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g? Abstract: Lateral Flow Immunoassay (LFIA) technology is a paper-based, point-of-care strip
%g biosensor which are designed to detect specific analyte in a given sample. This type of assay is
%4 now of great interest to researchers for its cost-effectiveness, simplicity, portability and rapidness

5
%6 of detection of analytes including but not limited to areas like agriculture, food, biomedicine,
%é pathogen detection etc. Various nanoparticles (such as metal nanoparticles, carbon-based
§9 nanoparticles, quantum dots, lanthanides, up-converting phosphor and more) functionalized by
30
31 antibody to detect analyte protein or molecular marker present in surface of the infectious
§3 pathogen are been used for designing LFIA technique. Herein we review the principle of the
(@]
gg assay and recent advancements in terms of different approaches and designs of the assay towards
B6 the detection of infectious agents and disease.
37
38 1. Introduction:
39 )
40 . . . .
41 Lateral Flow (Immuno) Assay (LFIA) is the technology behind detection devices that are made
42 . . . . .
43 for low-cost, fast and simple detection of analyte of interest in a sample of complex mixture,
j;' where the sample is placed on a test device and the results are displayed within few minutes.
46 Originally, this technique is called “Sol Particle Immunoassay”, introduced by Leuvering ef al. in
47
48 1980 ', however nowadays it is more commonly known as LFIA. In recent years, LFIA based
gg diagnostic devices are being widely studied because of its low development cost and vast range
51 of applications across multiple areas where rapid detection is a requisite. Another major
52
53 advantage of LFIA-based tests is that it can be performed on a variety of biological samples
54
55
56
57
58 1
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which include plasma 2, sweat > 4, saliva > 6, serum 8, urine * 10, whole bloo , etc. and the

quantity of sample required for detection is much lesser than that needed for conventional assays.

Since its development, LFIA has achieved penetration in a broad spectrum of market.
Fig-1 depicts the application in various industries in which LFIAs are already in production or
are known to be in development stages . Amongst different applications of LFIA based tools,
one of the major area is detecting infectious disease. Over the year, various detection methods
have been implemented for fast, correct and low-cost detection of the infection causing pathogen
or molecular marker associated with it e.g. antigen or proteins '*. LFIA allows a wide range of
qualitative, semi-quantitative and quantitative detection of infectious diseases caused by
pathogens with high specificity and selectivity . In general, disease diagnosis and its
subsequent treatment or prevention heavily depends on highly skilled professionals. LFIA
devices can bridge the gap between the production of highly sensitive and selective data for
diagnosis of disease and minimally skilled or trained personal to produce result in a very short

time.
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Figure-1: Market for LFIA as a POC tool or on-field technology use

In a global scenario, nearly 9 million people have died due to various infectious diseases

(Tuberculosis, Gonorrhoeae, HIV/AIDS, Hepatitis, Dengue, Chikungunya to name a few) which

(1) accounts for about 15.8 % of all deaths in 2015 '°. The diagnosis of infectious diseases is mostly
2 laboratory based, time consuming (several days to months), requires well equipped technical
i facilities and highly trained technicians. It is clear that for infectious diseases, diagnostics play a
2 valuable and critical role in the care of patients with the disease and those at risk of developing
7 them. Early diagnostics reduces the chance of death or the severity of disease as there are various
ag treatments available ranging from vaccination to antibacterial drug supplementation. In this
g? scenario, point-of-care (POC) tests like LFIA emerges out to be protagonist in fulfilling the
%g necessities of an early test that has a comparable confidence with laboratory based diagnostic
%4 methods and having the advantages of being rapid, simple, low-cost and the ability of it to be
%2 performed irrespective of a laboratory set-up or a trained person for operation.
5
%g The global risk for infectious diseases is very high and in the upcoming years, developing
31 countries will face this as a major threat as pandemics (Fig-2) '’. Over the past few decades,
§§ nanoparticle based lateral flow biosensors are rapidly been developed to meet the diagnostic
%2’ needs for detecting infectious diseases. In the present review, we emphasize on detection of
B6 infectious diseases with nanoparticle based LFIA devices. Nanoparticles are used as a probe
%573 molecule and serve as the detection module of the LFIA device. Nanoparticles become a material
ig of choice for probes due to its robustness, size and shape dependent tuneable opto-electrical
2; properties, rapid synthesis and ease of functionalization, biocompatibility, persistent stability,
43 visual signal interpretation with high signal-to-noise ratio and low developmental cost. There are
jg several interesting reviews available for the fabrication of LFIA devices using various labels and
j? its application towards biosensing '* > %%, However, only one review was published in 2010 by
jg Ngom et. al. on application of lateral flow test strip devices on detection of infectious agents and
50 chemical contaminants >’. After this, several new strategies as well as improvements are
g; implemented with new-age technology for detection of biomarkers of infectious diseases. The
gi present review aims to provide a comprehensive collection of all the upgradation and recent
55 trends in the detection of infectious diseases using nanoparticle based LFIA devices.
s
58 3
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Figure-2: A total of 2797 international health hazards by type and country, January 2001-September
2013. Eighty-four per cent were outbreaks of infectious diseases. Unpublished WHO data (2013).
Reprinted (adapted) with permission from '”. Copyright (2014) The Royal Society Publishing.

