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ABSTRACT KEYWORDS
Troponin | as a particular and major biomarker of cardiac failure is released to blood demonstrat- Cardiac failures; lateral flow
ing hurt of myocardial cells. Unfortunately, troponin | detection in the first hours of acute myocar- assay; troponin |
dial infarction usually faces with most negligence. Therefore, developments of point of care

devices such as lateral flow strips are highly required for timely diagnosis and prognosis. Lateral

flow assays are low-cost paper-based detection platforms relying on specific diagnostic agents

such as aptamers and antibodies for a rapid, selective, quantitative and semi-quantitative detec-

tion of the analyte in a complex mixture. Moreover, lateral flow assay devices are portable, and

their simplicity of use eliminates the need for experts or any complicated equipment to operate

and interpret the test results. Additionally, by coupling the lateral flow assay technology with
nanotechnology, for labeling and signal amplification, many breakthroughs in the field of diagnos-

tics have been achieved. The present study reviews the use of lateral flow assays in early stage,

quantitative, and sensitive detection of cardiac troponin | and mainly focuses on the structure of

each type of developed lateral flow assays. Finally, this review summarized the improvements,

detection time, and limit of detection of each study as well as the advantages and disadvantages.

GRAPHICAL ABSTRACT

1. Introduction serious and life-threatening condition of acute coronary syn-

According to World Health Organization (WHO), cardio- dromes (ACS) is acute myocardial infarction (AMI) which is
vascular diseases (CVDs) annually take 17.9 million livésresult of coronary arteries blockage. The lack of oxygen
and are known as a major cause of death worldWitied can result in permanent and irreversible damage to the heart
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muscle. Conventional, rapid and early AMI diagnosis is pefrom the sample pad to the conjugate pad. Consequently,
formed through electrocardiography (ECG) testing. Eveanalytes interact with the detection complex and continue
though ECG is greatly specific for AMI, it has limited sensiflowing down the strip, to the detection zone located on the
tivity. Not all patients that present with AMI have diagnosticnitrocellulose (NC) membrane. The detection zone consists
ST-elevation ECG abnormalities. Thus, the ECG of AMf a test line (T-line), with secondary anti-analyte antibody,
patients fall into two main categories: ST-segment elevati@gind the control line (C-line) that determines the proper
MI (STEMI) and non-ST-segment elevation Ml (NSTEMI).sample flow down the test strip. The absorbent pad at the
Patients with a common chest pain manifestation must bgrminus of the test strip, ensures the flow from sample pad
evaluated for NSTEMI. ECG lacking any abnormalities ahrough the membrane as well as inhibiting the possible
acute changes is prevalent in NSTERAI. backflow in the systedt? Sandwich type immunoassay,
Due to the low sensitivity of ECG for AMI diagnosis, tro-ysing two kinds of antibodies as capturing and detecting
ponins are commonly used for patients with chest pain thaintibodies, is the major strategy that has been employed in
show no abnormalities in ECG. Cardiac troponin (cTn) is 8 F|As. In this system, the detecting antibody is responsible
cardiac regulatory protein that is responsible for regulating,, signal generation. The generated signal may be electro-
the calcium-mediated interactions between myosin a”éhemical, optical, or magnetic sigdd® As much as LFAs
actin.[3? Troponin as a complex includes three units such agontributed to the fast, precise, and patient-centered diagno-
troponin | (cTnl), troponin T (cTnT), and troponin C gjs their most important drawback such as qualitative fea-

(cTnC). Troponin is located on filaments of actin alongsidg, e may limit their usage. Conventional LFAs, which is

tropomyosin proteins. Because c¢TnC is not cardiac—specif'&mmomy colorimetric-based, are not able to provide quan-
it has no diagnostic value for cardiac injury assessriént.

) ! i ] titative results for some clinical conditions which the exact
cTnT is the subunit that binds to tropomyosin, a regulato

o , A 2gulalolymount of the target analyte is crucial for the diagnosis or
thin filament complex which converts calcium sensmvny topatients response to therapy. Microfluidic paper-based devi-

ATPase activity of striated muscle actomyosin. cTnl is fs have gained a huge interest as powerful POCT devices

globular molecule with an MW of 22.5kDa that binds to 1.1 qoes not rely on yes or no resuit&!d Microfluidic

aptm, cTnT, and cTnC. an! IS th_e sgbumt that is resmn'paper—based devices which are based on printed microfluidic
sible for muscle contraction inhibition in the absence of cal-

cium. When C# is absent, in the presence of tropomyosinpattems on the paperb}lrgaterial, firstly were introduced in
o L ) . 007 by Whitesides et &l While electrochemical detection
cTnl inhibits the contractile interaction between actin and2 y

myosinl®@ Since cTnl is produced solely in the myocar_methods have been the top studied detection approach in
dium it. has a high specificity, thus assessment value for cérr]jcrOﬂUidiC paper-based devices, fluorescent and chemilu-

o . 17 minescent methods were also implemented for both quanti-
diac injury diagnosi$” where elevated levels of cTnl are aQative and aqualitative measuremdi®ld Benefiting from
indicator of cardiac injuries. q : 9

Due to importance of patient-centered healthcare, ear |cr|o ﬂl:'fjlcf pap_er-bz?zid (;je\{lce?h l:hu ektjla(lj. tgevelto ped an
stage diagnosis and timely treatment, the Point of cafgoeiectne ocusing (IEF) device that enabled them to separ-

Testing (POCT) devices have gained a lot of attentich. ate, isolate, and evaluate proteins in physiological sam-

