge and fuse
the AuNPs to intensify colorimetric output, resadfiin better signal response compared with
the HRP-mediated enzymatic assay. As a resultlithieof detection (LOD) of HIN1 and
H3N2 were lowered to 2.7x3@nd 2.7x16 plaque forming units (PFU)/mL, respectively.
The sensitivity and reliability of this device wazemparable with ELISA and real-time (RT)-
PCR assays, demonstrating its potential for rapidesing of infectious diseases. However,
due to many washing steps needed after each reagentadded, the assay was time
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consuming, requiring at least 1 hour to completggoikl enhancement strategy was used to
nucleate gold particles through the reaction betwekloroauric acid (HAuG) and a
reducing agent such as hydroxylamine hydrochlofitld,OHHCI). This allowed foiin situ
reduction of Ad" ions on the surface of primary AuNPs to incredsrtsize, resulting in
enhanced signal intensity. Based on this stratBgyet al. also established an LFA strip to
detect Salmonella enteritidis within 20 min by visual observation [42]. In th&ssay, a
traditional LFA strip (10 min) was used, and tharther dipped into an enhancer solution for
another 10 min to boost signal intensity. The LGhis assay was f@olony forming units
(CFU)/mL, which was 100-times more sensitive thadraditional strip without enhancement.
Although higher sensitivity was achieved, an extranual procedure to apply enhancer
solution should be considered for its practicdiastion.

In another study, Pan et al. developed an AuNP+edth LFA strip for sensitive POC
detection ofCronobacter sakazakii (C. sakazakii) in powdered, non-sterile infant formula
[43]. Two types of AuNPs were employed; the firdsaused as a signal indicator and was
conjugated to detection antibodies, while the otlias used as a signal intensifier and was
conjugated to capture antibodies. The AuNP-modifietection and capture antibodies were
immobilized onto the conjugation pad and printetbdhe test zone, respectively. The use of
AuNP-modified capture antibodies increased the remd antibodies at the T line, thus,
increasing the interaction between capture antésodndC. sakazakii. In the presence @.
sakazakii, the AuNP-modified detection antibodies were tebpy AuNP-modified capture
antibodies in the test zone to increase the amouALNPSs available for enhancing signal
intensity. As a result, the LOD of the LFA was loee to 18 CFU/mL, which is about 100-
fold more sensitive than the non-amplified strigenYet al. reported rapid and multiplexed
colorimetric detection of dengue, yellow fever, d&tfabla viruses in a single lateral flow strip
[44]. This study exploited optical properties olfver nanoparticles (AgNPs), where shape

12



and size variations trigger color transformatiamghie visible range. In other words, common
colloidal AgNPs are yellow, but can change to omrrrgd, and green depending on the size
and/or shape of AgNPs. In this study, each speaifitbody type corresponding to yellow
fever, Ebola, and dengue viruses were labeled wisimge AgNPs, red AgNPs, and green
AgNPs, respectively. When the target analyte isqme the sandwich platform allows the
pathogen to be trapped by the AgNP-modified anidmdthat become further bound to
capture antibodies printed on the test line. Thipsivere effective in detecting levels as low
as 150 ng/mL for dengue, yellow fever, and Ebotasgs. The reported LOD of dengue viral
protein (NS1) was about 100 to 300-fold lower thh@ maximal concentration of NS1 in
serum.

An immunological dipstick strip was developed to ted¢ pathogenic Vibrio
parahaemolyticus directly from oyster hemolymph (oyster circulatdhyid) [45]. Antibody
was electrostatically conjugated on AuNPs, followbg passivation using thiolated
polyethylene glycol (PEG) to prevent non-specifiteraction. The resulting antibody-
conjugated AuNPs were immobilized on test areaipétitk, and then sample fluid moved
sequentially through the strip to facilitate propantigen-antibody interaction with
minimizing AuNPs’ aggregation and non-specific mtion. With the assay, the LOD was
determined to be 4.66x1@FU/mL, which is lower than the report&t parahaemolyticus

dose with a 50% probability to cause a foodborseake.

2) Aptamer-functionalized noble metal nanoparticles for colorimetric pathogen
detection

Conventionally, antibodies are used to recognieeptiesence of pathogens. However, the use
of oligonucleotides, particularly aptamers, aredmeinig increasingly interesting since they
have tunable specificity, are easy to synthesizwehprolonged stability, and have high
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capacity for further functionalization [46]. Aptamseare single-stranded oligonucleotides
including DNA and RNA that can form specific pattersuch as stems, purine-rich bulges,
and guanidine-quadruplexes [12]. These single-d&dnnucleic acids can be repeatedly
selected towards desired targets via systematitigmo of ligands by exponential (SELEX)
enrichment. Aptamers have become a promising ctdsbioreceptors for pathogenic
detection as their performance can be improved Hyamcing SELEX procedures.
Furthermore, several studies have reported thagiation of aptamers and nanomaterials
promotes signal intensity, which leads to increasedkitivity in diagnosing pandemic and
infectious diseases at early stages [12, 22].

