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Abstract

The lateral flow assay (LFA) is a point-of-care diagnostic test commonly available in an over-

the-counter format because of its simplicity, speed, low cost, and portability. The reporter 

particles in these assays are among their most significant components because they perform 

the diagnostic readout and dictate the test’s sensitivity. Today, gold nanoparticles are frequently 

used as reporters, but recent work focusing on photoluminescent-based reporter technologies has 

pushed LFAs to better performance. These efforts have focused specifically on reporters made of 

organic fluorophores, quantum dots, lanthanide chelates, persistent luminescent phosphors, and 

upconversion phosphors. In most cases, photoluminescent reporters show enhanced sensitivity 

compared to conventional gold nanoparticle-based assays. Here, we examine the advantages and 

disadvantages of these different reporters and highlight their potential benefits in LFAs. Our 

assessment shows that photoluminescent-based LFAs can not only reach lower detection limits 

than LFAs with traditional reporters, but they also can be capable of quantitative and multiplex 

analyte detection. As a result, the photoluminescent reporters make LFAs well-suited for medical 

diagnostics, the food and agricultural industry, and environmental testing.
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1. Introduction

Diagnostic testing plays a crucial role in all modern healthcare systems to identify the root 

cause of symptoms in a patient, monitor treatment efficacy, and screen for potential diseases 

in asymptomatic but high-risk populations. There have been significant advances in the 

availability of diagnostic testing methods such as polymerase chain reaction (PCR)1 and 

enzyme-linked immunosorbent assay (ELISA).2 However, these tests require sophisticated, 

expensive equipment and highly trained personnel, necessitating advanced laboratory 
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settings. Resource-limited locations tend to have inadequate facilities or support to host 

these systems, resulting in improper diagnosis and treatment that has been estimated to 

cause ~95% of the deaths in developing countries.3, 4 For example, the shortage of medical 

infrastructure, including testing, results in ca. one million infant deaths per year in Africa 

due to malaria, even though it is a curable disease.3

Point-of-care (POC) diagnostic testing is one approach that can address many of the 

challenges stemming from limited diagnostic test availability. These tests have become an 

ever-growing research area because they are simple, rapid, inexpensive, and administering 

the test requires minimal or no training.3 They also enable healthcare providers to rapidly 

detect analytes near the patient, for instance, at a patient’s home or bedside. This allows 

earlier diagnosis and faster medical decisions, leading to improved clinical and economic 

outcomes by implementing appropriate treatments at an earlier stage of the disease.5, 6 

Furthermore, POC testing is vital for epidemic response. The COVID-19 outbreak could 

readily have been tracked if immediate access to rapid detection platforms capable of 

identifying infections was available. POC testing will undoubtedly play a prominent role in 

maintaining global health in the future.

Among various POC diagnostic methods, lateral flow assays (LFAs) are among the most 

widely used due to their simple, rapid, affordable, and user-friendly nature. These tests 

are paper-based devices that can conduct an immunoassay for a target analyte in a 

liquid sample based on the binding between the target and antibody or other molecular 

recognition agent.3, 7, 8 The sensitivity of LFAs depends significantly on the detectability 

of the reporter particle that reports the presence of the target analyte. Gold nanoparticles 

are the most commonly used reporters in LFAs because they show excellent chemical 

stability and size-tunable optical properties. They also are easy to functionalize. The 

test’s output (line formation) can be easily read without using any external device.7, 9 

However, the sensitivity of gold-based tests tends to be limited because they are designed 

for colorimetric detection, which is of limited sensitivity. As a result, researchers have 

suggested using photoluminescent reporters to enhance the sensitivity of LFAs. Indeed, 

early proof-of-concept tests have shown that photoluminescent particles can improve LFA 

sensitivity compared to gold nanoparticles and other colorimetric methods.9, 10, 11 In 

this review, the use of photoluminescent particles, including fluorophores, quantum dots, 

lanthanide chelates, and persistent luminescent nanophosphors as reporters in LFAs is 

discussed. Finally, some of the most recent applications of photoluminescence-based LFAs 

are discussed. Examining the variety of new approaches taken to modify this classic 

diagnostic test provides insight into innovative prospects to push the value of POC LFAs 

further.

2. The lateral flow assay

An LFA strip consists of four main components, illustrated in Figure 2. The sample is 

applied to a sample pad, usually made of cellulose and/or glass fiber, which functions to 

transport the sample to the conjugate-release pad in a smooth, continuous, and homogenous 

manner. Conjugate-release pads store bioconjugated reporters, and are made of materials 

such as glass fiber, cellulose, or polyester. The material used should be capable of 
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immediately releasing the reporters upon contact with a moving liquid sample. The 

preparation of the reporters, the process of dispensing them onto the conjugate-release 

pad, and the efficiency of their release dramatically impact the assay’s sensitivity. From the 

conjugate-release pad, the sample and reporters wick along a porous membrane (usually 

composed of nitrocellulose) to test and control lines of capture agents, usually antibodies. 

An ideal membrane should have a high affinity for proteins and other biomolecules and 

low non-specific adsorption in the regions of test and control lines. The wicking rate of 

the membrane is also significant for the sensitivity of the assay. Finally, the absorbent pad 

absorbs the excess liquid and helps maintain the flow rate over the membrane and prevent 

back-flow of the sample.7, 8, 11

There are two main formats of immunochromatographic lateral flow assays: the sandwich 

assay and the competitive assay. Each method has advantages and disadvantages depending 

on the analyte, the antibody, sample matrix, and the concentration range of interest. 

Generally, the sandwich format has higher sensitivity than the competitive format. However, 

the sandwich format can give false-negative results at high analyte concentrations due to 

the high-dose hook effect. The false negatives stem from excess analytes directly binding to 

the antibodies on the membrane without making a sandwich with the antibody-conjugated 

reporters. The competitive format is more suitable in these situations since it cannot have a 

high-dose hook effect.12

2.1 Sandwich assay

The sandwich format (also called a non-competitive or direct assay), illustrated in Figure 

2a, is used for larger molecular weight analytes with multiple binding sites. A positive 

test is indicated by the appearance of the reporters at the test and control lines. In 

contrast, a negative test is indicated by the reporters appearing only at the control line. 

In the sandwich assay format, the analyte is applied onto the sample pad and moves 

to the conjugate-release pad and binds to reporter-conjugated analyte-specific antibodies. 

The resulting analyte-antibody-reporter complex flows along the membrane, where another 

antibody specific to the analyte captures this complex at the test line. The sandwich 

binding of the reporter-conjugated antibodies and the capture antibodies mediated by the 

analyte’s presence accumulates a signal from the reporter at the test line that indicates 

the presence of the analyte in the sample. Secondary antibodies finally capture any excess 

reporter-conjugated antibodies at the control line, confirming efficient flow.7, 8, 9, 11