[20]
Great attempts have been made to develop rapid, sensiti{?!ee,,s' ] Such  attempts have bgen made to_ de"e',op
user-friendly, on-site, and low-cost detection methods anfidit@lized polymerase chain reaction (PCR) devices which

devices. The conventional detection methods of analyfi@ntitative and accurate DNA analysis was a(_:hq!eved by
including enzyme-linked immunosorbent assay (ELISA) antiSing only a smartphone as a POCT t.e'chméﬁ}ez. In
real-time polymerase chain reaction (qPCR) have failed R_{der to en_han_cement of quantitative _ablllty of_ !_FA tech-
provide fast results as well as offer a simple operation pr§idue, application of nanoparticles with specific electro-
cedure. Recently paper-based devices have received consiglégmical, optical and magnetic features is highly demanded.
able attention due to advantages of portability, cheapned¥@noparticles have been widely used in LFAs as labels for
and environment-friendly*®*Y Lateral flow assay (LFA), aelevation of sensitivity of determination as well as the signal
paper-based detection system, is among the promising afgneration. In LFAs, nanoparticles are employed as labels of
leading diagnostic platforms for several advantages. LFA&8tibody or aptamer to capture and detect the target mol-
simple to develop, affordable and more importantly, the tegicule and consequently, generate signals. Gold nanoparticles
results are available within 5 to 30 minutes. Moreover, LFAZUNPs) are the mostly used label in optical detection-based
are versatile and can be utilized for detecting a broad rang&As. Other highly applied nanoparticle labels include quan-
of analytes from antibodies to proteins, hormones, and evddm dots (QDs), silver nanoparticles (AgNPs), magnetic
nucleic acid$*®'? Lateral flow immunoassay (LFIA) is nanoparticles, selenium nanoparticles and carbon nanostruc-
known as a paper-based assay in which antibodies hauges>**¥ In order to development and creating innovation
been employed as the recognition and detection componetit the structure of LFAs technique, different changes have
in the system’® A typical LFIA consists of sample pad,been done in transducer systems to provide semi-quantita-
conjugate pad, detection zone, and absorbent pad. In tiige and quantitative signals and enhance sensitivity.
conjugate release pad, the detection complex consisting héwever, these changes may lead to expensiveness, time-
anti-analyte antibody conjugated to the reporter particlesonsuming, and complexity of LFA technique. So in order
(colored or fluorescent) are loaded. The sample migratés matching the LFA with POCT aims incorporation of
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simplicity and miniaturization must be more consider incolorimetric detection was based on a smartphone. The
future studies. developed LFA structure was designed by employing polyvi-

Early and fast diagnosis of cardiac injuries by detectingyl alcohol (PVA), a water-soluble and a fluid regulator
specific cardiac biomarkers, especially in cases with poalymer. The PVA barrier was fabricated and dispersed on
abnormalities in ECG, is crucial for treatment and preventthe NC membrane of the test strips to control the fluids on
ing any permanent damages. Hence, in this paper, wie test strip. The design of lateral flow strip and detection
reviewed studies that developed LFA platforms for thprocess is shown irfFigure 1(B) The standard production
detection of cTnl, as a rapid, highly sensitive, and affordablaethod was used to fabricate LFA strips. Anti-cTnl-conju-
alternative diagnostic device to conventional detection metiyated AuNPs were employed as detection components of the
ods. The results of our review and details of studies afgA. Anti-cTnl capture antibody and anti-mouse IgG were
summarized inTable 1 used on the T-line and C-line, respectively. Prepared test
strips in this study were consisted of absorbent pad, conju-
gate pad, NC membrane impregnated with PVA, sample
pad, intermediate film, reagent pad, and buffer pad. The
2.1. Colorimetric detection reagent pad contained the amplification reagent (Au ions)
Among all the established LFAs readout mecharji'sms, opticlf'slziztr];ft:a dccilr?é Zgr?wzlleag]ggﬁZittljonc.or-:}EZaf ean;)gl; Zﬂgtlwas
readout methods are the most favorable. Specifically, col I : i :

. : . Dblended with the AuNPs-Ab conjugates and afterward

based signal readouts are the most studied optical detecti

n
method for LFASs, since they offer simple detection and higﬁ-'roth the .NC membrape, was transporte_d to the absorb-
ent pad for immunoreaction. At the same time, the reagent

sen5|t|y|ty. The pnnqple of measurement in cplorlmetrlg olution which was loaded on the buffer pad rehydrated the
detection methods, is measurement of the optical dens@/

(OD), or contrast, of the developed color on the test line a%u-lon reagent which was located on_the reagent pad. Next,
a result of analyts presencE*53 The most commonly through the NC membrane, the mixture moved to the

explored colorimetric based LFAs are those with AuNPs %bsorbent pad. The PVA barrier was gradually dissolved by

the label and color signal amplifier due to their distinctive € Au-ion reagent, v_vhﬂe the_ _|mrr_1unore_act|0n was In pro-
optical characteristic&? gress. The Au-ion fluid (amplification fluid) was released to

e NC membrane front as the result of the dissolving PVA

Two types of AuNPs, that are different in size, one for ™~ . ) . ,
analyte detection and the other one for signal enhancemer2/ier. and consequently signal amplification reaction was
done at the test zone. Detection was done using the smart-

were employed by Choi et al. As shown kigure 1(A) the ) s
smaller AUNPs with the size of 10 nm diameter, were conjl2one-based colorimetric reader and the results were
gated with anti-cTnl monoclonal antibody (mAb) 4T21 obtained within 20 minutes, with a limit of detection of

! [33
blocked by bovine serum albumin (BSA) and then were sef:92 P9/mL: o _
tled on the first conjugate pad. The bigger AuNPs with Byzova et al. developed a colorimetric test strip for cTnl