For example, AuNPs were coupled with aptamers irLlg& strip for visual and rapid
monitoring ofSalmonella typhimurium (S. typhimurium), Escherichia coli (E. coli) O157:H7,
and Staphylococcus aureus (S. aureus) within 10 min [47]. The mechanism relies on the
aptamer-based sandwich model. A red line is obdewlen the target pathogen in the
sample solution migrates up the strip to form a glem with AuNP-labelled aptamer 1,
where the target pathogen then associates witmapta in the strip. The validity of the strip
was confirmed by another red band, the C lineduliteon to the T line. After the pathogen is
trapped on the T line to generate a red line, #maining AuNP-aptamer 1 complex
continues to travel to the C line and hybridizethvaomplementary DNA to produce another
red line. Without the target, only the C line ided#ed. Using this strategy, a simple, fast, and
reliable method was established for detecthgyphimurium, E. coli, and S aureus, with
LODs as low as 10 10", and 18 CFU/mL, respectively.

Another study used a pair of aptamers that spatlfioound to avian influenza H5N2
viruses at multiple sites simultaneously [48]. Tslisdy was one of the few studies that used
a homologous pair of aptamers to detect whole H&BIN®& particles instead of specific viral
proteins, such as hemagglutinins. In order to sglairs of aptamers that specifically bind to
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whole H5N2 virus particles, a graphene-oxide ba&SEH4EX (GO-SELEX) procedure was
used. This strategy is basedmon stacking between single-stranded DNA (ssDNA) aql G
In the presence of target pathogens, ssDNA thabaoahthe pathogen is released from GO
due to a structural change, whereas those thatadrspecific for the target pathogen remain
stable on GO. After screening with GO-SELEX, a pHimptamers was chosen where one
aptamer was used for capturing and was immobilmedhe T line, while the other was
modified with AUNPs and functioned as the repodptamer. When a sample containing
virus particles travels along the strip, the intéan between virus cells and AuNP-
functionalized aptamers creates a complex thahdurinds to the capturing aptamer in the
test zone. The accumulation of AuNPs at the T djereerates a red band that can be observed
by eye. By successfully applying a double aptanaedwich on the LFA strip, the paper-
based biosensor was able to detect H5N2 virusciestin concentrations as low as 6X50%
egg infection dose (EmL) in buffer and 1.2x10DEIDsy/mL in duck feces. Although this
study showed comparable results with commercialfkit rapid detection of diverse subtypes
of influenza A virus, the sensitivity can be funthenproved for monitoring of influenza

viruses.

3) Utilization of other receptors with noble metal nanoparticles for colorimetric
pathogen detection

In addition to antibodies and aptamers, other nmecemolecules including specific
glycoprotein and peptide nucleic acid (PNA), wetigzaed with noble metal nanoparticles to
identify target pathogens via paper-based deviSasfiee et al. utilized lipopolysaccharide
binding protein (LBP), which can recognize and bihd lipid moiety of lipopolysaccharide
on the outer cell membrane of Gram-negative bagtéo detect pathogeni€. coli [49].
AuNPs were functionalized with LBP and the conjegatvere applied to detet coli, that
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caused an aggregation of AUNPs on the bacteritd@and subsequent color shift from red
to blue. This color-changing strategy was realinadcellulose paper and enabled sensitive
colorimetric detection ok. coli infected in blood serum with a LOD of 8 CFU/mL.érh
entire detection process was completed within 18 through observing the clear color
change with either naked eyes or smartphone camerarigami-type multiplex 3D PAD
was also reported to colorimetrically detect MER&®Y(Mycobacterium tuberculosis (MTB),
and human papilloma virus (HPVJigure 2) [50]. In this method, PNA, which is an
artificial DNA analog having polypeptide backbomher than sugar phosphate, was utilized
as a probe to detect target pathogenic DNA viacther change induced by the aggregation
of AgNPs. Compared to DNA, PNA has many superigsitsuch as high stability in harsh
environments and efficient hybridization with itsneplementary DNA strands. The origami
structure consisted of two layers, which were pregpaby wax printing. The top layer
contained four detection and control zones, eadharh contained AgNPs with PNA probe,
while the base layer contained four channels extgndutward from a center sample inlet.
After the device was folded and stacked togethwss, ¢thannels of the base layer were
connected to four detection zones of the top ldypon sample addition, the solution moved
outward through the channels of the base layerdwemnto the detection zones of the top
layer, leading to color change. In the absenceaajet DNA, the PNA probe caused an
aggregation of citrate-stabilized AgNPs, which tedred color. On the other hand, in the
presence of target DNA, DNA-PNA duplex was formesdulting in dispersion of the AgNPs
with their native yellow color. This 3D PAD was dskr specifically detecting MERS-CoV,
MTB, and HPV, by measuring the color change andLtb®s were found to be 1.53, 1.27,
and 1.03 nM, respectively.