2.2 Competitive assay

The competitive format, illustrated in Figure 2b, is typically used for small molecular 

weight analytes with a single binding site. A positive test is represented by the absence 

of the reporters at the test line, and the signal intensity varies inversely with the amount 

of analyte present in the sample. A negative result is represented by reporters appearing 

at both the test line and control line. There are two styles of competitive assays. In the 

first, the analyte blocks the binding sites of the reporter-conjugated antibodies. Applying the 

sample containing the analyte to the sample pad causes it to first migrate to the conjugate-

release pad and bind to analyte-specific antibodies conjugated to reporters, forming an 

analyte-antibody-reporter complex. On the nitrocellulose membrane, the test line contains 
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pre-immobilized antigens (the analyte to be detected), which bind specifically to reporter-

conjugated antibodies. The control line contains pre-immobilized secondary antibodies that 

can bind with reporter-conjugated antibodies. When the analyte-antibody-reporter complex 

reaches the test line, the pre-immobilized antigens cannot capture reporter-conjugated 

antibodies because the analyte in the sample already occupies these sites. Therefore, 

immobilized antigens on the test line can bind to the reporter-conjugated antibodies, 

generating a signal at the test line only when the target analyte is absent from the sample 

solution. The excess reporter-conjugated antibodies are captured at the control line by 

the secondary antibodies, confirming proper liquid flow through the strip. In the second 

competitive assay format, the analyte competes with an immobilized reporter-conjugated 

analyte analog to bind with the antibodies on the test line. The reporter-conjugated analyte is 

dispensed at the conjugate-release pad, while a primary antibody to the analyte is dispensed 

at the test line. When the sample with the analyte is applied on the sample pad, competition 

occurs between the analyte in the sample and the reporter-conjugated analyte to bind with 

the primary antibodies at the test line.7, 8, 11

Both assay formats have been widely used for POC diagnostic testing, but they often have 

limited sensitivity compared to laboratory diagnostic methods. However, the transition to 

photoluminescent reporter molecules and particles in place of conventional colorimetric 

reporters such as gold nanoparticles and colored latex beads has allowed LFAs to 

achieve dramatically improved limits of detection.13, 14, 15 To establish the origin of these 

enhancements, it is essential first to understand the fundamental photophysics governing the 

generation of light by these reporter molecules and materials.

3. Photoluminescence: Fluorescence versus Phosphorescence

Photoluminescence is an optical phenomenon in which a material spontaneously re-emits 

absorbed light, generally, but not always, at a lower energy (longer wavelength). This 

process involves a molecule or material first absorbing a photon, causing an electron to 

transition to an excited state. Upon returning to the ground state, the excited electron’s 

energy is released as a photon emission. There are two primary forms of photoluminescence: 

fluorescence and phosphorescence. The type of photoluminescence is assigned classically by 

the emission’s duration or luminescence lifetime and, more recently, based on our improved 

understanding of the different photophysics controlling these optical processes.16, 17

Fluorescence is the immediate emission of light by a molecule or material following 

the absorption of a photon. The luminescence seemingly disappears simultaneously with 

the end of excitation because of the short (10−9 s to 10−7 s) decay lifetime associated 

with fluorescence. In contrast, phosphorescence has a photon emission that persists on 

a significantly longer timescale. The lifetime of phosphorescence varies dramatically, 

ranging between 10−6 s to 100 s.18 However, numerous examples do not comply with 

these definitions; for instance, there are long-lived fluorescent compounds like divalent 

europium salts and short-lived phosphorescence like the violet photoluminescence from 

zinc sulfide.16 Quantum mechanics has provided a more thorough definition based on the 

different electronic transitions occurring in each process. Fluorescence arises from electronic 

transitions with a singlet state mechanism that involves ‘spin allowed’ electronic transitions. 
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Phosphorescence involves electronic transitions that change spin multiplicity, either from 

a singlet state to a triplet state or vice versa, resulting in ‘spin forbidden’ electronic 

transitions.16 These different processes are illustrated in Figure 3, using a modified Jablonski 

diagram.

The fluorescence process consists of three main steps. First, a photon of excitation light is 

absorbed by an electron of a fluorescent molecule or material in its ground electronic state 

(S0). The molecule or material is then excited to a higher energy level (the excited state, 

Sn), which only takes femtoseconds (10−15 s). The excited-state electron then undergoes 

vibrational relaxation and internal conversion to the lowest energy level of the excited 

state (S1). This process is slightly slower than the excitation process and can be measured 

in picoseconds (10−12 s). Finally, the electron can return to the ground state either by 

non-radiative relaxation, producing heat, or through photon emission, which is fluorescence. 

This emission takes a much longer time, on the order of nanoseconds (10−9 seconds). During 

this entire process, the spin multiplicity of the electron does not change. Further, the emitted 

photon has less energy and, therefore, a longer wavelength than the excitation light because 

of internal conversion; this phenomenon is called the “Stokes shift”.18, 19, 20

Phosphorescent compounds, on the other hand, emit light for longer than fluorescent 

materials. The detectable luminescence can typically last milliseconds to seconds after the 

excitation source is switched off.17, 18 The phosphorescence excitation process is identical 

to that of fluorescence, but the emission pathway is different. The excited electron releases 

the energy through vibrational relaxation and internal conversion to the lowest energy level 

of the singlet excited state, while maintaining the same spin. However, at this point, the 

electron undergoes a spin-flip and converts to a triplet excited state (T1). This process 

is called ‘intersystem crossing’. The spin selection rules forbid it as the transition occurs 

between two states of different spin multiplicity. Nevertheless, the interactions between 

magnetic dipoles generated by the spin of the electron and orbital motion of the electron 

couple the spin and orbital components so that the singlet and triplet character mix. 

Since these states are no longer pure spin states, the electrons move from S1 to T1. This 

phenomenon is spurred by ‘spin-orbit coupling’.21, 22 Subsequently, electrons in the T1 state 

cannot easily relax back to the ground state since the transition is again spin-forbidden. As 

a result, relaxation back to the ground state is a much slower process resulting in a weaker, 

longer lifetime emission.18, 20, 23

The different types of fluorescent compounds, such as fluorophores and quantum dots, have 

excited lifetimes on the order of nanoseconds.17 Lanthanide chelates, some transition metal 

chelates like bisimidazolyl carbazolide ligand-based platinum(II) alkynyls24, and purely 

organic non-metal chelates like β-hydroxyvinylimine boron compounds25 are examples of 

phosphorescent molecules; their lifetimes generally are in the range of microseconds to 

milliseconds.26, 27
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4. Photoluminescent reporters and their application in LFAs

4.1 Organic fluorophores

Organic fluorophores are typically polyaromatic compounds that consist of a conjugated 

π electron system. Fluorophores used in biological applications can be divided into two 

main categories: intrinsic and extrinsic. Intrinsic fluorophores occur naturally, whereas 

extrinsic fluorophores are added to a compound that otherwise does not display any spectral 

properties, or to change the compound’s spectral properties. The most common intrinsic 

fluorophores include aromatic amino acids, reduced nicotinamide adenine dinucleotide 

(NADH), the oxidized forms of flavins, and derivatives of pyridoxal and chlorophyll. 

Intrinsic fluorescence is highly sensitive to the local environment of these residues and 

is therefore widely used to study conformational changes and intermolecular interactions 

of biomolecules.17, 18 However, most of the intrinsic fluorophores require high-energy 

excitation by ultraviolet light, which can be detrimental to live cells. The brightness 

and quantum yield of many intrinsic fluorophores are also relatively low, and they have 

photostability issues that limit practical applications. Therefore, biomolecules are typically 

modified to include (“labeled with”) extrinsic fluorescent molecules with favorable optical 

properties such as absorption at longer wavelengths, higher quantum yields, and improved 

photostability.18

Fluorescence was first observed in nature, and then the fluorescent compounds were 

extracted and eventually synthesized due to their unique properties. For example, in 1845, 

Sir John Herschel observed the glow exhibited by a solution of quinine in sunlight. It 

was not until 1852 that Sir George Gabriel Stokes named the phenomenon now known as 

‘fluorescence’.16 The first synthetic organic fluorescent molecule, Mauveine, was created 

by William Henry Perkin in 1856 while attempting to synthesize quinine.28 Since then, 

thousands of organic fluorescent dyes have been discovered. Some of the most common 

include dansyl, fluorescein, and rhodamine.17 These fluorophores often are modified to react 

with specific functional groups of biomolecules such as amino groups resulting in improved 

fluorescence at a particular wavelength.17, 18 This allows these compounds to be used in 

many biomedical fields such as spectroscopy, bioimaging, and diagnostic applications.17, 29

Organic fluorophores as reporters in LFAs: Incorporating fluorophores in an LFA 

allows much higher sensitivity than conventional gold nanoparticles. A fluorescent dye, 

R-phycoerythrin (R-PE) was used by Lee et al. to develop a low-cost, high-performance 

POC diagnostic system for the quantitative and sensitive detection of target analytes. 