40nm in diameter, were conjugated with the anti-BSA antidetection as well as faity acid binding protein (FABP) and

body to bind to the smaller size AUNPs and were settled dr"€active protein (CRP). In this method, they conjugated
the second conjugate pad. Capture mAb 19C7 and goRtNPS with anti-cTnl mAb C4 and used mAb C19 and
anti-mouse IgG antibody were used in the T-line and C-lin@0at anti-mouse 1gG antibody on NC membrane for T-line
on the nitrocellulose membrane, respectively. Signal amplifind C-line, respectively. The detection time for this method
cation (color development) was obtained when the largé¥@s 10 minutes with a limit of detection of Lng/mtt? In
AuNPs-Ab was bound to the smaller AuNPs. The limit ofnother study, LFIA strips based on superspherical gold
detection for this method was obtained as 0.01 ng/mL with Banoparticles (S-AuNPs) were designed and fabricated in
detection time of 10 minute$® A similar design using two comparison with the usual quasispherical gold nanoparticles
types of AUNPs with different sizes (13 and 41nm in diam(C-AuNPs) for cTnl detectio® C-AuNPs were generated
eter), for signal enhancement, was adopted in an LFIA fd&y the TurkevickFrens method which is known as the cit-
cTnl detection by Zhu et al. A biotinylated single-strandedate method. The obtained AuNPs by this method were
DNA (ssDNA) was employed as a linker for two AuNPsspherical with a diameter between 10 to 30 k. However,
The 41nm AuNPs that was labeled with streptavidin (firsthe S-AUNPs were prepared using a progressive overgrowth
conjugate pad), was used as an amplifier for the 13ntgchnique. AuNPs were synthesized by seed-mediated
AuNPs (second conjugate pad) in order to magnify highigrowth method in a cetyltrimethylammonium bromide solu-
low signals. After sandwich formation between first anti-hstion. The obtained S-AuNPs possessed optical as well as
cTnl antibody, and ssDNA/AuNPs (13 nm)-labeled secondolloidal stability for a broad spectrum of siZéd. Both S-
anti-hs-cTnl antibody on the T-line, enhancement was don@&uNPs (64.5nm) and C-AuNPs (33.7 nm) were conjugated
through connection between streptavidin-labeled AuNPwith 1C4 mAb. Also mAb C19 and goat anti-mouse IgG
(41nm) and AuNPs (13nm) by biotinylated ssDNA. Theantibodies were coated on the test zone and control zone,
limit of detection for hs-cTnl by this method wasrespectively. The S-AuNPs presented a limit of detection of
1 ng/mL!?7 1.2ng/mL for cTnl, while the limit of detection for C-
Elsewhere, LFAs based on a paper/soluble polymer hybAdINPs LFIA was reported 9.9 ng/mL. The better LOD for
were designed and developed by Han et al. whiatTnl by S-AuNPs was due to the fact that these particles

2. LFAs and optical detection mechanisms
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Figure 1.Schematic illustration of colorimetric LFA for Tnl using signal enhancement step: (A) Larger AuNP-Ab binding to the smaller AuNP. ("Reprin
Biosensors and Bioelectronics, Vol 25, Choi et al., A dual gold nanoparticle conjugate-based lateral flow assay (LFA) method for th@rinalygip of trop
19992002, Copyright 2010, with permission from Els&fg(B) Au-ion fluid release by PVA dissolving in paper/PVA-based LFA. (“Reprinted with permis:
from!*@ Copyright 2020 American Chemical Society."); (C) Release of silver-enhancement reageants [ppgiéGuinone) by dissolution water-soluble hybrid
nanofibers on the NC membrane. ("Reprinted from Sensors and Actuators B: Chemical, Vol 273, Kim et al., Enhanced sensitivity of latesayfobyimmun
using water-soluble nanofibers and silver-enhancement reactions, pfi13323Copyright 2018, with permission from Els&dieff)) Reduction of HAYGh
MB-AuUNPs (GMBs) on T-line. ("Reprinted from Sensors and Actuators B: Chemical, Vol 312, Sharma et al., Gold nanoparticle conjugatent mdgreetic bea
tion and nucleation based signal amplification in lateral flow assaying, p. 127959, Copyright 2020, with permission fi6?h Elsevier").

with the size of 64.5nm, provided a larger surface for ABUNPS size was increased after reacting with the silver-
immobilization compared to 33.7nm C-AuNPs. Anotherenhancement reagents. This method exhibited a limit of
important factor which contributed to the improved detec-detection of 1 ng/mL and detection time of 10 minutes with
tion of cTnl using S-AuNPs is that antibodies were effinaked eyé*?
ciently immobilized on the surface of S-AuNPs without A colorimetric detection assay was developed by Sharma
causing any variations in the curvaturé. et al. for detecting the cardiac troponin complex. In this
Benefiting from silver properties for better color changetrategy, the polystyrene magnetic beads (MBs) were bound
for naked eye, Kim et al. designed a LFIA for detection ofith anti-troponin | antibodies, while the capture antibody
cTnl. In test strips, water-soluble hybrid nanofibers thabn the T-line was an anti-troponin C antibody. An external
contain silver-enhancement reagents (AghN@nd hydro- magnetic field was employed under the sample zone to
quinone) were placed on the NC membrane, between thetain the MBs and preconcentrate the analyte (cardiac
conjugate pad and the T-line on a LFIA strifrigure 1G. troponin complex). Later, by removing the external mag-
The color change was induced as a result of binding ofetic field, the analyte-MB-Ab conjugates flow down the
cTnl/Ab-AuNP complex to the capture antibodies on the T-membrane and subsequently were captured by anti-troponin
line. By dissolution of the PEO shell due to the capillarg antibodies on the test zone. The formation of the Ab/ana-
flow, the reagents encapsulated in the hybrid nanofibetgte-Ab-MB sandwich complex led to brown color due to
escaped. Consequently, silver ions were catalytically redu@tumulation of MBs on the T-line. The protein A-conju-
on the captured AuNPs in the T-line. It is noteworthy thatgated MBs (PMBs) were employed for signal enhancement.
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Protein A is derived fromStaphylococcus aurewshich is 2.2. Fluorescence detection

le to bind to the F t of antibodig8. Thus, th
able to bind to the Fc segment of antibodied. Thus, the LFAs employing fluorescent signaling and labels which pos-

brown color would be enhanced by binding PMBs to anti- . o
bodies on the test zone. Thus, the sensitivity of the tesFSS higher sensitivity as well as lower LODs. LFIAs based
' n fluorescent signaling can be categorized in three main

would be increased. The visual detection limit and detectio®

time for this method were reported to be 0.1 ng/mL ancgml:jpsd Itn i?]e ?Irst group,t tlhf) ?Et\?v(;[.'lon.armb()d{h is directly
15 minutes, respectively® In a similar study, benefiting onded 1o the fluorescent fabel. lie In the other groups,

from MBs, AuNPs-conjugated MBs were used for sign rI]E ?nt'bOdy IS conjugat(ra]q rt]o_enher a pakika?e of quor(;.-_scent
amplification and improving the limit of detection. MB- apels or an enzyme which Is responsible for converting a