2. Principle of assay

The principle behind lateral flow assay is the movement of the liquid sample or the sample
containing the analyte of interest along a strip (Figure 3). The strip is made with polymeric
materials and have specific zones or sites where molecules have been conjugated with a label.
When the analyte containing sample passes through these zones, they interact with the molecules

designed to bind specifically to the analyte present in the sample.
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Figure-3: Schematic representation of a LFIA device (a) Positive result while analyte of interest present

in the sample, (b) Negative result while analyte of interest is not present in the sample

As shown in the Fig-3; a sample pad, which is placed at one end of the strip helps to promote and
evenly distribute the sample to its next component, the conjugate pad. The sample pad is
generally made up of cellulose, cross-linked silica or glass fibres "> ?°. The choice of material to
produce sample pad is based on the material’s property to hold certain buffer solutions, proteins,
surfactants, etc. while applying the test material to facilitate the flow upon addition of buffer **,
The conjugate pad which is generally made of cross-linked silica is used to hold probe particles
and it keeps them functionally stable and active. Additionally, the interaction between the
nanoparticles and the sample pad should be weak in order to release the conjugated particle
while encountering a moving fluid. This is accomplished by using buffer or mixture of buffers

which typically contains carbohydrate molecules. These sugar molecules (like sucrose) stabilize

5
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the probe particles by forming a layer around them thus making the particles shielded from
degradation *°. The probe particles are conjugated to an antibody or a molecule which
specifically binds to the target analyte. In most of the cases the probe used is a conjugated
colloidal gold nanoparticle (AuNP). However, few recent reports have also demonstrated the
used of other nanoparticles like silver 3 0, carbon * 1, selenium * or coloured latex particles 33 , etc
as probe for LFIA devices. After crossing the conjugate pad, the flowing fluid, now also carrying
the probe particles which are either free or bound to the target analyte (if present in the sample)
comes into a membrane typically made of nitrocellulose. This membrane has two different zones
or lines namely Test and Control zones or lines. Biological components mainly antigens or
antibodies are immobilised to form these lines. The next step is the interaction between target
analyte and specific antibody coated in the Test and Control zones. The design of the assay is
made in such a way that if the analyte of interest is present in the sample, it will be captured by
the antibody present in the Test zone. This antigen-antibody aggregation will result in developing
a colour or band formation at the site of the Test zone depending upon the type of label used
(such as AuNPs) **. To conclude that the flow through the membrane has been properly
established, response in Control zone is observed. It is independent of the target analyte and it
will always form the band even if there are no analyte molecules present in the given sample.
This happens because of the interaction of the unloaded probe and the antibodies present in the
Control zone. A positive test is indicated by the development of bands at both the Test and the
Control region, while band formation only in the control zone demonstrates a negative test (Fig-
3). Response either only in Test zone but not in Control zone or no response at all in any of the

zones is indicative of an invalid result %'

There are two types of format exploited for the immunoassay- Sandwich and Competitive assay
'8 Sandwich format is applicable for analytes with more than one epitopes. In this case, one site
of the target analyte binds with antibody conjugated with label molecule for eg. AuNP. This
antibody-gold conjugated target analyte then flows through the membrane and it comes into
contact with another antibody specific to any other binding site of the target analyte in the Test
zone. The capture of antibody-AuNP-antigen conjugate and antibody present in the Test zone
makes the pattern or line that can be visually verified or can be detected via optical/magnetic

detectors based on the type of label used.
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When the analyte is of low molecular weight and/or is a hapten i.e. it has only one binding site or
epitope, the competitive format is used. In this format, the signal is negatively correlated with the

to the concentration of the analyte 3

. Immobilised analyte conjugated with antibody-AuNP
complex is sprayed over the test line giving a strong response in signal. While the analyte flows
through the strip, it competitively binds with the antibody and thus releases the antibody-gold
nanoparticle conjugate from the Test line and thus the signal gets reduced with increasing

concentration of the analyte.