Fluorescence detection with R-PE and absorbance detection with colloidal gold has been 

directly compared using a home-built reader system with LED light source, readily available 

plastic and colored glass filters, and plastic lenses. The images were captured using 

an iPhone 4 camera. The signals were compared in sandwich LFA format using two 

different model analytes: biotinylated bovine serum albumin (BSA) and human chorionic 

gonadotropin (hCG). For the biotinylated BSA system, fluorescence provided linear data 

from 0.4 – 4,000 ng/mL with a 1,000-fold signal change, whereas colloidal gold provided 

a non-linear response over a range of 16 – 4,000 ng/mL with a 10-fold signal change. 

Danthanarayana et al. Page 6

ACS Appl Bio Mater. Author manuscript; available in PMC 2022 December 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The hCG system has shown a similar improvement in sensitivity and dynamic range in the 

fluorescent system compared to colloidal gold.10

Although organic fluorophores show higher sensitivity than colorimetric reporters, their 

poor photostability can result in lower sensitivity than other photoluminescent reporters. 

They also can suffer from chemical and metabolic degradation.7 Researchers have made 

efforts to improve their photostability and chemical stability to enhance their diagnostic 

performance. One method is doping fluorescent dyes into nanomaterials such as silica,30 

and polystyrene nanoparticles.31, 32 For instance, Cai et al. synthesized Nile red dye-doped 

polystyrene nanoparticles for the detection of C-reactive protein (CRP), a biomarker of 

acute inflammatory and cardiovascular diseases. They developed a sandwich LFA, and 

the fluorescence intensity at the test line and control line was measured using a laboratory-

prepared strip reader. The limit of detection (LOD) was 0.091 μg/mL, which is lower than 

many other available CRP detection methods. Moreover, the concentration of CRP could be 

measured over a wide dynamic range in plasma (0.1 – 160 μg/mL) with a rapid detection 

time (3 min). This method also displayed improved reproducibility and stability since the 

coating protects the dye from the surrounding environment.31

Foster resonance energy transfer (FRET)-based fluorescent probes also significantly enhance 

the sensitivity of LFAs.32 Recently, Yang et al. developed a FRET-based “traffic light” 

lateral flow assay for the qualitative and quantitative analysis of prostate-specific antigen 

(PSA) in 10 min from a drop of whole blood. In this assay, in the presence of PSA, 

anti-PSA (detection) conjugated semiconducting polymer dots (PF-TC6FQ) and anti-PSA 

(capture) conjugated Coumarin derivative polymer (PCA) nanoparticles form a sandwich-

type complex on the test line. FRET occurs between the PCA nanoparticles and the PF-

TC6FQ polymer dots, generating an emission color transition from sky blue to orange-red. 

Energy transfer occurs depending on the target concentration and produces signals that 

the naked eye can qualitatively detect under a portable 410 nm flashlight. For quantitative 

analysis, the fluorescence intensity of the emission was measured using the images captured 

by a Nikon D7500 digital camera under irradiation with 410 nm UV light, with appropriate 

filters. This assay shows an outstanding detection sensitivity of 0.32 ng/mL of PSA in 

10% human serum, which is about one order of magnitude lower than conventional 

fluorometric immunoassay systems. This assay was also tested in real human whole 

blood, and the results suggest the potential of this FRET-based immunoassay for use in 

clinical analytes. Moreover, they have developed a multiplex assay to detect two cancer 

biomarkers, carcinoembryonic antigen (CEA) and PSA, simultaneously on a single strip 

taking advantage of the traffic light signals.33

4.2 Quantum dots

Quantum dots (QDs) are semiconductor nanocrystals with diameter ≈ 1 – 10 nm.38, 39 

They have a core-shell structure in which the core is usually composed of elements from 

groups II–VI such as CdSe, CdS, or CdTe, groups III–V such as InP or InAs, or groups 

IV–VI such as PbSe and the shell is usually composed of ZnS.39 Even though typically 

QDs are made of binary compounds, there are other compositions such as multinary 

(ternary, quaternary) nanocrystals,40, 41 and perovskite quantum dots42. Due to their 
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composition and dimensionality, QDs have properties falling between bulk semiconductors 

and discrete atoms or molecules. The resulting ‘quantum confinement effect’ generates 

unique optical properties such as size-tunable absorption and emission profiles, high 

emission quantum yield, and narrow emission spectral band. Unlike organic fluorophores, 

QDs also exhibit high photostability. All these properties make QDs ideally suitable for 

biosensing and bioimaging applications. The only current limitations are that QDs suffer 

from photoblinking and cytotoxicity.38, 39, 43 Moreover, they are generally incompatible with 

polar solvents, limiting their use in biological applications without further derivatization.44 

Nevertheless, QDs are used in many biological applications such as in vitro diagnostics, 

drug delivery, and bioimaging.39, 43, 44

Quantum dots as reporters in LFAs: Yang et al. compared quantum dots and colloidal 

gold as reporters in an LFA test for syphilis. According to their results, the naked-eye LOD 

of colloidal gold-based lateral flow test strips could only reach 20 ng/mL of polyclonal anti-

TP47 syphilis antibody solution. In contrast, the naked-eye detection (under a portable UV 

lamp) of the fluorescent signal of CdTe QDs-based test strips can reliably achieve a LOD 

of 2 ng/mL of polyclonal anti-TP47 syphilis antibody solution. This tenfold improvement is 

impressive, considering the only change is using a different reporter. Moreover, the clinical 

sensitivity of colloidal gold was 82%, whereas that of the QD-based test was 100%.45 In 

2019, Wang et al. reported a Cu:Zn−In−S/ZnS QD-based sandwich LFA for detecting the 

tetanus antibody. This assay can be completed in 30 min, and the fluorescence intensity 

was recorded using a commercial fluorescent reader (ESEQuant LFR). The results showed 

a LOD of 0.001 IU/mL in buffer, ten times lower than gold nanoparticle-based tetanus LFA 

tests. This system was also successfully applied for the detection of the tetanus antibody in 

human serum.46

Different core-shell structures have been introduced to further improve the sensitivity of 

QDs by suppressing exciton leakage and thereby obtaining a high quantum yield. For 

example, Shen et al. successfully deposited a CdS/CdxZn1-xS/ZnS multi-shell on a ZnSe/

CdSe core, increasing fluorescence quantum yields from 28% to 75% along with improving 

stability in various physiological conditions. These QDs were applied to detect human 

hepatitis B surface antigen. The fluorescence signal was observed by a fluorescence detector 

with a 370 nm LED lamp as the light source. The results show a sensitivity as high as 0.05 

ng/mL.47 Furthermore, polymer encapsulation has been proposed to prepare poly QDs with 

stronger photoluminescence intensity and better optical properties than single QDs.32, 48, 49 