AuNPs (GMBSs) conjugates were labeled with anti-cTnl mAguEzncheg suftl)strate to ta fl'uores?]ent prod&d@t.Quantum .
via EDC/NHS method. For cardiac troponin complex detec?O' (Q. ), fluorescent microspheres, and upconverting
anoparticles (UCNPs) are some of the mostly employed

tion, the anti-cTnC mAb was used as capture antibody oﬁ labels in LEAS3
the T-line. Signal amplification is carried out by addingi5 uorescent anels In ' I .
By wrapping Nile red fluorescent dye inside micro-

of nucleation reagent on T-line and nucleation of gold h f based LFIA for cTnl detecti
nanocluster enhanced the contrast. The nucleation reagesrﬁ eres, a fluorescence-base or cini detection was

for this strategy consisted of citrate buffer solution (p#i4) pr_oposed by Cai et & M|crosphere_s are nanostructures
including NH,OH.HCI and HAUCL, In the nucleation reac- with several carboxyl groups on their surface which make

tion, presence of AuNPs on the GMBs acted as seeds thE‘ﬁ_m good candidates for cqupling With an_tibodies via
Hude bond. The core-shell microsphere in this study was

in the presence of the reducing agent, the gold salt reducd ) . :
epared using a one-step polymerization method. In this

on seeds. Consequently, gold clusters formed on GMEps.r, d . ) .
ethod, styrene was copolymerized with acrylic acid to gen-

increased the optical signal, and the color contrast. Usi : .
this strategy, troponin complex was detected withi’r%r"’.Ite polystyrep € .partlcles_ W'th surface ca_rboxyl groups.
20 minutes with a limit of detection of 0.1 ng/mE? his copolymerization was initiated by potassium peroxodi-
sulfate (KPS)Kigure 2A The Nile red-loaded microspheres
were conjugated with anti-cTnl mAb 19C7 detection anti-
2.1.1. Critical note body. Two capture monoclonal antibodies of M18 and 560,
The most frequently used nanoparticles, as label, for thveere employed on T-line, and goat anti-mouse 1gG antibody
reviewed LFIAs were AuNPs because they display opticahs used at C-line. The intensity of fluorescence emission
characteristics which make them the ideal for colorimetrigvas scanned, analyzed, and quantified by Feice Lateral Flow
detection systems. Moreover, they are inexpensive to synttiteader. Using this LFIA, the results were obtained in less
size and the size of the particles can be readily contréiféd. than 15 minutes and the cTnl levels were detected as low as
Although it has been demonstrated that AuNPs with particl®.016 ng/mL. Another study demonstrated a fluorescent-
size of 30 to 40nm were the optimal choice for applicatiobhased LFIA for cTnl detection by employing microspheres
in LFIAs!®%®1 it was observed that AuNPs up to 115nmas detection nanoprobes. The microspheres were conjugated
effectively contribute to decreasing the limit of detectié®. with anti-cTnl antibody 3H9 antibodies via Protein G. First,
Regarding these observations, the LFIA which employdde Fc region of 3H9 was captured by the Q23 domain
superspherical AuNPs with average particle size betweehProtein G, then by using carbodiimide, the antibody was
20.2 to 64.5nm displayed higher sensitivity toward ¢Tnl andhemically bonded to Protein G. Finally, the Ab-Protein G
the limit of detection was significantly reduced compared tcomplex was immobilized on the surface of microspheres.
the LFIA using the usual AuNPSY Besides AuNPs, mag- Alexa fluor 647 NHS ester (F647), a photostable far-red dye,
netic nanoparticles were also used as labels in colorimeti@s employed as the fluorescent agent in the fluorescent
detection since a brown color is developed as a result détection nanoprobes. To scan and analyze the fluorescent
MNPs accumulation. Additionally, a bacterial antibodysignals after the immunoreaction, fluorescent quantitative
binding protein, protein A, was used for color signal ampliimmunoassay analyzer was used. In this method, the detec-
fication* MNPs also can be applied for purification andtion results were obtained within 15minutes and LOD for
isolation of the target analyté? Various signal amplifica- cTnl was 0.032 ng/mi33
tion methods were employed in LFIAs with a colorimetric Moreover, Lou et al. designed a highly sensitive fluores-
detection method. A simple method for signal amplificatiorcent-based LFIA by sequentially labeling detection nano-
was performed using binding of larger AuNPs-Ab to thespheres containing biotin, NHS-PEG4-biotin and core
smaller AUNPs on T-liné®® An innovative approach for streptavidin (cSA) in which cSA acts as carrier for Cy5-NHS
regulated and programmed signal amplification was achievedter as the fluorescent label. Later, NHS-PEG4-biotin was
by encapsulating the reagent (AghN@Gnd hydroquinone) attached on the cSA, and 3H9 detection antibody was conju-
into carbon nanofibers for a gradual release as the fiber digated on NHS-PEG4-biotin. The final detection nanoprobe
solved by the flow of the fluitf? In another LFIA device, contained a structure of Ab/Cy5/cSA/NHS-PEGA4/Biotin/
using PVA barrier, the release of the Au-ions as signal ampBSA-coated polystyrene nanospheres. This structure of LFIA
lification reagent was regulatétf Benefiting from the enabled detection of cTnl with LOD of 0.049 ng/mL within
nucleation phenomenon, a citrate buffer solution containind5 minutes3® In this way, Wu et al. generated a core-shell
NH,OH.HCI and HAuUCl, was used leading to formation of CdSe/ZnS QDs using a green phosphine free method.
gold particles on AuNPs seeff. Highly dispersed aqueous Si@CdSe/ZnS QDs were
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Figure 2. Schematic illustration of fluorescence LFA for cTnl using: (A) Nile red-loaded polystyrene microspheres. (Reprinted from Molecule&pZ®ol 23, P
Figure 1(https://www.mdpi.com/1420-3049/23/5/1102)htm 2018 by Cai et al., Licensee MDPI, Basel, Switzerland. This article is an open access article di
uted under the terms and conditions of the Creative Commons Attribution (CC BYhtiipgfedtivecommons.org/licenses/by#3d/ (B) TR-FRET quenching
phenomenon between Eu-SiNPs and gold nanorads. (Reprinted from Biosensors and Bioelectronics, Vol 163, Lee et al., Time-resolveddhasesmnyye res
transfer-based lateral flow immunoassay using a raspberry-type europium particle and a single membrane for the detection of cardiac 2p&4ijn I, p.
Copyright 2020, with permission from Elsd¥fer).