Nanoparticles are widely used as label or probe molecules for detection in LFIA devices.

Coloured or fluorescent nanoparticles in the range of 15 — 800 nm is ideal as the small size does

gg not interfere with the flow or the path of the flow. As mentioned earlier, though AuNP is the
g; popular choice for label, there are other nanoparticles that are also been employed. Liposomes
%3 incorporated with bioluminescent dyes *°, quantum dots *’, upconverting phosphorus technology
%2 8 Surface Enhanced Raman Spectroscopy (SERS) reporters *°* are some of the new
%g approaches for better sensitivity and quantitative analysis.

%g Surface functionalization is a key part for using nanoparticles as label in LFIA systems. The
g? major role of nanoparticles involving in sensing of specific analytes in LFIA platform is its
g; ability to bind with biomolecules such as antibodies. This conjugation is achieved by adsorption
84 of the ligand moiety to the surface of the nanoparticle. Though weak interaction forces are
gg involved in conjugation process, this can degrade the antibody or the protein attached to it **,
%é Hence, surface functionalization of nanoparticles is done prior to conjugation for stability of the
ig conjugated system. Poly(ethylene glycol) (PEG) is the most commonly used polymer to coat the
41 surface of nanoparticles. PEG modified with thiol group (-SH) in one end and carboxy group (-
?é COOH) or amine group (-NH;) in another end is predominantly used as it can attach with the
j;' AuNPs surface via thiol bridge and the antibody can attach at the other end via aldehyde-
46 carboxyl/amine interaction **. Surface modification with carbohydrate molecules can also be
2573 done for potential biosensor and diagnosis application **. For a detailed overview on surface
gg functionalization of different nanoparticles, readers may refer to reference 46-49, which is
g; beyond the scope of the present review **%.

gi Another form of LFIA is nucleic acid lateral flow immuno assay (NALFIA), which is used to
gg detect presence or absence of amplified ds-nucleic acid structure (amplicons) specific to the
57
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pathogenic organism. There are several formats reported for NALFIA: 1) ds-amplicon marked
with two different tags at two strands; one is biotin labelled and other one is a fluorescent tag.
Avidin coated nanoparticle binds to the biotin labelled strand and anti-tag antibody captures the
other strand labelled with tag and thus signal produced is directly proportion to the amount of ds-
amplicon present *’. 2) Nanoparticle conjugated reporter probe and biotin tagged capture probe
for ss-amplicon detection. The capture probe is immobilised by avidin interaction and the
amplicon binds with both the probe to generate the signal °'. The capture probe can also be BSA

tagged or can be simply immobilised in the strip through passive adsorption.

3. LFIA Application strategies for diagnosing infectious disease:

In the following sections we have divided the LFIA devices in two broad categories based on the
type of the disease 1. Pathogenic bacterial strains and toxins and 2. Protozoal and viral infection.
AuNP is the most exploited nanoparticle reporter in the LFIA devices for its stability, ease-of-
synthesis, surface modification and functionalization for desired change in the physical and
chemical properties which leads to its optimum function as a reporter molecule as needed for the
device. Besides AuNPs, Carbon nanoparticles (CNPs), Quantum Dots (QDs), Up-converting
phosphor (UCP) and other nanomaterials are also being used for detection of infectious agents
through LFIA. A brief discussion on all the above categories is represented in Table 1 and 2 with
focus on reported works with promising results along with some enhancement or modification

over the existing techniques for improved sensitivity and detection limits.
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Table-1: LFIA devices for detecting Bacterial infection