Hu et al. developed fluorescent nanosphere reporters to detect C-reactive protein (CRP) 

in LFA, where each poly(styrene/acrylamide) copolymer nanosphere contains 332 ± 8 

CdSe/ZnS QDs. This assay can be completed in 20 min, and the fluorescence intensity 

was measured using the images acquired with an EMCCD single-photon detector mounted 

on an inverted fluorescence microscope. The resulting luminescence signal was 380-fold 

stronger than a single QD. This allowed QD fluorescent nanospheres to achieve a LOD of 

27.8 pM of CRP in buffer, which is 257-fold more sensitive than gold nanoparticle-based 

CRP detection LFAs. This assay showed a LOD of 34.8 pM in serum and it was also applied 

to quantitatively detect CRP in peripheral blood plasma samples from cancer patients.48

Danthanarayana et al. Page 8

ACS Appl Bio Mater. Author manuscript; available in PMC 2022 December 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



4.3 Lanthanide chelates

A lanthanide chelate consists of a rare-earth lanthanide ion complexed with one or more 

organic chelating ligands. The lanthanide ion binds with the ligands via electron transfer 

through f-orbitals, with highly electronegative donor atoms such as N and O. Some of 

the most commonly used lanthanide ions are Sm(III), Eu(III), Tb(III), and Dy(III) which 

show significantly different emission wavelengths.27, 62 The lanthanide ions themselves 

show very weak absorption and emission profiles as the transitions of interest are generally 

forbidden (by Spin and Laporte rule).27 However, chelating with appropriate ligands 

enhances the luminescence via the ‘antenna effect’ where energy is efficiently absorbed 

by the chelating ligands and transferred to the coordinated lanthanide ion.38, 62 In lanthanide 

chelates, luminescence generally originates from 4f-4f transitions, and it offers unique 

optical properties. Due to 5s and 5p shielding effects, the 4f orbitals do not directly 

participate in chemical bonding with the surrounding environment. Therefore, the emission 

is minimally perturbed by the surrounding matrix and ligand field. The emission is strongly 

affected only by the first coordination sphere and is mainly specific to the metal ion. This 

results in a narrow emission spectrum, which can be tuned by varying the lanthanide ion. 

The forbidden nature of these transitions causes lanthanide chelates to exhibit long decay 

times (spanning microseconds to milliseconds) and large Stokes shifts. These properties 

make them exciting alternatives to typical fluorescent reporters. The extended emission 

lifetime of lanthanide chelates allows time-resolved luminescent measurements to minimize 

background interference from scattering and autofluorescence from biological media. It 

enhances the signal-to-noise ratio and reduces the cost of the reader by eliminating advanced 

optical components.25, 38, 62 The main drawback of most luminescent lanthanide chelates 

is that their luminescence emission typically is susceptible to quenching by coordinated 

water molecules in aqueous systems. The lanthanide complexes also tend to undergo 

dissociation in some assay conditions.62 Moreover, although lanthanide chelates are more 

photostable than fluorophores, they tend to have photostability issues when excited with 

continuous exposure under an intense excitation source. Therefore, the time delay needs to 

be carefully defined; otherwise, the sensitivity can be significantly reduced when involved in 

time-resolved measurements.63

The long luminescence lifetime of lanthanide chelates is generated through a distinct 

mechanism of luminescence (shown in Figure 4) compared to typical fluorescence or 

phosphorescence mechanisms described in section 3. When a strongly-absorbing chelating 

ligand (antenna) is bound to the lanthanide ion, it harvests energy to the ligand’s singlet 

excited state, followed by intersystem crossing to the longer-lived triplet state of the ligand. 

The antenna then transfers energy to the excited state 5DJ of the lanthanide ion. The 

transition of electrons from the excited 5DJ to 7FJ state results in luminescence emission. 

These electronic transitions typically result in a series of bands in the visible and near-IR 

region. Figure 3b shows the luminescence emission spectrum for an Eu(III) complex and its 
5D0 to 7FJ transitions (where J = 0 to 5), which give six distinct bands. The change in spin 

multiplicity during the transition (from 5 to 7 in Eu(III) results in a forbidden transition with 

a long luminescence lifetime.26, 27, 62

Danthanarayana et al. Page 9

ACS Appl Bio Mater. Author manuscript; available in PMC 2022 December 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Lanthanide chelates as reporters in LFAs: Eu(III) is one of the most used lanthanide 

labels and Eu(III) chelates have been doped into microparticles/nanoparticles via covalent 

interactions to enhance the signal intensity.32 Liang et al. used Eu(III) chelate microparticles 

to develop a direct competitive LFA to quantitatively detect antibody to hepatitis B core 

antigen (anti-HBc). The fluorescence intensities of the lines were measured using aQcare 

TRF reader, and the results showed a LOD of 0.31 IU/mL in buffer and a wide linear range 

from 0.63 to 640 IU/mL. This assay was also tested in human serum and compared to 

results from commercially available anti-HBc kits. The results showed a good agreement 

and comparable sensitivity and specificity, suggesting that this assay can be effectively 

applied for the quantitative determination of anti-HBc in human serum. Moreover, compared 

to the commercially available anti-HBc kits, this method shows advantages in the maximum 

measurable concentration of anti-HBc whereby only a 1/100 to 1/10000 (100-fold increase) 

dilution is required when the anti-HBc level is >640 IU/mL. This means that in detecting 

high anti-HBc concentration samples, dilution and detection times using this method were 

less than other methods. This method also has a fast turnaround time (15 min for a 

complete analysis) compared to other quantitative anti-HBc methods.64 Recently, Liu et 
al. reported an Eu(III) chelate microparticle-based sandwich LFA to detect porcine epidemic 

diarrhea virus (PEDV), the predominant cause of severe enteropathogenic diarrhea in swine. 

The fluorescence intensities of the lines were measured using a quantitative fluorescence 

immunoassay reader, and the LOD of the assay is 10 TCID50/mL of PEDV, making it 

better than RT-PCR and a commercial immunochromatographic assay kit (100 TCID50/mL). 

Furthermore, the analysis using field samples containing various PEDV strains and other 

viruses showed 97.8% sensitivity and 100% specificity.65

Juntunen et al. carried out a comparative study of the performance of fluorescent Eu(III) 

chelate-doped polystyrene nanoparticles and colloidal gold particles in lateral flow assays. 

They compared colloidal gold and Eu(III) nanoparticles using both PSA and biotinylated-

BSA as antigens. The reflectance measurement of colloidal gold was done with a USB 

flatbed scanner. A Victor X4 multilabel reader was used to measure the time-resolved 

fluorescence of Eu(III) nanoparticles. A Canon Powershot SX130 IS digital camera was 

used with an optical bandpass filter and handheld UV lamp (as the excitation source) 

for the conventional fluorescence detection without a time delay between excitation and 

measurement. The analytical sensitivities with each detection method were compared. The 

time-resolved fluorescence measurement and the conventional fluorescence photography 

measurement did not significantly differ in this assay. However, when compared to 

reflectometric measurements of colloidal gold and the fluorescence measurement of Eu(III) 

nanoparticles, PSA assay showed 7-fold higher sensitivity and the biotinylated-BSA assay 

showed 300-fold higher sensitivity.66

4.4 Persistent luminescent phosphors as a special class of fluorescent material

The term ‘phosphor’ generally refers to any solid luminescent material that emits light after 

exposure to high-energy radiation (typically UV or visible light). It was derived from the 

Greek word fosforos, meaning light bearer. It was first identified in the early 17th century 

with the discovery of the Bologna stone, which emitted red light in the dark after exposure to 
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sunlight. Since then, this term has remained virtually unchanged and is used to describe both 

fluorescent and phosphorescent materials.76, 77, 78

Persistent luminescent phosphors are a unique sub-class of materials with properties 

very closely resembling phosphorescent materials but photophysics related to fluorescent 

materials. As a result, in the literature, these two terms are sometimes used interchangeably. 