prepared via a modified 8ber method. In comparison with as fluorescence donor and fluorescence acceptor, respect-
bare QDs prepared by conventional method, thévely. Polystyrene microbeads were conjugated with Eu-
SiG@CdSe/znS QDs showed low cytotoxicity and betteBiNPs to obtain a raspberry-type europium microparticle
stability. The generated Sj@CdSe/ZnS QDs were bonded(Eu-raspberry particle). Next, they were conjugated with
with anti-cTnl mAbl and goat anti-rabbit IgG to serve aseither cTnl antigen or anti-mouse IgG antibody and were
test probes and control probes, respectively. The probdspersed on the Fusion 5 membrane at T-line and C-line,
were placed on the conjugate pad on the test strips. On thespectively. Gold nanorods were bonded with anti-cTnl
LFIA strips, the anti-cTnl mAb2 and anti-rabbit IgG anti- antibodies and were mixed with sample solutions and added
body were printed on T-line and C-line, respectively. Byo membrane Figure 2B. In the presence of cTnl, when the
adding the sample solution on the sample pad, the analytdnl-Ab-gold nanorods were captured by Eu-raspberry par-
flowed through the strip and was captured by test probes ditle conjugated cTnl on the T-line, the fluorescence signal
the conjugate pad. Later, the cTnl-test probe conjugate wams slightly decreased on the T-line. However, when cTnl
captured at the T-line and detection was carried out visvas absent, the signal dropped drastically as a result of TR-
fluorescent signal readout. The LOD for cTnl in 10 minute$RET quenching. The quantitative assessment of cTnl can
was obtained as 5.610 3ng/mL3® be achieved by evaluation of the fluorescence signal between
To improve the sensitivity of the fluorescence-basethe Eu-raspberry particle and gold nanorods. This LFIA
LFIA, an LFIA by employing the time-resolved fluorescencenabled detection of cTnl at concentrations as low as
resonance energy transfer (TR-FRET) quenching phenorg7 pg/mL{®”
enon was developed. Here, europium chelate-containing sil- In another study Natarajan et al. introduced a fluores-
ica nanoparticles (Eu-SiNPs) and gold nanorods were usednce-based LFAI, where the fluorescence intensity of the
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cellulose membrane was enhanced by coating the membrah8. Luminescence and other optical detection methods
with carbon nanofibers at the detection zone. The carbo

fi h he signal i i i
nanofibers enhanced the signal generation by increasing tapidly developed and depending on the excitation method,

number of capture antibodies on the surface of the strips ™. . ) .
The mouse anti-cTnl 19C7 detection antibody was label Hmlnescence-based assays can be categorized into photolumi-
riescence, chemiluminescence, radioluminescence, thermo-

with F647 and the capture antibody used on the T-line w ) . . .
P Y ﬁ minescence, triboluminescence, and sonoluminescéfice.

mouse anti-cTnl 4C2 antibody. The results indicated tha hemilumi techni highlv detectabl d
fluorescence signals generated as a result of the immuno remiluminescence techniques are highly detectable and can
e efficiently and easily measured. Another major advantage

action in the system, were similar to the results of the N _ :
f luminescence-based analysis systems over fluorescent-based

membrane-based LFIA for cTnl detection, and celIqus% tecti laf is inability of detecti £l t
membranes can be considered as alternatives to NC in LF & ection piatiorms, 1S Inability of detection of low concentra-

test strips. The limit of detection and the detection time Opons of the analyte by fluorescent-based biosensors due to

cTnl for this cellulose-based fluorescent LFIA was reportelgten_‘erences great(ijLFﬁRhanced by _thef_ ;Indhoth)bLezchlngd
to be 1.281.40 ng/mL and 15 minutes, respectivEfy. uminescence-base S aré a growing field of study an

Zou et al. prepared a highly luminescent zirconium mete@ave gained a great attraction due to simple luminescence

organic framework (ZrMOF) nanoparticles loaded with Cadgetectlon principle as well as the convenient use of the paper-

mium tellurium quantum dots (ZIMOF@CdTe) via a hydro_based devices. Various labels like horseradish peroxidase
thermal strategy. In these fluorescent-based LFIA strips, thé'

conjugate pad was taken out since ZrIMOF@CdTe QDs/an nalytical performance of the chemiluminescence-based

cTnl nanoparticles were directly mixed with sampl FIAs: Electrochemiluminescence is another technique

solutions and added to the sample pad. The generated fluéléefd in Iumme;cence—based Immunoassay systgms which
escence of the immunoreaction at the T-line can b@nllke chemiluminescence, chemiluminescent reaction gener-

observed by naked eye under 365nm ultraviolet light. Th%ting reactive species are produced electrochemically at the
cTnl can be detected within 8minutes even at concentradlace of an electrode, from precursors. One of the most

tions as low as fg/L 141 commonly employed labels in electrochemiluminescence is a