Bacterial Analyte Sample used for Type of label LFIA principle Sensitivity or LOD References
detection
Escherichia coli 0157 Fecal samples from AuNPs 40 nm AuNP conjugated 1.8 x 10° CFU/mL without >
bovine and swine, Murine monoclonal enrichment and 1.8 CFU/mL
raw beef, pork antibody (mAb) to E. coli | after enrichment
O157:H7 Specificity: pork (98.8%),
lipopolysaccharide (LPS) | bovine feces (87.9%) and
swine feces (93.4%)
Escherichia coli O157:H7 milk powder, flour, AuNPs Colloidal gold conjugated | 1 x 10° CFU/mL with no >
starch, coffee, double antibody sandwich | cross-reaction with 30
biscuit, cake, jelly assay strains of 24 species in
and juice. Enterobacteriaceae
(including non-O157 E. coli,
Salmonella, Shigella,
Proteus, Citrobacter,
Enterobacter, Serratia and
Yersinia), Staphylococus,
Listeria, Aeromonas and
Vibrios
Spiked milk, purified | AuNPs Colloidal gold conjugated | Without IMP 10° CFU/ml >

water and beef

with E. coli O157:H7
mAbs. Immunomagnetic
separation (IMS) is done
by immunomagnetic

particle (IMP) conjugated

With IMP 10° CFU/ml
Sensitivity: 95.5%
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Analyst

with E. coli O157:H7
polyclonal antibodies

(pAb)

Escherichia coli O157:H7

Culture both

Fluorescent

microsphere

Fluorescein
isothiocyanate fluorescent
microspheres conjugated
with E. coli O157:H7
mAbs.

1.6x10° CFU/mL

S5

Escherichia coli 0157

Salmonella typhimurium

Culture broth

AuNPs

AuNP conjugated with
antibodies against E. coli

0157 and S. typhimurium

E. coli 0157: 10° CFU/mL
S. typhimurium: 10° CFU/mL

56

Escherichia coli

Standard buffer,
bottled water and

milk samples

Streptavidin-QD 655
(quenching by
Graphene oxide (GO)

in absence of pathogen

Streptavidin-QD
conjugated biotinylated
antibody against E. coli

followed by treatment

10 CFU/mL in standard
buffer
100 CFU/mL in bottled

water and milk

57

(OFF state)) with GO
Salmonella enteritidis Raw eggs AuNPs anti-S. enteritidis 10" CFU/mL ¥
antibodies conjugated to No cross reactivity with
colloidal gold particles Salmonella typhimurium
Bacteria spiked milk | AuNPs 15nm AuNP conjugated 10 CFU/mL >
powder DNA
AuNPs AuNPs conjugated 16s 5 fmol for synthetic DNA 60
rDNA/rRNA
Staphylococcal Enterotoxin B Simulated samples of | AuNPs 25 nm AuNP conjugated 1 ng/mL o

human urine, serum

and cow milk

with purified anti-SEB
IgG

With silver enrichment:

10 pg/mL

10
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Analyst

powder

Anthrax (Bacillus anthrax)

Milk, water samples

AuNPs

IMS of anthrax spores
followed by lateral flow
assay with AuNP as label

5 x 10° CFU/mL

62

Bacillus anthracis

Culture media

super-paramagnetic

nanoparticles

mADb 12F6 conjugated to
super-paramagnetic iron

oxide particles

400 pure B. anthracis spores

4x10°-10° CFU mL ™!

63

Bacillus anthracis

Spiked samples of
milk powder, starch

and baking soda

Carboxylated super-
paramagnetic iron

oxide particles

mAbs 12F6 against B.
anthracis conjugated with
super-paramagnetic iron

oxide particles

500-700 pure B.
anthracis spores

6x10* spores/g  in  milk
powder, 2x10° spores/g in

starch and 5x10° spores/g in

64

baking soda

Enteropathogenic E. coli Supplemented stool AuNPs AuNP conjugated anti- 4 ng/mL B
(EPEC) and sample EspB IgG In stool sample: 0.06 pg/mL
Enterohemorrhagic E. coli Sensitivity: 96.9%
(EHEC)
Campylobacter jejuni Fecal extract AuNPs mAb (4B4) against a 1.8 x 10* to 8.2 x 10° 66

15KDa cell surface CFU/mL

antigen-colloidal gold Sensitivity- 84.8%

conjugate
Aflatoxin B1 (AFB1) Culture media GO or carboxylated Anti-AFB1 mAb labeled Visual LOD: 0.3 ng/mL o

GO (GO-COOR)

with GO or GO-COOH

Aflatoxin B, (AFB,)

Culture media

Magnetic nanogold

microspheres with

Monoclonal anti-AFB2
antibody (clone 3A7)