Like phosphorescent materials, persistent luminescent phosphors have very long lifetimes, 

emitting light for several minutes to hours after the excitation light ceases. However, 

while the long lifetime of phosphorescence arises from forbidden electronic transitions 

within the luminescent center, transitions in persistent luminescence are not necessarily 

forbidden, and the excitation energy is stored in trap centers that differ from the luminescent 

center.79 The crystalline host material is typically an insulator with a wide band gap 

that incorporates with two types of active centers; emission centers and trap centers. The 

emission center is generally a rare earth (lanthanide) ion (e.g., Eu2+, Ce3+ with 5d to 4f or 

4f to 4f transitions) or a transition metal ion (e.g., Cr3+, Mn2+ with 3d to 3d transitions). 

Trap centers can be lattice defects (e.g., oxygen vacancies, anti-site defects), impurities 

or intentionally introduced co-dopants (e.g., Dy3+ in SrAl2O4:Eu2+).77 Since emission 

after excitation involves trapping and de-trapping of electrons, the lifetimes of persistent 

luminescent phosphors are several orders of magnitude longer than the spin-forbidden 

transitions of phosphorescent molecules.80, 81 Therefore, they are widely used in “glow-in-

the-dark” applications such as safety signs, emergency displays, and luminescent paints. 

More recently, they have been used as optical reporters in biological applications as their 

long emission lifetime makes them ideal for use in time-resolved measurements to avoid 

background interferences.81, 82

Persistent luminescence is a special case of thermally stimulated luminescence at room 

temperature.79, 83 Photon emission in these compounds is generated by rare-earth or 

transition metal ions substituted in a host crystal structure that acts as a luminescent 

center. The time scale is much longer than traditional fluorescent materials because these 

compounds trap charge carriers (electrons/holes) in defect states that are intrinsically present 

in the material or arise from the presence of a co-dopant. These ‘trapped’ charge carriers are 

slowly released before they recombine with the luminescent center, giving rise to a longer 

luminescence lifetime. This effect is also known as afterglow. Different mechanisms have 

been proposed to explain the persistent luminescence, and the actual mechanism is still 

under debate; however, there is a general agreement on the involvement of charge carrier 

trapping and de-trapping.79, 84

The first model of persistent luminescence (Figure 5a) was introduced by Matsuzawa et 
al.80 in 1996 upon discovering SrAl2O4:Eu2+,Dy3+. In this model, holes are assumed to be 

the primary charge carriers. When a Eu2+ ion is excited by a photon, a hole escapes to 

the valence band, generating a Eu+ ion. The hole is then trapped by a trivalent rare-earth 

ion such as Dy3+, creating a Dy4+ ion. Thermal energy is then required to stimulate the 

slow release of the trapped hole back to the valence band. The hole then recombines with 

the Eu+ ion and recreates the ground state Eu2+, causing the emission of a photon. The 

suggested oxidation of Dy3+ to Dy4+ was accepted because tetravalent Dy4+ and Nd4+ are 

known to exist in some phosphors like Cs3DyF7:Dy4+ or Cs3NdF7:Nd4+.80 However, this 
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model does not explain the persistent luminescence of non-codoped SrAl2O4:Eu2+. It is 

also not plausible to generate monovalent Eu+ and tetravalent Dy4+ ions in the material 

with low-energy photons. Therefore, other models have been proposed to describe persistent 

luminescence, with the Dorenbos model becoming the most popular.85, 86

In the Dorenbos model (Figure 5b), the photoexcitation of Eu2+ ion causes an electron 

to move into 5d-orbitals. Since 5d-orbitals are close to the conduction band, with 

the continuous excitation the electron can jump into the conduction band, where it is 

subsequently captured by a trivalent rare earth co-dopant ion. Thus, Eu2+ would become 

oxidized, and the rare earth co-dopant would become reduced. The trapped electron is then 

released by the thermal energy and recombines with the luminescent center. This model 

does not require the existence of Eu+ and RE4+ (RE = rare-earth ion). However, similar 

to the Matsuzawa model, it cannot explain persistent luminescence in the absence of a RE 

co-dopant.85, 86

Persistent luminescent phosphors with transition metal ions as the activation center have a 

different mechanism since the excitation and emission occur entirely within 3d-orbitals. One 

of the mechanisms for these materials was suggested based on the ZnGa2O4:Cr3+ system 

(Figure 6). It is generally agreed that persistent luminescence arises from lattice defects, and 

although ZnGa2O4:Cr3+ is a simple AB2O4 compound with a spinel structure, it exhibits 

anti-site defects where Zn and Ga exchange. When the compound absorbs UV/visible light, 

an electron-hole pair in the ground state (4A2) is excited to a 4T1(4F) excited state. The 

pair is then trapped by a neighboring anti-site defect that acts as the trap state. Thermal 

energy (kT) causes the electron-hole pair to be released to the lower-energy excited state, 
2E, and then it decays back to the ground state resulting in the emission of a photon in 

the form of near-IR light. However, the effects of adding co-dopants into these materials 

still need to be investigated. Moreover, studies of the local structure of some spinel-type 

structures reveal that an increase in lattice defects quenches persistent luminescence in Cr3+ 

phosphors, which contradicts the findings in Eu2+ substituted materials. Therefore, further 

investigations are required to understand persistent luminescent phosphors with transition 

metal ions.86, 87

Persistent luminescent phosphors as reporters in LFAs: Persistent luminescent 

phosphors were first used as LFA reporters by Paterson et al., who applied commercially-

purchased SrAl2O4:Eu2+,Dy3+ as the reporter. Most phosphors are produced as a bulk 

powder with large particle size (>8 μm). Paterson et al. ball-milled and size-fractionated by 

differential centrifugal sedimentation to produce smaller (~250 nm) nanoparticles suitable 

for reasonable flow through the strip membrane. Moreover, SrAl2O4:Eu2+,Dy3+ readily 

hydrolyzes in water and loses its luminescent properties. Therefore, after size fractionation, 

the nanoparticles were silica encapsulated using a modified Stӧber process to make them 

water stable. The silica-encapsulated nanoparticles were then conjugated to NeutrAvidin 

and used to detect the model analyte biotinylated lysozyme in buffer using monoclonal 

anti-lysozyme antibodies at the test line. The LOD was below 100 pg/mL, approximately 

an order of magnitude more sensitive than colloidal gold.82 Later, this system was coupled 

with a time-gated smartphone-based imaging system as an efficient and sensitive POC 

device. A 3D-printed attachment costing ≈USD 5 was used as the imaging compartment 
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to position the LFA strip in front of the smartphone camera and block out the background 

light for sensitive luminescence imaging. The attachment used minimal optical hardware, 

containing a lens and a bundle of inexpensive plastic optical fibers, and no electronic 

components. An in-house-built smartphone application was used to operate the smartphone 

flash as the excitation source and camera to capture the images of the luminescence signal. 

