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Vertical flow assays (VFAs) or flow-through assays have emerged as an alternate type of paper-based assay due to their

faster detection time, larger sample volume capacity, and significantly higher multiplexing capabilities compared to lateral

flow assays (LFAs).  VFA can be used for detecting important biomarkers in diagnostic medicine, particularly when VFA is

paired with gold nanoparticle conjugation.
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1. Introduction

Point-of-care testing (POCT) is a user-friendly, rapid, sensitive diagnostic approach for detecting the presence of targets

of interest that is in high demand in resource-limited settings. During the past 50 years, POCT applications in health care,

agriculture, food safety, forensic science, animal health, and the military have been developed . Among the different

types of POCT, the lateral flow assay is most widely applied across all fields due to its simplicity of operation and rapid

reading. In the past ten years, lateral flow assays based on fluorescent nanoparticles (NPs), luminescent NPs, enzymatic

reactions, and colorimetric NPs have been developed to meet the requirements for higher sensitivity, accuracy, and

multiplexing capability . According to the World Health Organization (WHO) guidelines, POCT should meet the following

criteria: affordable, sensitive, specific, user-friendly, rapid, and robust; requiring no complex equipment; and can be

delivered efficiently to end-users .

Although lateral flow assays are coupled with portable readers such as smartphones and various sensors to obtain

quantitative measurements, lateral flow assays (LFAs) are still limited by (i) low multiplexing capacity (<10), (ii) the hook

effect (false negative), (iii) low sample volume capacity (<100 µL), and (iv) moderate speed (15–40 min), as summarized

in Table 1. For example, rapid commercial tests such as the HIV 1/2 Ag/Ab Combo, the TB LAM Ag test, the Influenza A +

B test, the Malaria Pf Test, ImmunoCard STAT! E. coli O157 Plus and the multiplex lateral-flow assay RAIDTM 5 to detect

biological threat agents are all designed for the detection of a limited number of targets . A typical LFA strip consists

of four overlapping elements mounted on an adhesive backing. The first element is the sample pad, typically made of

cellulose or glass fiber to introduce the sample of interest to the second element, the conjugate pad at a constant rate.

The conjugate pad is typically made of cellulose, glass fiber, or polyesters depending on the type of labeled conjugates

and the assay’s sensitivity . The labeled biomolecules are stored in the conjugate pad and should bind to the analyte

in the sample of interest when the sample of interest reaches the conjugate pad. The analyte-conjugate complex laterally

flows through the third element, typically the nitrocellulose membrane, where specific biological compounds (typically

antibodies, protein, or nucleic acids) are immobilized at pre-defined lines. The analyte, analyte-conjugate complex, and

conjugates should react specifically to the compounds dispensed on the membrane. Lastly, the fourth element, the

absorbent pad, should absorb any remaining sample of interest and conjugate complex . Depending on the molecular

weight or structure of the analyte of interest, LFAs can be majorly classified into two categories: one is LFA, where

antibodies are used as recognition elements to detect proteins, the other is nucleic acid lateral flow assay (NALFA), where

nucleic acids are used as recognition elements to detect amplicons or results of amplification reactions like polymerase

chain reaction (PCR) or recombinase polymerase amplification (RPA) .

Table 1. Comparison between LFAs and VFAs for POCT diagnosis.

Features LFAs VFAs

Sample flow Capillary force External force; Gravity force; Capillary
force 

Flow method Passive Passive; Active 

Sensing response Moderate Fast 
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Features LFAs VFAs

Washing steps Not required Mostly yes 

Timed results Required Not required 

Hook effect Yes Mostly No 

Sample and
conjugate separation

Mostly No Yes 
No 

Sample volume <100 µL 
10–500 µL 

Sample type Urine; Serum; Blood; Plasma; Sweat; Mucus;
Saliva; Stool; Food; Cerebrospinal fluid 

Serum; Blood; Plasma 

Reagents volume <100 µL <10 mL 

Multiplexing
capacity

<10 >30 

Detection method
Fluorescent NPs (QD; UCNP); Luminescent; NPs

(Phosphors); Enzymatic reaction (HRP); Colorimetric NP
(AuNP; CNP/CNT; Latex beads; MNP) 

Mostly colorimetric NPs (AgNPs; AuNP;
SERS-AuNP) ;

Enzymatic reaction (HRP; AP) 

Measurements Qualitative or
Quantitative coupled with portable reader 

Mostly qualitative or quantitative
coupled with benchtop scanner 

Abbreviations: QD: Quantum Dot, UCNPs: Upconverting Nanoparticles, HRP: Horseradish Peroxidase, CNT/CNT: Carbon

Nanoparticle/Carbon Nanotube, MNPs: Magnetic Nanoparticles, SERS: Surface-enhanced Raman Spectroscopy, AP:

Alkaline Phosphatase.