27 ng/kg

68

11
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Analyst

nano-Fe,O; particles as

conjugated Nano-Fe,0;

core and AuNPs as particles
shell
Aflatoxin M1 (AFM1) Spiked raw milk Immuno magnetic MNBs conjugated with 0.1 ng/ml in raw milk ©

nanobeads (MNB)

anti-AFM1 antibody

Aflatoxin M1 (AFM1) Raw milk samples Immuno MNB Anti-AFM1 mAb 0.02 pg/L 70
conjugated MNBs
Fumonisin mycotoxins Maize flour sample CdSe/ZnS QDs BSA tagged fumonisin Visual LOD: 1.56— m
antigen conjugated with 6.25 ng/ml
QD (fluorescence
quenching by AuNP
conjugated anti-fumonisin
antibody)
Botulinum (Clostridium Spiked fecal sample | AuNPs AuNP conjugated 50 pg/ml ”
botulinum) monoclonal Botulinum
Neurotoxin Type D
(BoNT/D) antibody
Spiked samples of AuNPs AuNP conjugated anti- 50 ng/ml 7
serum, urine and BoNT/A heavy chain With silver enhancement:
cooked meat broth mAbD (44.1) 1 ng/ml
Spiked milk sample, | AuNPs AuNP conjugated with In 2% and 1% milk ™

orange and apple

juice

two different mAbs: F1-
51 (BoNT/A HC-
specific) and BoB-92-32 (
BoNT/B HC-specific)

BoNT/A: 5 ng/ml
BoNT/B: 10 ng/ml
In diluted apple juice
BoNT/A: 25 ng/ml
BoNT/B: 10 ng/ml

12
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Analyst

No cross reactivity between

BoNT/A and BoNT/B

75

Staphylococcus aureus Pork, raw chicken, AuNPs anti-protein A IgG was Sensitivity: 100% with 28 S.
crab meat and conjugated with AuNPs aureus strains and 23 non-S.
inoculated beef, fried aureus strains
chicken, corn flake,
cooked rice, noodle
Naturally AuNPs anti-protein A IgG Sensitivity:100% 7
contaminated food conjugated AuNP Specificity: 96-100% with
samples 44 non-S. aureus strains
Respiratory samples | AuNPs Monoclonal anti-S. aureus | 10° CFU/ml 7
antibody conjugated 40
nm colloidal gold
particles
Staphylococcus enterotoxin B Spiked tap and Sulforhodamine B Dextran/BSA/rhodamine | 20 pg/ml (Liner range: 0.02- | ™
(SEB) surface water, apple | (SRB)-encapsulating B isothiocyanate 5 ng/ml)
juice, raw milk, ham | immunoliposomes conjugated thiol
extracts, cheese derivatized anti-SEB
extracts antibody.
Recombinant SEB Hollow gold Anti SEB pAb 0.001 ng/ml %0

nanospheres (HGNs)
with Malachite green
isothiocyanate
(MGITC) as Raman
reporter (Raman-active

probe)

13
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Analyst

Stretococcus suis Bacteria isolated AuNPs AuNP conjugated 10° CFU/ml ”
from diseased antibody against SS2
piglets, healthy (serotype-2)
piglets and human
patients
Bacterial culture AuNPs colloidal gold coated with | 10* CFU/ml 50
solution pAbs against serotype 2 0.05 pg of CPS
capsular polysaccharides
(CPS)
Pneumolysin (Streptococcus Pneumolysin sample | Au@Ag with Au@Ag with Rhodamine | 1 pg/mL o
pneumoniae) Rhodamine as SERS as SERS reporter
reporter conjugated anti
pneumolysin
antibody, PLY-7)
Enterobacter cloacae Simulated water AuNPs colloidal AuNPs 10> CFU/ml il
sample conjugated with
monoclonal anti-£.
cloacae antibody
Enterobacter sakazakii Spiked infant CNP Neutravidin labelled CNP | <10 cells of Cronobacter sp. | **
formulae samples to bind with biotin tagged | per 10 g
amplicon
Leptospira sp. Human sera AuNPs Leptospira specific Sensitivity: 85.8% B

antibody against broadly
reactive leptospiral
antigen and colloidal

gold-labelled anti-human

Specificity: 93.6%

14

Page 14 of 67


http://dx.doi.org/10.1039/c8an00307f

age 15 of 67

OVCoOoONOOTULDdD WN=O0O

A D ADDDADWWWWWWWWWWNNRNNDN K oPRligsedon20 March 2018, Downloaded hy UNY ERSHQAR RE BUENQS ALRES on 26{03/2
U RPN SO0 IR ON 2SRRI REON =0