This imaging format was used to detect hCG with a 45 pg/mL LOD in buffer, comparable 

with the commercially-available lateral flow hCG tests.88 Moreover, persistent luminescent 

SrAl2O4:Eu2+,Dy3+ nanoparticles were applied to develop a smartphone-based serological 

LFA to detect herpes simplex virus type 2 (HSV-2) in human plasma/serum with initial 

96.7% sensitivity and 100% specificity. Compared to the other available rapid HSV-2 assays, 

this assay showed the highest sensitivity reported at the time. This technology is particularly 

beneficial for private self-testing of sexually transmitted diseases as individuals often spread 

the condition due to unawareness of their infection, in part because of the social stigma 

associated with in-clinic testing for sexually transmitted infections.89

The main drawback of persistent luminescent phosphors is their need to undergo a 

series of size- reduction steps to obtain nanoparticles since they are synthesized as a 

bulk powder, which is time and labor-intensive. Moreover, only a few highly-efficient 

persistent luminescent nanophosphors are suitable as optical reporters in lateral flow 

assays, and therefore, their use in multiplex assays is limited. Persistent luminescent 

nanophosphors with different optical properties can be synthesized by band gap engineering 

strategies, including adding co-dopant ions, altering their ratios, and preparing a solid 

solution series of phosphors. Kim et al. recently reported a novel method of improving 

the luminescence intensity and lifetime of phosphors based on the energy transfer effect 

by chemical mixing of different phosphors with distinct optical properties. The energy 

transfer efficiency depends on the extent of spectral overlap between the donor emission 

and acceptor absorption spectra. Therefore, a higher luminescence efficiency is expected 

with spectrally close donor phosphors. For example, the luminescence efficiency of the 

green-emitting phosphor can be improved by transferring the energy from the blue-emitting 

calcium aluminate phosphor to the green-emitting alkaline-earth aluminate phosphor 

(SrAl2O4:Eu2+,Dy3+). Similarly, the luminescence efficiency of the blue-emitting phosphor 

can be improved by the energy transfer from violet-emitting to blue-emitting phosphor.90

4.5 Upconversion phosphors

The sub-group of phosphors called up-converting phosphors (UCP) are unique in absorbing 

low-energy photons and emitting higher-energy photons. UCPs are particles composed of an 

inorganic host lattice doped with rare-earth ions (e.g., Yb3+, Er3+ and Tm3+) or transition 

metal ions.91, 92 They have the unique ability to absorb infrared radiation and emit at 

visible wavelengths by a sequential process of multiphoton absorption, accumulation via 

equally spaced long-lived excited states of lanthanide dopants, and subsequent emission. 

The anti-Stokes emission of UCP enables background-free detection since it can be 

efficiently spectrally resolved from the Stokes shifted autofluorescence, eliminating the 

need for time-resolved measurements. Moreover, UCPs show narrow emission spectra and 

no photobleaching at their excitation wavelengths, enabling long observation times and 
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multiplexed detection.92, 93, 94 These characteristics make UCPs an ideal luminescent label 

for in vivo biomedical applications such as bioimaging and therapeutics.91, 95

Three mechanisms have been proposed to explain the lanthanide upconversion processes: 

excited-state absorption, energy-transfer upconversion, and photon avalanche. Among 

them, excited-state absorption and energy-transfer upconversion are the most common 

mechanisms in nanoscale lanthanide materials.91, 95

Excited-state absorption (Figure 7A), mainly observed in singly-doped upconversion 

materials, involves a sequential multi-step absorption process. Under suitable excitation, 

an electron absorbs a photon and travels from ground state E0 to the excited metastable 

state E1, then absorbs another photon while at excited state E1 and jumps to the higher 

excited state E2. When the electron returns to the ground state E0 from the higher excited 

state E2, upconversion emission occurs.91, 95 A low active ion concentration in the doped 

particles favors this process as it reduces transfer losses through cross-relaxation between 

the luminescent centers and increases the gain in the excited-state absorption process.95

Energy-transfer upconversion (ETU) is considered the most efficient upconversion process 

in lanthanide-doped upconversion materials. Different types of ETU mechanisms have been 

reported, and among them, resonant non-radiative transfer and phonon-assisted non-radiative 

transfer are essential to describe the ETU process in two ion-involved systems (Figure 

7B). In the resonant non-radiative energy transfer mechanism, a sensitizer ion (S) at its 

excited state transfers energy to the activator ion (A), exciting A from its ground state 

before S emits a photon. This can occur only when the energy differences between the 

ground state and the excited state are nearly equal for both sensitizer and activator ions, 

and the distance between the two ions is small enough. If the energy differences between 

the ground state and the excited state of the S and A ions are different, phonon assistance 

is necessary to compensate for the energy mismatch. Therefore, energy transfer occurs via 

a phonon-assisted non-radiative process. The concentration of lanthanide ions should be 

sufficiently high to induce the energy-transfer process via ion-ion interactions. An advantage 

of energy-transfer upconversion, compared to excited-state absorption, is that only one pump 

source is needed, independent of the pump power.91, 95, 96

Upconversion phosphors as reporters in LFAs: Upconversion nanophosphors 

(UCNPs) have also been used to make LFAs with high sensitivity and specificity. Yang et al. 
used NaYF4:Yb3+,Er3+ UCNPs to develop a sandwich LFA for the quantitative detection of 

N-terminal fragment of B-type natriuretic peptide precursor (NT-proBNP), a biomarker used 

to diagnose acute heart failure, in plasma samples. The UCNPs were excited using infrared 

light (980 nm) and their visible light emission (541.5 nm) was measured using a strip reader 

of up-converting phosphor technology-based biosensor. The assay can be completed in less 

than 20 min. The detection limit was 116 ng/L, which is lower than the clinical diagnosis 

cutoff (150 ng/L), and the linear range was 50 – 35,000 ng/L.97

Although UCNPs show many advantages over other luminescent reporters, their 

luminescence efficiency is limited by low absorption efficiency, non-negligible surface 

defects, and concentration quenching. Therefore, various strategies, including attaching 
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organic dye molecules as antennas,98 suppression of surface-related concentration 

quenching,99, 100 and confining energy migration101 have been proposed to enhance the 

upconversion luminescence.102 These approaches could be used to further improve the 

sensitivity of UCNP-based LFAs. He et al. developed highly-doped UCNPs to increase 

the concentration of emitters within small nanocrystals to improve sensitivity. They used 

highly Er3+ doped and Tm3+ doped NaYF4:Yb3+,Er3+/Tm3+ UCNPs for the ultrasensitive 

quantitative detection of low abundance biomarkers for early-stage cancer detection. The 

UCNPs were excited using a 980 nm laser diode, and the emission signal was detected using 

a smartphone camera as the readout element. The highly doped UCNPs were used as two 

independent reporters on two-color LFA for the quantitative multiplex detection of PSA and 

ephrin type-A receptor 2 with limits of detection 89 and 400 pg/mL, respectively.103

6. Conclusions and outlook

Photoluminescent reporters greatly enhance the sensitivity of LFAs compared to 

conventional reporter molecules or nanomaterials such as gold nanoparticles. They enable 

quantitative detection by the amount of photoluminescence and are available in multiple 

colors, allowing multiplex analyte detection. Organic fluorophores are among the most 

widely-used reporters in biomedical applications such as bioimaging and diagnostics due 

to the vast range of compounds with desirable chemical and photophysical properties. 

However, they are susceptible to photobleaching, which limits their applications. Quantum 

dots are resistant to photobleaching, and they display unique size-tunable optical properties. 