Furthermore, gold-coated paper coupled with pegtidetionalized MNPs were utilized
to detect pathogeni8. aureus [51]. The sensing method was based on the protasaty

16



toward specific peptide, sandwiched between MNRsgmtd surface on paper substrate. An
external magnet was fixed on the back of the papesor to facilitate the cleavage of the
MNPs away from the paper upon the sample additidue to the cleavage and MNPs
removal from the paper strip, the original blackocovas changed into gold, which was
visible by naked eyes and analyzed down to 7 CFUimjure broth culture during just 1

min incubation. With similar detection principl&, coli O157:H7 was also successfully

determined with a LOD of 12 CFU/mL [52].

4. Nanozyme-mediated colorimetric pathogen detection

Enzymes are protein molecules that act as biocdtaty speed up the reaction rates, as well
as facilitate diversified biological reactions iwihg systems [53]. Because of their mild
reaction conditions with high substrate specificejpd activity with less toxicity to
physiology and environment, they have been widedgduin pharmaceutical, food, and
beverage industries [54]. Although enzymes havenbegtensively used in practical
applications, they are prone to activity loss inmshaenvironmental conditions due to changes
in pH, temperature, or solvents. They are alsoriabe to produce and purify, are inefficient
to recycle, and are expensive to produce, whichifssgntly hinders their usage [21].
Therefore, emerging “artificial enzymes” that addreéhese limitations of natural enzymes
are very desirable [21, 54].

Nanozymes are a type of artificial enzymes thatpotential alternatives to traditional
enzymes since they are highly stable in harsh tiondi cost-effective, easy to mass produce,
and have highly tunable catalytic activity [21, 58] 2007, the first peroxidase-mimicking
Fe;0O, MNPs were shown to oxidize peroxidase substrde%,5,5'-tetramethylbenzidine
(TMB), diazo-aminobenzene (DAB), and o-phenyleneuiee (OPD), in response to
hydrogen peroxide (#D.) to their corresponding blue, brown, and orandersprespectively
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[56]. Accordingly, many studies have reported enyike activity of metals, metal oxide
nanoparticles, nanoclusters, quantum dots, carlamostructures, nanowires, and several
composites, including organic-inorganic hybrid nidgmeers and metal-organic frameworks
[57-59]. Current nanozyme researches demonstratetitb catalytic activity of nanozymes
can be significantly enhanced, that is comparablkeven higher than that of natural enzyme
counterpart, by optimizing their size, shape, cositpmn, and surface functionalities [60, 61].
Substrate specificity of nanozymes is still a avaging issue to overcome; however, several
potent strategies to engineer the surface of nanegyincluding the growth of molecular
imprinted polymer to create substrate binding ptxka the conjugation of active site-
mimicking single atom site, were recently devisé&®,[63]. Compared to conventional
enzymes, nanozymes have been utilized as robwsytatindicators for immunoassays and
other biosensing systems, demonstrating the stgmifie and rapid advancement of this
research field.

Due to their promising catalytic abilities, nanomagrhave been used as a model for POC
monitoring platforms, which have been used forichhdiagnosis and detection of infectious
pathogens [64]. Nanozyme-mediated paper-based LldtAsconsidered as a particularly
effective strategy [65]. Previous studies have destrated that colorimetric readouts of
LFAs could be achieved by direct utilization of naraterials due to plasmonic properties of
AuNPs. However, visual detection of low pathogemasmtrations could not be achieved
since the concentration of accumulated nanopastisléoo low [42]. Therefore, nanozymes
have been integrated to improve the performance sawksitivity of the paper-based
biosensors [66, 67]. Although nanozyme-based LF&semble conventional AuNP-based
LFAs, an additional chromogenic substrate is needadh can be placed onto the test site of
the strip. Accordingly, in the presence of targetlgtes, the reaction between the nanozyme
complex and chromogenic substrate eventually géeer@ very strong colorimetric signal
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from the respective color-producing reaction in pamson with that of conventional LFAs

[68].