Due to the intrinsic nature of antibody-antigen immunoreaction on each test line, the physical distance of multiplexing test

lines on a single lateral flow strip has hindered operators from incorporating multiple analytes on one strip .

Additionally, crosstalk or poor sensitivity is usually seen in the antibody-based detection of more than four analytes due to

antigenic similarity and compromised buffer conditions. Therefore, it has been particularly challenging to develop

multiplexed LFAs on a manufacturing scale into commercial products . Although researchers have explored multiple

approaches for the simultaneous detection of up to 10 targets by fabricating a star shaped two-dimensional LFA  and

have assessed multiplex detection on a single test line  by having multiple capture antibodies on a single line, these

approaches are limited in how many targets they can interrogate. The hook effect was also observed in LFAs due to the

mixing of reporter and sample, causing false negatives . Nevertheless, paper-based lateral flow assays have proven

their utility in detecting analytes in a wide range of clinical samples, as shown in Table 1. However, the small volume

capacity of such assays has limited the sensitivity, especially for low-level analytes. Clinical samples with high viscosity

usually necessitate dilution to facilitate the flow, further diluting the already low levels of each analyte, thus amplifying the

difficulty of detecting a signal in the LFA .

Another issue with LFAs is their moderate assay response time between 15–40 min. Take for instance LFAs for the

COVID-19 pandemic that has struck worldwide since 2020. Compared to the gold standard of real-time PCR, an

increasing number of LFA-based diagnostics have earned emergency use authorization (EUA) from the Food and Drug

Administration (FDA), under the names COVID Rapid Antigen Test or COVID Serology Test . These tests, which

focus on detecting SARS-CoV-2 nucleoprotein or IgG/IgM against SARS-CoV-2, usually take 15 min to 30 min for a

readout. Indeed, these are “rapid” compared to the hours required for PCR, but not rapid enough for diagnosis by health

care providers facing incessant waves of infected patients. Additionally, with the discovery of increasing numbers of

mutated strains of SARS-CoV-2, it is difficult to identify the early stages of SARS-CoV-2 outbreaks by targeting antigens

or antibodies to one or two specific strains, especially in resource-limited settings . In 2021, growing interest in rapidly

differentiating the symptoms of fever, cold, and headache caused by COVID-19 from those caused by other inflammatory

diseases has created a high demand for an assay capable of rapid multiplex detection .

An alternative to LFAs is rapid vertical flow assays (VFAs), which offer several advantages, including faster response (1–

40 min), no timing requirement (signal maintained for hours after the completion of the assay), high multiplexing capacity

(>1000), the absence of a false-negative-inducing hook effect, and high sample volume capacity (>500 µL) . As a result,

many next-generation POCT diagnostics are beginning to explore VFAs . In recent decades, VFAs with porous
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membranes have been utilized for the multiplex detection of nucleic acids, proteins, antibodies, polysaccharides, and virus

antigens with greatly increased multiplexing capacity in microarray format, as well as increased sensitivity with multi-

stacked protein microarrays coupled with filtration. By combining gravity, external forces, and capillary forces, VFA is

usually faster than LFA. Furthermore, due to the separation step between sample loading and reporter loading, VFAs

avoid the hook effect, which favors the detection of highly concentrated analytes. Finally, VFAs feature high sample

volume capacity, potentially increasing the limit of detection of analytes and allowing room for a higher dilution factor of

clinical samples .

2. VFAs in POCT Diagnostics

Vertical flow assays (VFAs) operate mainly through gravity, where the sample flow is vertical or perpendicular to the

paper, and partially through external force and capillary action . On the other hand, lateral flow assays (LFAs) consist of

a sample flow parallel to the paper’s surface, permitting wicking only by capillary action . This has limited the

sensitivity and multiplexing capability of LFAs since the uniform flow rate of LFAs requires pore sizes of several

micrometers (5 µm to 15 µm), and rapid response requires a limited length (5 cm to 20 cm) of the membrane .

However, LFAs and VFAs share similar fundamental principles, as they both work by immobilizing a capture substrate

onto a reagent pad and applying a sample (in the presence or absence of the target analytes) . First, a typical VFA

membrane (NCM) is cut and separated into two zones: the control zone “C” as a fail-safe and the test zone “T” as a signal

indicator. Then, the NCM is assembled on top of multiple stacked absorption pads and immobilized with a capture

antibody. Next, the NCM is prewetted and loaded with the sample. After absorption, reporters such as gold nanoparticles

(GNPs) are added to the NCM, along with several washes. In VFAs, the interactions between the specific antigen, capture

antibody, and GNPs result in an immediate and permanent colored dot that can be detected by naked eye or with a

smartphone reader. The main biomarkers currently detected in VFA applications are antibodies, protein antigens, and

nucleic acids.

Figure 1. Commonly adopted protocol for vertical flow assays.
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