Therefore, they have become a good substitute for organic fluorescent dyes. Nevertheless, 

they are costly, have intermittent on/off behavior, and often are cytotoxic. Organic 

fluorophores and quantum dots also need continuous excitation that leads to high 

background signals. Lanthanide chelates provide an excellent solution for background 

interference as they have a long luminescent lifetime, allowing time-resolved measurements 

which minimize the background signal and avoid the need for advanced optical readers. Yet, 

they tend to have photostability issues that cause reduced sensitivity when involved in time-

resolved measurements unless a time delay is accurately calculated. Persistent luminescent 

phosphors display a long luminescence lifetime and superior resistance for photobleaching, 

making them ideal for time-resolved measurements. However, currently, there is a limited 

number of these materials that can be applied in LFAs. Upconversion phosphors have 

the unique ability to absorb infrared radiation and emit at visible wavelengths. Large anti-

Stokes shift eliminates the need for time-resolved measurements and allows background-free 

detection with high sensitivity. In this article, the limit of detection for different analytes is 

provided with each type of photoluminescent reporter to show the sensitivity range of these 

reporters. However, the limit of detection depends on many factors such as sample matrix, 

antibodies and detection method/reader device, and therefore it is not ideal for comparing 

LODs between different types of photoluminescent reporters.

Compared to laboratory diagnostic methods such as ELISA, the sensitivity of POC 

photoluminescent-based LFAs is still limited. Therefore, many different approaches have 

been explored to improve sensitivity, such as doping photoluminescent reporters into 

nanomaterials such as silica and polystyrene to enhance the chemical and photophysical 

stability and develop FRET-based assays to enhance the signal intensity. The sensitivity can 
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be further improved by developing more sensitive and user-friendly luminescence reader 

devices. Some photoluminescent-based LFAs are coupled with ubiquitous devices such as 

smartphones to allow people to monitor their health more quickly and easily. Furthermore, 

researchers have paid more attention to develop multiplex LFAs to improve the efficiency 

of POC diagnostics by reducing the time and cost of analyzing multiple analytes. Nucleic 

acid-based lateral flow assay coupled with isothermal amplification is another emerging 

type since it significantly improves the sensitivity and specificity by detecting organism-

specific DNA or RNA. Moreover, the sensitivity of LFAs can be further enhanced by 

optimizing assay kinetics to maximize specific binding and minimize non-specific binding 

and amplifying the signal by chemical enhancement or physical stimulus via a reader device. 

In addition, other assay parameters such as sample pretreatment, surface modification or 

blocking of the reporters, reporter size and concentration, running buffer, and membrane 

blocking can be optimized to enhance the sensitivity and specificity of the assay. Although 

a rapid development of LFAs has occurred in the last decade, some issues still need to 

be improved in the future. This includes reducing performance variations within the same 

technique, developing more sensitive and cost-effective reporter technologies and reader 

devices, and developing more simple, convenient flow control strategies.14, 113

These developments will lead to increase the use of photoluminescence based-LFAs in 

medical diagnosis and other fields such as food and agriculture testing and environmental 

testing. In literature, LFAs have been developed using quantum dots to detect food 

contaminants, including pesticide residues114, mycotoxins115, and antibiotics such as 

chloramphenicol.116 Eu(III) chelates have also been used to develop time-resolved multiplex 

LFAs for simultaneous and quantitative detection of pesticides (chlorothalonil), mycotoxins 

(aflatoxin B1 and zearalenone)117, and β-lactam antibiotics118 in food samples. Furthermore, 

QD-based LFAs have been developed to detect cyanobacteria-produced microcystins in 

water119 and for pathogen detection in bottled water120. With the increase in food borne 

disease outbreaks and various diseases due to environmental pollution, in the future, 

LFAs will gain more attention to be used in the food and agriculture industries and in 

environmental testing to obtain accurate and reliable results in a few minutes rather than 

waiting hours or days for results from laboratory testing methods.
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Figure 1: 
Schematic illustration of different diagnostic tests emphasizing the reporters used in point-

of-care (POC) LFA tests.
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Figure 2: 
Different types of lateral flow assays. (A) In the sandwich assay, the analyte binds with 

the reporter-conjugated antibodies on the conjugate pad. When this complex reaches the 

membrane, it binds with the primary antibodies on the test line forming the sandwich 

complex of primary antibody-antigen-reporter conjugated antibody. The excess reporter-

conjugated antibodies are captured at the control line. A positive test is when two lines 

appear, a test line and a control line. (B) In the competitive assay, where the analytes in 

the sample first bind with reporter-conjugated antibodies on the conjugate pad. When this 

complex reaches the membrane, it cannot bind with pre-immobilized analyte on the test 

line since the reporter-conjugated antibodies are occupied with the analyte in the sample. If 

the test is positive, only one band appears due to the binding of excess reporter-conjugated 

antibodies at the control line.
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Figure 3: 
The absorption of incident photons causes an electron in the ground state (S0) to enter an 

excited state (S1, S2, Sn…). A portion of the initial energy is lost via non-radiative relaxation 

(internal conversion and vibrational relaxation) to the lowest vibrational level of the first 

excited state. The electron then relaxes back to the ground state (S0) by emitting a photon 

resulting in ‘fluorescence’ or further non-radiative decay. If the electron’s spin in the singlet 

excited states (Sn) undergoes intersystem crossing generating a triplet excited state (Tn), the 

electron will then slowly decay back to the ground state (S0) from the first triplet excited 

state (T1). This process is called ‘phosphorescence’.
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Figure 4: 
(A) In the mechanism of lanthanide chelates, first, the strongly absorbing ligand (antenna) 

harvests the energy to the singlet excited state (S1), and the excited electron then travels to 

the triplet excited state (T1) via intersystem crossing. The antenna then transfers energy to 

the excited state of the lanthanide ion, and finally, the electron decays back to the ground 

state, resulting in phosphorescence. (B) The Eu(III) complex’s luminescence emission 

spectrum gives six distinct bands from its 5D0 to 7FJ transitions (where J = 0 to 5). Adapted 

from [Heffern, M. C.; Matosziuk, L. M.; Meade, T. J. Lanthanide Probes for Bioresponsive 

Imaging. Chem. Rev. 2014, 114 (8), 4496–4539.]. Copyright [2013] American Chemical 

Society.
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Figure 5: 
The proposed persistent luminescence mechanism of SrAl2O4:Eu2+,Dy3+ (A) the 

Matsuzawa model, and (B) the Dorenbos model. The excitation and trapping are black 

lines, thermal release and relaxation are red lines. An electron is filled black circle, whereas 

the hole is an open circle. Reproduced with permission from reference 86.
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Figure 6: 
A proposed general model of the persistent luminescent mechanism of ZnGa2O4:Cr3+. The 

excitation and trapping are black arrows, relaxation and detrapping are shown by red arrows. 