1) Metal nanozymesfor colorimetric pathogen detection

Peroxidase-mimicking nanozymes, owing to their lgta ability to immensely enhance
colorimetric signals, have been adopted in PADsdisease assessment [66, 67, 69, 70].
Nanozyme-mediated LFA strips for detectiBgcoli O157:H7 have improved colorimetric
detection. Jiang et al. prepared porous platinuld-g@’t-Au) bimetal nanoparticles
conjugated to antk: coli O157:H7 polyclonal antibodies that were immobilizento the
strip [69]. Han et al. also successfully designemhcave palladium-platinum (Pd-Pt)
nanoparticles that could be immobilized onto LFAipst [65]. Both Pt-Au and Pd-Pt
nanoparticles were unique composite structures #mitanced surface-to-volume ratios
compared to single metal nanoparticles. This im@noent in surface-to-volume ratio
increases the number of catalytic sites, thus theseoparticles exhibited excellent
peroxidase-like activity. Accordingly, the signatensity was enhanced with Pt-Au and Pd-
Pt-based strips with LODs as low as 100 CFU/mL t{paarly within 1 min) and 87
CFU/mL, respectively [65, 69]. In addition, theysalshowed high practicality for on-site
pathogen monitoring since the strip was demonstratde applied in real milk sample fér
coli O157:H7 detection and the lowest detectable limaswdetermined as 900 CFU/mL,
validating them for practical applications considgrthe infectious dose of this pathogen
[65]. In another study, a novel LFA paper-basedpswas designed for ultrasensitive
detection ofE. coli 0157:H7 with an LOD as low as 1.25¥1GFU/mL [67]. This was
achieved using conventional colloidal Au-basedstwith a two-step process to intensify the
signal. Development of AuNPs was promoted, follovigdintrinsic peroxidase-mimicking
activity of the newly-developed AuNPs. Synergetife@s from this signal amplification
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strategy allowed for ultrasensitive detectionEofcoli O157:H7, even at a single molecule
level. These peroxidase-mimicking nanozyme-based ¢tFips exhibited higher sensitivity
compared to that of conventional AuNPs-based LFAswever, nanozymes required
additional experimental steps including the additid colorimetric substrate and,®, with
prolonged reaction time to produce color signalicwtare not friendly to end-users.

Nanozyme-mediated LFA strips have also been used do-line detection of
Campylobacter jguni (C. jgjuni) in contaminated food [71], which is often respbles for
gastroenteritis. In this research, gold nanorodatezb with thin layers of platinum
(AUNR@Pt) were incorporated onto LFA strips. THisweed for a simultaneous colorimetric
readout, based on peroxidase—like activity, anthsarenhanced Raman scattering (SERS)-
mediated readout due to robust electromagneticeforof the nanoparticles. For the
colorimetric readout, AUNR@Pt was tagged with méooal antibodies to form a sandwich
assay to deted@. jgjuni on the test zone of the LFA strilm the presence of TMB and,8;,
the peroxidase-like activity of AUNR@Pt disproponates HO,, and further oxidize the
TMB substrate to create a blue-colored band orsthp. Using this approach, the strip can
detect target bacteria in concentrations as low7asCFU/mL. AuUNR@Pt was also
functionalized with a Raman reporter (4—MBA) to Ewthe LOD to 50 CFU/mL. The LFA
strip in this study was also used to detect baxcteri milk and chicken samples. The
integration of both colorimetric and SERS strategialidate the use of this bimetallic
nanozyme-based LFA strip for detection®fguni.