A photoluminescence-based LFIA was designed 6gthenﬁum, tris(bipyr!dyl) c.hela.te, in Whif:h via an oxidati_on
Bayoumi et al. for quantitative and sensitive cTnl detectioh _duct|on—type reaction with tripropylamine, electrochemilu-
by incorporating upconverting nanoparticles (UCNPS) agninescent signals are generate_zd atan e"?‘?me- .
detection probes. UCNPs display distinct photon upconver- Han et al. developed a highly sensilive chemilumenes-

sion luminescence by transforming low-energy excitatioﬁegse LZIA strip “5',';9 funlctlonallbzatll?; of AUNPS W';hl
wavelength (near or at infrared) to high-energy emission , and a streptavidin-polymer backbone conjugate fol-

visible wavelengths. In this study, carboxylated UCN owed by adding the biotynilated anti-cTnl antibodies to the

reporter particles with a hydrophilic coating were conjugate O”j[‘jgate' formin_g an AuNP—ponHRP—Ab complekigure
with anti-cTnl mAb 625. UCNP-ADb conjugates solution wa A)."" The ampl|f|cat!on was carried out based on a water-
mixed with sample solution and then added on the samp wellable polymer which was composed of polyviny! alcohol

[67) ificati -
pad. After 30 minutes the mixture was absorbed to the teSt'94'® 3A. The. ampl|f|.cat|.0 n site was p_repared by
strips, and the results were read by LFIA reader whic yer-by-layer attaching laminating supporting film to adhe-

excites the UCNPs at 976 nm and the emission was mesive film, swellable polymer, flow-control film, solution-con-

ured at 540nm. The LOD for cTnl was reported to betauning pads and adhesive film. The swellable polymer
30 ng/L18 expanded vertically when contacted with aqueous solutions.

The vertical expansion acted as a fluid switch. When the
immunoreaction proceeded on the test strip, as the polymer
2.2.1. Critical note expanded, the amplification site moved toward the test strip.
In LFIAs which employed fluorescent means for detectionfhe amplification site which was bound to the test strip
the fluorescent emitting source is either the fluorescent dyeleased the reagent solution (CL) of luminok®b at the

or the nanopatrticles. In either method, the fluorescent signabnsidered time when the immunoreaction was saturated.
is generated as the result of immunoreaction. AdditionallyThus the test strip flow changes from an immunoreaction to
these types of LFIAs did not have signal amplification stepignal amplifying reaction. The cTnl was detected within
Sio,@CdSe/znS QDU3¥ and ZrMOF@CdTe QD&Y were 20 minutes with a limit of detection of 0.84 pg/mL.

two types of novel synthesized nanoparticles in LFIAs for An electrochemiluminescence-based LFIA was introduced
cTnl detection which demonstrated very fast (10 minuteby Hong et al. which employed mesoporous silica nanopar-
and less) and sensitive cTnl detection. In LFIAs which useitles (MSNs) embedded with tris(2Bipyridyl)ruthenium
fluorescent dyes, like Nile red or F647, they were mainfyl) (Ru(bpy)s®) (RMSN) for cTnl detection Eigure 3B.
conjugated on the detection nanospheres or microBue to its unique optical characteristics, great electrochem-
sphere$>*29 |n one LFIA, no nanoprobe was employed forical stability, and water-solubility, Ru(bpy} is a commonly
detection and the F647 dye was directly conjugated to thesed photoactive species in sensing platforms that are based
anti-cTnl detection antibody. In this LFIA, the detectionon electrochemiluminescence owing to its unique optical
time was faster (10 minutes) compared to LFIAs employingharacteristics, great electrochemical stability, and water-
dye conjugated nanoparticlE®4% solubility. Next, nanoparticles were conjugated with 4T21-

gminescence—based biosensors and immunoassays have been
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Figure 3.Schematic illustration of LFIA strip based on: (A) Chemiluminescence using AuNP-polyHRP-Ab. ("Reprinted with p@ﬁ‘rﬁs.‘qhymigt’mrﬂow
American Chemical Society."); (B) Electrochemiluminescence using mesoporous silica hanoparticles loadegfwifRéuiiey) from Small, Vol 16, Kim

et al., Ru(bpy)32 -Loaded Mesoporous Silica Nanoparticles as Electrochemiluminescent Probes of a Lateral Flow Immunosensor fondiGhigrSicsisitve a
Detection of Troponin |, p. 2004535, Copyright 2020, With permission from John Wiley*#hd&oBERRS using aptamer/silica/MGITC/AuNPs. (Reprinted fro
Journal of biomedical optics, Vol 25, p. 097B@Lyres land 2 (https://doi.org/10.1117/1.JB0O.25.9.097@01Tu et al. Published by SPIE under a Creative
Commons Attribution 4.0 Unported Licehsip:(/creativecommons.org/licenses/byyi

19C7 antibodies. 4T21-560 antibody was applied as captgenerated to benefit from excellent SERS activity of Ag
at T-line and anti-mouse 1gG antibody at C-line on NCnanoparticles. Moreover, the beforementioned particles were
membrane. Tripropylamine (TPA) as electrochemiluminestagged with Nile blue A (NBA) as a SERS tag in SERS-based
cence signal generation reagent was added on the samplmntitative detection. All four types of probes were conju-
leading to the electrochemically reacting with Ru(bp§)on gated with anti-cTnl mAb 16A11 and mAb 19C7 and goat
the T-line. Using this method, the detection time for cTnlanti-mouse IgG were employed on NC membrane in T-line
was reported to be 20 minutes with a limit of detection oind C-line, respectively. According to the results of this
0.81 pg/mL#7 study, Au@Ag-Au NPs exhibited the strongest SERS activity