Analyst
IgM antibody
Culture media AuNPs colloidal AuNPs Specificity: 100% ¥
conjugated mouse anti- LOD: DNA concentration
fluorescein antibody to 3.95 x 10™" genomic
detect m-LAMP label equivalent ml™'
based biotin/fluorescein
labelled LipL32 gene
amplicons
Vibrio cholerae Serogroup O1 | Culture media AuNPs Murine mAb against V. Sensitivity: 93-100% (O1), B
and O139 cholerae LPS conjugated 100% (0139)
AuNPs Specificity:100% (O1), 98-
100% (0139)
10* and 10’ CFU/ml for O1
and O139 respectively.
Vibrio cholerae 0139 Seafood samples AuNPs VC-273 Mab conjugated | 10* CFU/ml %6
to AuNPs 1 CFU/ml with pre-
incubation of sample with in
alkaline peptone water for 12
hours
Vibrio parahaemolyticus Culture media grown | CdTe QDs pAD against V. 5.03 x 10* cfu/L ¥

bacterial antigen

parahaemolyticus
conjugated with CdTe
QDs; quenching by mAb

15
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Analyst

labelled AuNPs

88

Treponema pallidum (Syphilis) | Serum samples from | AuNPs 9 commercially available | Sensitivity: 84.5-97.7%
8 geographically rapid Syphilis tests Selectivity: 84.5-98%
diverse sites
Mycobacterium tuberculosis Whole blood and AuNPs 40 nm AuNP conjugated 5 ng/ml ¥
Tuberculosis (TB) serum spiked with M. with protein-A
tuberculosis antigen
Listeria monocytogenes Bacterial culture AuNPs AuNP conjugated 0.5 pg/ul of genomic RNA %
nucleotides to detect hlyA | 20 CFU/ml
mRNA
Listeria monocytogenes Spiked milk samples | CNP CNP-neutravidin 0.1 ng of labelled amplicon ol
and other food conjugate to bind to biotin | 50 pg of L. monocytogenes
samples (including modified aptamer template DNA
salad, frozen (approximately 10’ cells)
vegetables etc.)
Helicobacter pylori Human fecal sample | AuNPs mixture of DF2a and 10* CFU/mL %
IH10b mADb conjugated
AuNP
Cronobacter spp. Pure culture and AuNPs Biotin labelled 16s 10" CFU/mL &
powdered infant ribosomal DNA of
formula (PIF) Cronobacter sp. detected
using streptavidin linked
AuNPs
Salmonella typhimurium Bacterial culture Liposome entrapped Thiol derivative of anti- 1,680 cells o

derived antigen

Methylene Blue (MB)

Salmonella antibody

16
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conjugated with
maleimide-derivatized

liposomes containing MB

Salmonella choleraesuis

Pure culture and

Gold magnetic

anti-S. choleraesuis mAbs

Sensitivity:5 x 10° CFU/mL

95

Prblighes 920 March 2018, Dawnloaded by UN{Y BRSIQAR RE BURNGS ALRES on 263/2

spiked whole milk bifunctional nanobeads | (11D8-D4) conjugated
(1) samples (GMBN) GMBN
2 Brucella sp Bacterial culture UCP pAb against B. melitensis | 2.0 x 10° to %
2 MS55009 covalently 3.9 x 10° CFU/mg
5 coupled with UCP
6 particles
7
8 Pantoea Spiked corn seed Lanthanide (Europium | Anti-Pss antibody 10* CFU/mL 7
9 stewartii subsp. stewartii samples chelate-coated silica conjugated Europium
0
1 nanoparticles) chelate-coated silica
2 nanoparticles
;2 Y. pestis and B. pseudomallei Bacterial culture uUCpP mADb against Y. Sensitivity: 10° CFU/test %
25 pestis and B. pseudomallei
;? conjugated UCP
28 Pseudomonas Bacterial Culture AuNPs AuNP conjugated pAb 500-5000 CFU/mL »
;g aeruginosa and Staphylococcus against P. aeruginosa and | Specificity: 100%
31 aureus S. aureus
32 E. coli O157:H7 and Recovered bacteria AuNP AuNP conjugated anti-S. | E. coli O157:H7: 1.87 x 104 | '™
33
34 Salmonella typhimurium from contaminated aureus and anti-E. coli CFU
35 lettuce 0157 antibody S. typhimurium: 1.47 x 104
36
37 CFU
38 After enrichment
39 E. coli O157:H7: 1 CFU
40
41
42
43 17
44
45
46