Human immunodeficiency virus (HIV) is responsibler facquired immunodeficiency
syndrome (AIDS) which led to 940,000 deaths worttkvin 2017 [72]. Since AIDS is an
ongoing public health concern, various analysis kiave been generated for detecting
different portions of the virus [66, 72]. Detectilbjpmarkers such as p24 capsid protein
allows for early diagnosis, where false—negativeults are likely to appear by antibody
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analysis. Clinical values for p24 during acute atifen periods is much lower than LODs
established in pioneering colorimetric LFA testgpi@ximately 10—-15 pg/mL). Accordingly,
Loynachan et aldeveloped a rapid and ultrasensitive paper-bag@dstrip which can detect
femtomolar levels of p24 biomarker within 20 miridqure 3) [66]. In this paper, a porous
Au—Pt core-shell nanozyme was synthesized by ovetigg the Pt layer on the surface of 15
nm diameter AuNP seeds with polyvinylpyrrolidoneVE) and ascorbic acid as anti-
aggregation substance (stabilizers) and reduciegtagespectively. The nanoscopic surface
area of AuNPs plays a crucial part in increasingxiease-like activity since the surface is
accessible to small molecules such a®+hrough the nanosized pores embedded in the Pt
shell. In contrast, larger molecules such as adi@sy) albumin, and other serum proteins
cannot travel through the pores, consequently I&taig the nanoparticle from protein-rich
medium. Au-Pt core-shell nanopatrticles strikingkyemd the detection range for p24, ranging
from 10000 pg/mL to less than 1 pg/mL. Between 30Q0000 pg/mL of p24, Au-Pt
nanozymes appeared as black on the T line, andefunbre, the smaller spectrum (100 to
less than 1 pg/mL) could be detected by signal dicgtion strategy via the reaction with
peroxidase-like activity of the probe. By employithg uniquely-designed Au-Pt nanozymes
with tailored optimizations, an ultrasensitive negthvia LFA platform for detecting the HIV

biomarker p24 was established with an LOD of 0.8ng

2) Peroxidase-mimicking MNPs for colorimetric pathogen detection

As an another potent approach to improve the seitgifor detecting pathogen, magnetic
separation-coupled assays has usually been empfoyadrget enrichment. This strategy
exploits inherent magnetic characteristics of MN#ssolate target bacterial cells from fluid
matrices such as food samples or biofluids. In, flaet use of MNPs in LFA assays is for both
their magnetic properties and peroxidase-like &gtifor colorimetric immunological
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detection of targets with high sensitivity [17, 64Hor instance, MNPs were successfully
adopted to efficiently detect Ebola viruses witt80 min [70]. MNP nanoprobes are

conjugated with antibodies to perform several fiomg, including identifying, enriching, as

well as signaling. Due to peroxidase-like activibdiNPs improve sensitivity by oxidizing the

peroxide substrate DAB to show a brown band. Themane-mediated strip could detect a
trace level of specific glycoprotein of Ebola viras low as 1 ng/ml, showing 100-fold higher
sensitivity than a typical LFA strip. The MNP-badgéA strip could provide early diagnosis

of Ebola infection, as levels of virus in the blsb@am of infected patients is usually much
higher.

In another study, MNP-based paper strips were tsekbtectEnterobacter sakazakii (E.
sakazakii), a common pathogenic food-borne bactera. sakazakii belongs to the
Enterobacteriaceae family, is Gram-negative, rod-shaped, and doesfowh spores [73].
These bacteria are responsible for symptoms thataff@ct the bloodstream and central
nervous system such as sepsis, meningitis, an@ti®eg enterocolitis in infants. Therefore,
developing methods to detect vialilesakazakii is necessary. The sample was treated with
propidium monoazide to remove dead cells to selelgtimonitor live bacterial cells only,
prior to loop-mediated isothermal amplification (M#&). The amplified DNA can then be
visually detected on the MNP-mediated strip. The o6MNPs instead of colloidal AUNPs

strikingly increased the colorimetric signal withh@D of 10 CFU/mL.

5. Conjugated polymeric nanovesicle-mediated colorimetric pathogen detection

Conjugated polymers have unique chromatic propefiat can be utilized for sensitive
optical transduction. Polydiacetylene (PDA) is ancaonly used conjugated polymer that is
synthesized by 1,4-addition polymerization of digleme monomers under UV irradiation
[74]. In a typical synthesis, nanoscopic vesicles liposomes were formed through
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spontaneous self-assembly, having several hundfetnometers in their size [75]. Through
simple amine modification on the monomers [76] ddiion of specific ligands such as PEG
[77] involved in the synthesis of PDA vesicles, faticle size was further decreased below
100 nm, which is advantageous to achieve highesitbaty due to their much larger surface
area for the reaction. PDA undergoes a color taansdtion from blue to red upon changes in
various external conditions such as pH, temperatoganic solvent, and ligand-receptor
interaction [74, 78]. The interaction between PDW dhe target induces steric strength that
can alter PDA backbone arrangement to initiatebtbe—to—-red color transition. The distinct
optical properties of PDA are appealing for patmgeletection research [1, 79].