Surface-enhanced Raman scattering (SERS)-based LFdAd accordingly, the most sensitive cTnl detection was
have been developed for quantitative and highly sensitieezhieved within 15 minutes with an LOD of 0.09ng/mL, in
detection. Except for the SERS probes, in SERS-based LFtést strips incorporating detection probes of Au@Ag-Au
the primary principles as well as the configuration are ilNPs!*? Another SERS-based LFIA for c¢Tnl detection was
accordance with those of the conventional AuNPs-basefbveloped by Khlebtsov et al. which employed an Au nanop-
LFAs. Bai et al. developed LFIAs based on SERS signalioge consisting of Au nanorod core and Au shell with a
for quantitative detection of cTnl, as well as the colorimetrid nm gap between the core and shell. Au nanoprobes were
detection. In this study, not only conventional citrate-cappethgged with 1,4-nitrobenzenthiole (NBT) as Raman mol-
AuNPs were used as detection probes, but also three tymssile. NBT tag was placed in the 1nm gap space of the Au
of Au-Ag bimetallic nanoparticles (Au-Ag NPs), rattle-likeprobe, between the core and shell. Finally, the nanoprobes
Au core in Ag-Au shell nanoparticles (Au@Ag-Au NPs)were bonded with anti-cTnl IC4 antibody. This SERS-based
and Au core with Ag shell nanoparticles (Au@Ag NPs) werieFIA showed an LOD of 0.1 ng/mL for cTAf?
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Tu et al. developed an LFA based on aptamers developeelow 20nm. They exhibit paramagnetic characteristics
by surface-enhanced resonance Raman spectroscaylyen they are about 30 to 100 nm in siZ&.
(SERRS) signaling for cTnl detection. In this detection plat- Benefiting from advantages of superparamagnetic nano-
form, aptamers were employed as a substitute to antibodidmads (SPMNBs) for cTnl detection, Xu et al. employed
Aptamers are short, single-stranded oligonucleotidé€SPMNB-Ab which were obtained using troponin | monoclo-
(ssDNA or ssRNA) with high selectivity and affinity towardnal antibody, mAb1-16A11, and were later employed on the
their targets. Hence, they have gained a great attention e¥njugate pad. For the T-line and C-line on the NC, anti-
detection probes in biosensor platforff&®? In this study, human cTnl mAb2-19C7 and goat anti-mouse IgG were
a biotinylated capture aptamer (primary aptamer) withemployed, respectively. 30 minutes after applying the sample
sequence of %biotin-TTTTTTCGTGCAGTACGCCAAC on the sample pad, for detecting the magnetic signal of
CTTTCTCATGCGCTGCCCCTCTTABwas used on the T- SPMNB, test strips were inserted in the Magnetic Assay
line while the detection aptamer for cTnl with the sequenc®eader. The total number of SPMNBs that was evaluated by
of 52amine-spacer 18-spacer 18-CGCATGCCAAACGTT®e Magnetic Assay Reader in the T-line could indicate the
CCTCATAGTTCCCTCCCCGTGTCC%7%7Y was immobi- related amount of cTnl in the sample. Hence, the more
lized on silica-coated AuNPs previously conjugated witmAb2-cTnl-mAb1-SPMNB complexes were caught and
malachite green isothiocyanate (MGITC), as a Ramdarmed in the T-line, the stronger the magnetic signal of the
reporter Figure 3Q. The control DNA strand at the C-line T-line will be detected. This can be indicated as a greater
on the NC membrane was “iotin-TTTTTTGGACA amount of cTnl in the sample. The detection time for this
CGGGGAGGGAACTATGAGGCAACGTTTGGCATGCG- test was less than 15minutes with an LOD of 0.01 nglffiL.
3 To collect and measure the SERRS signals on T-line, aln other study by Ryu et al., for increase the sensitivity of
portable Raman spectrometer was used. This new aptam#ie LFA, the magnetic beads (MBs) bonded with protein G
based detection platform exhibited remarkable affinity an¥ia EDC/sulfo-NHS coupling reaction. Protein G is a cell

selectivity toward cTnl and an LOD of 0.016 ng/mwall protein with immunoglobulin and serum albumin bind-
was reported* ing domains on its extracellular domaif! The immuno-