N
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S. typhimurium: 1 CFU
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3.1. LFIA for detecting bacteria and bacterial infections

There are various bacterial toxins and food borne infectious diseases where LFIA devices are
used for rapid detection. Staphylococcal enterotoxin B (SEB) has been reported to be detected
using 25 nm colloidal gold as label with anti-SEB IgG with detection limit of 1 ng/mL in less
than 5 minutes ®'. An improvement over conventional SEB detection was reported by using
fluorescent immunoliposomes which allowed the detection of SEB close to 20 pg/mL . SERS
based enhancement for detection of SEB has shown detection limit of 0.001 ng/mL. Here,
MGITC, a SERS reporter conjugated with gold nanospheres has been used as label in the assay
0 Anthrax, a deadly infectious disease caused by Bacillus anthrax has also been investigated
through LFIA. Anthrax incidents in 2001 and its potential to be used as a weapon in bioterrorism
led researchers to develop method for fast and sensitive detection of spores causing anthrax in
food and feeds '°" 2. For this, an additional step of IMS was performed prior to subjecting the

sample to a LFIA device. This has proved successful in sensing spores of Bacillus

IMS

Lateral Flow
|

Supernatant

Immunocapture Magnetic Detachment Detection
(30 min) Separation (95% Formamide) (10 min)

Figure-4: Principle of IMS and LFIA for detection of Bacillus anthrax spores. Anti-spore antibodies
coupled with COOH-magnetic beads are used for immunocapture. Magnetic separation is achieved by
using magnetic field. The spores are recovered using Formamide and EDTA and are used directly in

LFIA device. Reprinted (adapted) with permission from . Copyright (2009) John Wiley and Sons.

19
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Bno(mlabchdc-oplnmcf 0
cé’) ‘f’) -

A-patamer
% —
’ DNA polymerase
NN

Amplificd ssDNA

Amplified product
l Sample pad

AuNPs-DNA probe

Conjugatc pad

h

Test Zone

(KN

Streptavidin coated

magnetic beads

Enriched bacteria-
mcr complex

Extension

_#%__‘_,

Nicking and Extension Nicking enzyme

INitrocellulose
membrane Absorption pad

Control Zone

Backing

Figure-5: Schematic design of aptamer based detection of Salmonella enteritidis, A. Magnetic separation

using streptavidin coated magnetic bead. The biotin labelled aptamer bound bacteria is detected by

streptavidin interaction and magnetically separated which is followed by strand displacement

amplification leading to production of amplified sample containing ss DNA, B. The LFIA strip containing

ss DNA-AuNP probe for detection. Reprinted (adapted) with permission from >

Elsevier.

Copyright (2014)
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anthracis in water and dairy products with a spore recovery of 95% from IMS ® with 10°-10’
CFU mL™" of spores in milk or water sample. IMS is achieved by using anti spore antibodies
conjugated with COOH-magnetic beads. Magnet is used to separate the complex and formamide

and EDTA are used to elute the spores which are then used in the LFIA device (Fig-4).

Human salmonellosis diagnosis had also been established by LFIA which was designed to detect
Salmonella enteritidis with a detection limit of 10’ CFU/mL without any cross reactivity with
Salmonella typhimurium >*. As low as 10 CFU/mL of Salmonella enteritidis was detected by
using aptamer based strand displacement amplification (SDA) *°. In this process, the bacteria are

first mixed with excess amount of aptamers of two types which specifically binds to the bacteria.

gg One of which is biotin labelled and the other carries the sequence for SDA. Then streptavidin

g; labelled magnetic beads are used for magnetically separating the S. enteritidis bacterium from

@3 other species. This magnetic bead- aptamer-bacteria complexes are then directly amplified by

24

355 SDA and the amplified product containing ssDNA is applied on LFIA test strip and subsequently

%g detected as shown in Fig-5. A Gram negative bacterial strain, Escherichia coli O157:H7 causes

%8 hemorrhagic colitis and hemolytic uremic syndrome in humans '. LFIA strip for rapid detection
9

B30 of E. coli O157:H7 was developed by Jung et. al in 2005. This assay is based on murine mAb to

%; the said antigen (E. coli O157:H7 LPS) conjugated with 40 nm colloidal AuNPs with a lowest