PDA-based sensors are classified into solutionébasel solid substrate-based platforms.
The former utilizes PDA liposome solutions, but prene to aggregation during long-term
storage due to its unstable nature in liquid pheseontrast, solid substrate-based sensors do
not have the same limitation as PDA molecules mmaaobilized onto solid supports, which
facilitate the utilization as POCT devices duetsosimplicity, flexibility, and portability [79,
80]. For example, an LFA strip utilizing antibodgrgugated red-colored PDA nanovesicles
(=200 nm in diameter) was reported to selectivedgd hepatitis B antigerrigure 4) [78].
Hepatitis B is a highly prevalent infectious disga®hich is ranked as one of the top 10
leading causes of human death and caused by heptitirus (HBV). Patients with this
disease do not suffer from any pain during theahiphases until it further develops into
chronic cancers if not properly treated. Thus,\ediagnosis for detecting HBV infection is
crucially important. Hepatitis B antibody, whichegjifically binds to surface antigen of HBYV,
was conjugated to PDA vesicles through covalerkalge, and the prepared PDA vesicle-
antibody conjugate was proven to have sizes of ~@00 The PDA vesicle-antibody
conjugates were then loaded on nitrocellulose mangias a replacement of conventional
AuNPs-antibody conjugates, enabling colorimetritedgon of target antigen via antigen-
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antibody interaction and the concomitant red bamdtle strip from the bound PDA
conjugates. The LOD was reported to be 1 ng/mL. PBAovesicles were also immobilized
onto a polyvinylidene fluoride (PVDF) dipstick strifor quick and rapid detection of
influenza A (H1N1) virus antigen [74]. In the prase of target antigen, the blue color of
PDA nanovesicles immobilized on the strip changed red due to the disruption of vesicle
structure by the immunoreaction. In another rectutly describing similar PDA vesicle-
based paper strip for influenza A virus, smartphsoiware was utilized for image analysis
to enable simple and quantitative analysis of l@moentrations of influenza A virus [79].
The LOD of this PDA paper-based device ranged betwi to 5x16 TCIDso (TCIDsg: 50%

tissue culture infective dose).

6. Conclusion and future prospects
The ongoing COVID-19 pandemic has put a heavy buaehealthcare services as well as
economic growth. Widespread transmission of thigease has raised a question about early
diagnostic methods for detecting viral infectionca this can reduce the number of infected
patients. Even developed countries have found lobgéacles in treating infectious patients
since the number of patients is likely to outwelgtalthcare infrastructures. Until now, the
most reliable and sensitive methods for detectiatipggenic viruses and bacteria are based
on PCR and ELISA. However, these techniques are-tomsuming and require skilled
technicians that are only feasible in advanced ritboes. PADs are powerful tools for
providing fast, sensitive, and reliable assaysgew $tep in controlling and preventing the
spread of disease$dble 1). Further development of novel PADs exhibitingheg sensitivity,
selectivity, and reliability for detecting disedaegets is in high demand.

The increasing pressure of preventing spread dactidus diseases and stopping this
pandemic has triggered a need to optimize and wepRADs. We believe that there are
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technical issues with nanomaterial-mediated PADsctdorimetric detection of pathogens
that should be urgently addressed. First, thebiityaand reproducibility of a device are the
main criteria needed for commercialization. Optimgza protocol for generating the devices
can significantly reduce batch variations. For egimusing nanoparticles with negligible
size variation can remarkably strengthen the r#iigbof the strip. Conjugation of
nanomaterials with antibodies and aptamers shaoeilcbbsistent to ensure that each strip has
similar signal enhancement, leading to similar cessl Second, the sensitivity of PADs has
been a major barrier for commercialization. Manyoraaterials have been implemented in
PADs to enhance diverse detection capabilitiestiquéarly promoting colorimetric signal
intensity. Compared with optical properties of reolshetal nanoparticles, nanozymes can
catalyze colorimetric reactions, amplify signakimsity, and yield higher sensitivity in PADs.
However, employment of nhanozymes require additigamatedures, including chromogenic
substrate addition and washing steps, which aneusdand inconvenient for end-users. To
overcome this issue, multi-layered PADs could beduto support broader utilization of
nanozyme-mediated PADEigure 5) [81]. Integration of hydrophobic patterns and tiple
layered 3D structures can be employed to elimimatdtiple steps needed for signal
amplification, allowing for fluid flow by passiveagpillary force. Optimizing paper geometry
in combination with highly-active nanozymes can ioye sensitivity, as well as practicality
of using PADs. Third, multiplex approaches shoutdcbnsidered for simultaneous detection
of multiple targets using PADs. Many infectious edises are caused by co-existence of
several pathogens and serotypes [82, 83]. In masgs; detection of single pathogens is not
sufficient for medical diagnoses, thus, rapid amehuftaneous monitoring of multiple
pathogens is desirable. Several strategies haveibtertified for developing multiplex LFA
strips, such as single-array lateral flow biosesiseith multiple dots, and parallel multiple-
array lateral flow biosensors. Many multiple-artype assays have been commercialized
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[84], comprising of many single lateral flow strips a parallel fashion within one plastic
container to detect multiple targets. Nonetheldss,increase in device size is inevitable,
resulting in higher amount of reagent utilizatiaveell as overall cost. Thus, we believe that
improving the design by incorporating multiple hgdhobic channels in a single lateral strip
could be a potential resolution for reducing ssige and reagent usage. Simple wax printing
or other methods for printing hydrophobic boundadan therefore produce single LFA strips
that can detect multiple pathogens with multiplecsfic antibodies and bioreceptors that are
immobilized in separate region@-igure 6). Compared to LFAs, pPADs are highly
advantageous for multiplex detection. The consiwacof 2D and 3D pPADs provides a
network of microchannels that enables multiple fioms. The design of 3D uPADs is better
than 2D pPADs for multiplex assays since they amestructed from a stack of patterned
layers, connected by a folding process [37]. Byating microchannels in each layer and
stacking multiple layers together, the surface doeasample detection is increased. We
predict that using nanomaterials in colorimetrigp@r-based analytical devices can be
broadly employed in healthcare for rapid, relialdensitive, and convenient detection of