globulin binding domain of Protein G only binds to the Fc

domain of the antibodies. The MB-protein G conjugates
2.3.1. Critical note were modified by mAbl (16A11). As for the test strips,
Core-shell nanoprobes were highly employed for SERS sitgc7 monoclonal antibodies were employed on NC in T-
naling and Raman molecules like NBT or NBA were mostljne. The detection was carried out using Giant magneto-
resided in the gaps between the core and the shell of tigsistance (GMR) sensor. This purposeful immobilization of
particles such as core-shell Au@Ag-Au NBsand core- antibodies on MBs increased the sensitivity of the assay, and
shell AUNPS™¥ Moreover, both Ag and Au nanoparticlesthe developed LFA for cTnl exhibited a limit of detection of
have good SERS activifi!. Almost all LFA devices used for 9,01 ng/mL5Y
cTnl detection, relied on antibodies to detect cTnl in the Elsewhere, the SPMNBs-mAbl (16A11) was used as
given samples. However, in one study, cTnl specifigetection platform for cTnl. On the test strips, anti-human
aptamers were employed instead of antibodies. Aptamers &Bnl mAb-19C7 and goat anti-mouse IgG were employed
short oligonucleotides, and they display great selectivity argh T-line and C-line, respectively. However, in this study,
specificity toward their target. Moreover, they are inexperthe detection of cTnl was carried out using a highly sensi-
sive and easy to synthesize compared to antibodies. The gife hybrid Anisotropic Magnetoresistance/Planar Hall
ica encapsulated MGITC-conjugated AuNPs  werResistance (AMR/PHR) ring sensdfigure 4.°% The noble
functionalized with cTnl-specific aptamers and the SERS sigabricated ring sensor functioned like a Wheatstone bridge
naling was used for quantitative measurement of the cTniype sensor array. The sensor was fabricated using a bilayer
Aptamer-based LFA showed a great sensitivity toward cTmhagnetic thin film layered by a DC magnetron sputtering
as other LFIA$* system’® When the mAb2-cTnl-mAb1-SPMNB complexes
were formed in the T-line, the sensor was mechanically
located on the test zone for signal detection. The voltage
variation of the sensor is relative to accumulation of the
Magnetic nanobeads (MNBs) are key components for tH@PMNBs in the T-line. This method was able to detect and
development of new generation of LFIAs for sensitive anduantify cTnl under 1minute with the limit of detection
guantitative detection of the desired analyte. MNBs could b@nge of 0.442.2 nM.
employed for quantitative measurements with an external
reader. In LFAs, MNBs have to be functionalized with a%
active biomolecule that recognizes specifically the analyte 0
interest.” In LFIAs, bio-conjugates of MNB-Ab are appliedin magnetic-based LFIAs, the nanoparticles were superpara-
for a quantitative and highly sensitive detection of the ananagnetic nanobeads (SPMNESP? and magnetic nano-
lyte. MNBs are mostly composed of magnetite (B and beads (MBs$§Y which were functionalized with anti-cTnl
maghemite ¢-FeOs) which are metallic materials. antibody. In the study by Ryu et al., the MBs were first con-
Additionally, they are superparamagnetic when their size jagated with protein G, an immunoglobulin binding protein,

3. Magnetic-based detection

11. Critical note
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and then were modified with anti-cTnl antibodies to ensurdor signal amplification. As shown ifrigure 5 the test strip

the maximum cTnl capture by the Fab region of the anticonsisted of a sample pad, substrate pad, asymmetric poly-
body since protein G only binds to the Fc region ofsulfone membrane, NC membrane, indietin oxide (ITO)
immunoglobulin. Hence, the sensitivity of the LFIAelectrodes, and absorbent pad. On the test strips, anti-cTnl
increase®” The magnetic signals are detected by sensocapture Ab was dispersed on the NC membrane near the
and the signals are proportional to the cTnl concentrationdTO electrode and the detection Gal-conjugated Ab was
enabling quantitative measurement of the analyte. Iplaced 1cm apart from the capture Ab, between the sub-
another study, a novel highly sensitive hybrid Anisotropistrate pad and the capture Ab. On the substrate pad,
Magnetoresistance/Planar Hall Resistance (AMR/PHR) ririgu(NH3)®, TCEP, and 4-amino-1-naphthyl b-D-galacto-
sensor was developed which enabled the real-time displayipgranoside (AN-GP) were dried. The asymmetric pad which
of the sensor voltage in various concentrations of cTnl anpossessed asymmetric pore sizes, where size gently increase
displayed a two-step increments with time. The change &fom one side to the other, was placed under substrate pad.
voltage in early stage was heavily influenced by the kinetitTse substrate pad and the symmetric pad were first
of immunoreaction. Then, the change of steady stage wassembled together and then were assembled on the test
controlled by Ab-cTnl complex mass-transport kinettcS. strips in the way that smaller pore size surface of the asym-
metric membrane was in contact with the NC membrane.
As a result of inadequate capillary action from the smaller
pore to the larger pore, the asymmetric membrane pad was
An interference-free electrochemical LFIA was introducedradually vertically wetted. Consequently, the substrates in
by Akanda et al. using the electrochemiediemicalchemi- the substrate pad were dissolved and distributed on the NC
cal (ECC) redox cycling of 4-amino-1-naphthol (AN) com-membrane. During the flow, troponin | bonded with Gal-
bined with an enzymatic reaction. ECC redox cyclingonjugate Ab and then to capture Ab. The asymmetric
included an enzyme label for signal amplification, enzymmembrane pad was gradually soaked, resulted in release of
product, Ru(NH3)}* as catalytic agent, and tris(3-carboxyeAN-GP, Ru(NH3)*, and TCEP on the substrate pad with
thyl)phosphine (TCEP) and-galactosidase (Gal) as a labeh time delay and then transferring to the absorbent pad.

4. Electrochemical detection

Figure 4. Schematic illustration of magnetic based LFA using hybrid AMR/PHR ring sensor. ("Reprinted from Sensors and Actuators B: Chemical, Oh et ¢
Analytes kinetics in lateral flow membrane analyzed by cTnl monitoring using magnetic methed5@h. Gefiyright 2011, with permission from Elsevier").
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and developed to further fulfill the needs in the clinics.
They can be designed to detect a wide variety of analytes
from microorganisms to peptides and proteins to detect or
screen numerous types of health conditions. Developed
LFIAs for cTnl detection enabled highly sensitive detection
of ¢cTnl in nanograms and picograms of cTnl in serum sam-
ple. By implementing nanoparticles as labels for generating
and amplifying detection signals, highly sensitive LFIAs
were developed with easy-to-read signals. Among all meth-
ods, colorimetric signal readouts have been highly explored
and employed, since the test results are visible for the naked
eye, and they eliminate the need for complicated and time-
consuming interpretation of the result. More importantly,
Figure 5. Schematic illustration of electrochemical-based LFIA for detecticthef results were ready in less than 10 minutes after the test
Tnl using ECC redox cycling. was carried out, in most studies. These features make LFIAs

_ _ ideal candidates for point-of-care detection of cTnl in
This event was followed by a redox cycling and enzymatigyiient samples.

reaction after unbound Gal-conjugated detection Abs were
rinsed to remove their enzymatic reactions. AN-GP was
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