Reproduced with permission from reference 86.
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Figure 7: 
(A) Schematic diagram of excited-state absorption (ωʹ > ω1, ω0). E0, E1, and E2 represent 

the ground state, intermediate, and excited state, respectively. (B) Energy transfer processes 

between two ions: (i) resonant non-radiative transfer; (ii) phonon-assisted non-radiative 

transfer. (S: sensitizer ions, A: activator ions, Ԑ0 = energy mismatch)
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Table 1:

Organic fluorophore-based lateral flow assays

Analyte LFA format Limit of detection Applied range Analysis time Reference

PSA sandwich 0.32 ng/mL 2 – 10 ng/mL 10 min 33

CRP sandwich 0.091 mg/L 0.1 – 160 mg/L 3 min 31

CRP sandwich 0.133 mg/L 0 – 10 mg/L 10 min 34

Influenza A sandwich 0.25 μg/mL 0 – 1.5 μg/mL 30 min 30

Avian influenza H7N1 sandwich 5.34 × 102 PFU/mL 2.67 × 102 – 6.83 × 104 PFU/mL 15 min 35

Procalcitonin (PCT) sandwich 0.1 μg/L 0 – 101.36 μg/L 15 min 36

Interleukin 6 (IL-6) sandwich 7.15 pg/mL 0.2 – 5 ng/mL N/A 37

Tumor necrosis factor alpha sandwich 10.7 pg/mL 1 – 15 ng/mL N/A 37
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Table 2:

Quantum dots-based lateral flow assays

Analyte LFA format Limit of detection Applied range Analysis time Reference

hCG sandwich 0.016 IU/L 0 – 1000 IU/L 20 min 49

hCG sandwich 0.5 IU/L 0 – 50 IU/L 10 min 50

PSA sandwich 0.33 ng/mL 0 – 128 ng/mL 15 min 51

PSA sandwich 1.0754 ng/mL 0 – 100 ng/mL 10 min 52

Hepatitis B virus surface antigen sandwich 75 pg/mL 75 pg/mL – 75 ng/mL 15 min 53

Hepatitis B virus surface antigen sandwich 0.05 ng/mL 0 – 5 ng/mL 20 min 47

Syphilis sandwich 2 ng/mL 0.2 ng/mL – 2 μg/mL 10 min 45

Tetanus sandwich 0.001 IU/mL 0.005 – 0.1 IU/mL 30 min 46

CRP sandwich 27.8 pM 0.178 – 11.4 nM 20 min 48

CRP sandwich 0.3 ng/mL 0.5 ng/mL – 1 μg/mL 3 min 54

Alfa fetoprotein (AFP) sandwich 1 ng/mL 0 – 100 ng/mL 10 min 55

AFP sandwich 3 ng/mL 0 – 150 ng/mL 15 min 56

carcinoembryonic antigen sandwich 2 ng/mL 0 – 150 ng/mL 15 min 56

IL-6 sandwich 1.995 pg/mL 10 – 4000 pg/mL 18 min 57

human foreskin fibroblast exosomes sandwich 117.94 exosome/μL 100 – 1000 exosomes/μL 10 min 58

Nitrated ceruloplasmin sandwich 1 ng/mL 1 ng/mL – 10 μg/mL 10 min 59

Influenza A virus subtypes H5 and 
H9

sandwich Subtype H5: 0.016 HAU
Subtype H9: 0.25 HAU

1/128 – 128 HAU 15 min 60

Zika virus nonstructural protein 1 sandwich 0.045 ng/mL 0.01 – 1000 ng/mL 20 min 61
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Table 3:

Lanthanide chelate-based lateral flow assays

Analyte LFA format Limit of Detection Applied range Analysis time Reference

PSA sandwich 0.07 ng/mL 5 pg/mL – 0.1 μg/mL 1 – 1.5 hrs 66

PSA sandwich 0.01 ng/mL 0.01 – 5 ng/mL 21 min 67

PSA sandwich 193 ng/L 1 – 100,000 ng/L N/A 68

Cardiac troponin 1 (cTn1) sandwich 2039 ng/L 1 – 100,000 ng/L N/A 68

cTn1 competitive 97 pg/mL 0 – 1.16 ng/mL N/A 69

CRP sandwich 0.2 ng/mL 0.2 – 100 ng/mL 30 min 70

Hepatitis B virus core antigen competitive 0.31 IU/mL 0.63 – 640 IU/mL 15 min 64

Hepatitis B virus surface antigen sandwich 0.03 μg/L 0.05 – 3.13 μg/L 30 min 71

AFP sandwich 0.1 IU/mL 1 – 1000 IU/mL 15 min 72

PCT sandwich 0.08 ng/mL 0 – 40 ng/mL 15 min 73

SARS-CoV-2 sandwich 1,000 TU/mL 103 – 107 TU/mL < 1 hr 74

Eosinophil protein X sandwich 0.082 μg/L 0.13 – 200 μg/L N/A 75

Human neutrophil lipocalin sandwich 0.05 μg/L 0.13 – 200 μg/L N/A 75
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Table 4:

Persistent luminescent phosphor-based lateral flow assays

Analyte LFA format Limit of detection Applied range Analysis time Reference

hCG sandwich 45 pg/mL 0.02 – 4.55 ng/mL N/A 88

PSA sandwich 0.1 ng/mL 0.02 – 10 ng/mL 20 min 9
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Table 5:

Upconversion phosphor-based lateral flow assays

Analyte LFA format Limit of Detection Applied range Analysis time References

hCG sandwich 100 pg/mL 0 – 10 ng/mL 30 min 92

cTn1 sandwich 30 ng/L 30 – 10,000 ng/L 45 min 104

cTn1 sandwich 41 ng/L 1 – 100,000 ng/L N/A 68

PSA sandwich 556 ng/L 1 – 100,000 ng/L N/A 68

PSA sandwich 89 pg/mL 0.01 – 100 ng/mL 30 min 103

Ephrin type-A receptor 2 sandwich 400 pg/mL 0.01 – 100 ng/mL 30 min 103

N-terminal fragment of B-type natriuretic 
peptide precursor

sandwich 116 ng/L 50 – 35,000 ng/L 20 min 97

Hepatitis B virus surface antigen sandwich 0.1 IU/mL 0.01 – 12.8 IU/mL 30 min 105

Hepatitis B virus surface antigen sandwich 20 mIU/mL 20 – 900 mIU/mL 10 min 106

IL-10 sandwich 30 pg/mL 0 – 30,000 pg/mL 40 min 107

Francisella tularensis sandwich 104 CFU/mL 103 – 109 CFU/mL 15 min 108

Schistosoma Circulating Anodic Antigen sandwich 0.5 pg/mL 0.5 – 500 pg/mL 1.5 – 2 hrs 109

Brain natriuretic peptide sandwich 5 pg/mL 0 – 100 pg/mL 20 min 110

Suppression of tumorigenicity 2 sandwich 1 ng/mL 0 – 25 ng/mL 20 min 110
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Table 6:

Summary of advantages and disadvantages of using different photoluminescent reporters in LFAs

Photoluminescent 
Reporter

Advantages Disadvantages References

Organic Fluorophores Higher sensitivity than colorimetric reporters such as 
gold nanoparticles, Ease of functionalization

Poor photostability, Chemical and 
metabolic degradation

7, 111

Quantum dots High photostability, Size-tunable Stokes shift, 
Broad absorption spectra, Narrow emission bands, 
High fluorescent quantum yield, High absorption 
coefficient, High sensitivity

Chemical and colloidal instability 
in biological environments, Toxicity, 
Photoblinking

7, 111, 112

Lanthanide chelates Narrow emission spectra, Long luminescence 
lifetime (μs to ms), Large Stokes shift, Allow time-
resolved measurements which help to eliminate 
the background interference, High sensitivity, High 
photostability

Quenching in aqueous systems, 
Photostability issues when excited 
with continuous exposure under an 
intense excitation source

13, 27, 38, 62, 63

Persistent Luminescent 
phosphors

Long luminescence lifetime (min to hrs), Superior 
resistance for photobleaching, High sensitivity, 
Eliminate the need for continuous excitation and 
expensive optical hardware

Obtaining nano-sized phosphors is 
time and labor-intensive, Some 
phosphors are not stable in aqueous 
systems

9, 79, 81, 82

Upconversion 
phosphors

Narrow emission spectra, Large Stokes shift, Long 
luminescence lifetime, No background fluorescence 
interference, High photostability, High sensitivity

Luminescence efficiency is limited 
by low absorption efficiency, non-
negligible surface defects, and 
concentration quenching

92, 93, 94, 112
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