pathogenic viruses and bacteria in the near future.
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Table 1. Summary of recent developments on PADs for colamiimeletection of pathogens

using various nanomaterials.

Assay
Materials Type Probe Target Sample Type Receptor LOD Ref
Time
Noble metal AuNPs + Influenza A o . 2.7 x 10
) UPAD ) clinical sample Antibody 1 hour [41]
nanoparticles GE H1N1 virus PFU/mL
AuNPs + Influenza A o , 2.7 x1d
UPAD ) clinical sample Antibody 1 hour [41]
GE H3N2 virus PFU/mL
AuNPs + L . . 20
LFA S enteritidis milk Antibody ) 10* CFU/mL [42]
GE min
e . . 15
LFA  Dual AuNPs C. sakazakii infant powder Antibody ] 10° CFU/mL [43]
min
Yellow Fever )
LFA AgNPs ] human serum Antibody 150 ng/mL [44]
virus
LFA AgNPs Ebola virus human serum Antibody 150nm_ [44]
LFA AgNPs Dengue virus human serum Antibody hgomL [44]
) V.
Dip / oyster _ 4.66 x 16
] AuNPs parahaemol yti Antibody [45]
stick hemolymph hours CFU/mL
cus
AuNPs + Gll.4 Human fecal ) 10 9.5 x 1d
UPAD ] Antibody ] ] [81]
GE norovirus sample min copies/mL
S milk, chicken, 10
LFA AuNPs o Aptamer ) 10* CFU/mL [47]
typhimurium food min
E. coli milk, chicken, 10
LFA AuNPs Aptamer ) 10* CFU/mL [47]
0157:H7 food min
milk, chicken, 10
LFA AuNPs S aureus Aptamer ) 10* CFU/mL [47]
food min
Influenza A 6 x 10
LFA AuNPs ) Ducks’ feces Aptamer _ [48]
H5N2 virus EID50/mL
Dip ) whole blood 10
, AuNPs E. coli LBP _ 8 CFU/mL [49]
stick serum min
3D
AgNPs MERS-CoV _ PNA _ 1.53 nM, [50]
UPAD
3D M.
AgNPs ) B PNA B 1.27 nM [50]
WUPAD tuberculosis
3D
AgNPs HPV _ PNA _ 1.03 nM [50]
HPAD
E. coli ) ]
Nanozymes LFA Pt-Au NPs _ Antibody 1 min 100 CFU/mL [69]
0157:H7
E. coli , , 0.87 x 18
LFA Pd-Pt NP milk Antibody _ [65]
0157:H7 CFU/mL
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PDA
nanovesicles

LFA

LFA

LFA

LFA
LFA
LFA

Dip
stick

AuNPs +
GE
AuNR@Pt

Au-Pt

MNP

MNP

PDA

PDA

E. coli
0157:H7
C.jguni

HIV

Ebola virus

E. sakazakii
Hepatitis B
virus
Influenza A
HIN1 virus

milk
milk, chicken
human blood
serum
human serum

infant powder

1.25 x 10

Antibody _ CEU/ML [67]
Antibody 75 CFU/mL [71]
Under
Antibody 20 0.8 pg/mL [66]
min
Antibody 3_0 240 PFU/mL [70]
min
Antibody 1 hour 10 CFU/mL [73]
Antibody 1 ng/mL, [78]
Antibody _ _ [74]

AuUNP: gold nanoparticle; AuNR: gold nanor@yNP: silver nanoparticle; CFU: colony-forming )i€ID50:

50% egg infection dose; GE: gold enhancement; MiXBgnetic nanoparticle; PDAolydiacetylene; PFU:

plague-forming units;
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Figurelegends

Figure 1. Three main types of PADs for pathogen detectiay:uPAD, (b) LFA, and (c)
dipstick.

Figure 2. 3D uPAD for detecting Middle East respiratory syndronmonavirus (MERS-
CoV), Mycobacterium tuberculosis (MTB), and human papillomavirus (HPV). (a) Schemat
illustration representing pathogenic DNA detectignthe color change from peptide nucleic
acid (PNA)-induced AgNP aggregation, (b) design apdration of origami-type 3RPAD,

(c) real images of visible color transformationnfrthe DNA of MERS-CoV, MTB, and HPV,
and (d) color intensities according to concentraiof target DNA with the corresponding
calibration plots for (i) MERS-CoV, (ii) MTB, andiij HPV. Reproduced from Ref. [50] with
permission of ACS Publications.

Figure 3. Platinum nanozyme-mediated LFA strip to enhangealiintensity in colorimetric
detection of p24 biomarker (HIV detection). (a) tflam nanozyme — mediated LFA strip.
The platinum nanocatalysts (PtNCs) immobilized dest line oxidize CN/DAB (4-chloro-1-
naphthol/3,3diaminobenzidine, tetrahydrochloride) substratethe presence of D, to
form an insoluble black product which can be obsérobviously by naked eyes, (b)
comparison of dyanmic linear ranges among LFA, B,1&nd PtNCs LFA, and (c)
representative images of LFA strips before and aftgal amplification (red box emphasizes
the pre- and post- amplification for 50 and 100hgdgsample), corresponding to the varying
p24-spiked levels in sera. The star indicates th&es$t concentrations which can be
recognized by naked eyes.

Reproduced from Ref. [66] with permission of ACSReations.

Figure 4. (a) Structural design and formation of PDA-antipazbmplexes from 10, 12-
pentacosadiynoic acid (PCDA) vesicle and (b) schiembustration how to detect target
hepatitis B surface antigen (HBsAg) on paper sabstiRedrawn from Ref. [78].
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Figure 5. (a) A schematic showing the design and workinggples of 3D slip-PADs. A
movable slipping design is used in conjunction withltiple layers stacked on top of one
another. The device enables a one-step procesgedaential fluid movement to the detection
site. The black and white areas illustrate the dtdobic wax boundary and hydrophilic fluid
route, respectively. (b) Structural components Bfsdip-PADs. (1: 3D layers, 2: conjugate
pad, 3: nitrocellulose membrane, 4: wicking pad] &nadhesive pad). (c) (i) representative
scheme of gold enhancement for signal amplificatiorthe 3D slip-PADs. The size-enlarged
AuNPs resulted in signal intensification, and gijotographs of the PAD obtained before and
after gold enhancement at a target IgG (500 ng/nRgproduced from Ref. [81] with
permission of Nature Research.

Figure 6. (a) (i) A schematic showing a multiplexed versiainan LFA strip by utilizing
hydrophobic lines to separate different regionsvemious functionalities. In each region, one
type of detection antibodies is immobilized ontettine and is able to specifically detect
target pathogen, and (ii) expected multiplex cohatric readouts of LFA device. (b)
Expected point-of-care strip reader for rapid andvenient quantification of colorimetric

signal obtained from LFA strip.
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Figure 2.
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Figure 3.
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Figure 4.
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Figure 5.

a) Sample Q b)

—

S
i
i

r—Bottom— —Top—

.
ll

VM
~~

2
. 1 %/
5

—

Au  Antibody-conjugated
/ \ gold nanoparticle

. Target

\]( Capture antibody

c) (M)
a9 Id
/|> Enh‘::cement
h

(i)

< without enhancement > < with enhancement >

Oo

36



Figure 6.
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Highlights

Nanomaterial-mediated paper-based biosensors for colorimetric
pathogen detection

Quynh Huong Nguyen and Moon Il Kim’

® Recent developments in paper-based anaytical devices for colorimetric detection of
pathogens are reviewed in detail.

® Three main types of point-of-care paper-based devices are exploited for robust
performance in pathogen detection.

® Colorimetric strategies are sensitive and offer fast response and convenience to end-users.

® Diverse nanomaterials are deployed for both signal transduction and amplification to
enhance sensitivity.

® Sensing mechanisms fundamental to colorimetric pathogen detection are discussed.
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