%i detection limit of 1.8 x 10° CFU/mL without any enrichment > Later study has reproduced

25 similar detection limit viz. 1 x 10° CFU/mL from various food samples viz. milk powder, flour

B6

37 etc. . Immunomagnetic enrichment technique has further increased the sensitivity for the

3 S0 h h has furth d th for th

gg detection of E. coli O157:H7 with detection limit of 10> CFU/mL with 95.5% sensitivity and

40 100% specificity **. Another study has reported aptamer mediated magnetic enrichment as well

41

42 as strand displacement amplification method for the detection of E. coli 0157:H7 with a

43

44 detection limit of 10 CFU mL™" '%. In this study, they had used two different aptamers which

22 selectively binds to two different outer membrane proteins of E. coli. One of the aptamers were

47 biotin labelled which were magnetically enriched by streptavidin labelled magnetic beads

48

49 separation. The other aptamer was used for amplification and subsequently targeted for detection

g? via NALFIA. In this context, carbon-based nanoparticles and nanomaterials are also been

52 exploited as label in LFIA devices. Carbon based nanoparticles was preferred for their very low

=3 p P p y

54 production cost, high contrast signal and ease of scaling-up reactions °. Fluorescence quenching

55

56

57

58 21
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of QDs by GO 2D nanosheets as mechanism of detection has been used to detect as low as 100

CFU/mL of E. coli in

Lateral Flow Strip

QDs
(Control Line)

Ab-QDs
(Test Line)

Figure-6: Schematic representation of the working mechanism of GO quenching mechanism of
fluorescence in absence (OFF mode) and presence (ON mode) of bacteria. Reprinted (adapted) with

permission from *’. Copyright (2015) American Chemical Society.

bottled water and milk samples . The detection mechanism is described in Fig-6. When the
analyte is not present in the sample GO can effectively quench the fluorescence of the QDs (OFF
mode). In presence of analyte, this quenching is hindered and fluorescence signal is detected
(ON mode). Detection of EPEC and EHEC by using AuNP based LFIA are also reported with a
specificity and sensitivity of 100% and 96.9% respectively ®. In-solution hybridization for
detection of specific sequences of 16S ribosomal RNA has allowed to detect 5 x 10* CFU/mL of
E. coli within 25 minutes (Fig-7) '%°. Campylobacter species are reported as the causative agent
for human bacterial gastroenteritis in many industrialized countries '°°. A 15 KDa cell surface
protein of Campylobacter jejuni has been targeted for the rapid detection by LFIA from human
fecal extract. Within 15 minutes, a specificity of 100% and a sensitivity of 84.8% was achieved

with the designed LFIA device .

22
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1
2
i There are various enterobacteriaceac family members (like Shigella sp., Aeromonas sp. etc.),
5 detection of which can be carried out by LFIA devices. The detailed description about these
6
7 LFIA
8
? One step lysis &
° | | A fragmentation
go OO 2‘ g:> @ (J Fragmented @ I
g 1 ' RNA AuNP-ODN conjugate | Helper ODN
J2
Bacterial cell n-solution
%2 h;'brldlls:uon J (,J'] Fragmented 16S rRNA l Biotinylated capture ODN
@35 S
% 6 ﬁ Neutravidin . Anti-mouse antibody
87
g8 s
a 9 DNA/DNA control conjugate Y Anti-digoxigenin antibody
20
g1
22 RNALFA
%]
24
:225 ® ——
>
%6
7
%8 @ © -
29 g Glala
éo Direction of
81 l'lo“ '
82
33
4
§5 Figure-7: Principle of Ribonucleicacid Lateral Flow Assay (RNALFIA); A. Lysis and subsequent
36 fragmentation of E. coli cells produces fragmented RNA which is required for the Four component
7
%8 hybridization with AuNP-oligodinucleotide (ODN) conjugate, Biotinylated capture ODN and a Helper
ig ODN. This hybridized assembly is then applied on the lateral flow strip with Neutravidin immobilized at
41 Test line and anti-mouse antibody at Control line. Reprinted (adapted) with permission from '*°.
fé Copyright (2014) Royal Society of Chemistry.
44
45
46
47 device can be found in '”’. Enterobacteriaceae family members are known for causing various
48
49 water borne diseases. They produce various endotoxins and exotoxins which causes the
50 . . . . . . . ... ..
51 pathogenesis of the infection by interacting with the digestive juices resulting in enormous water
gg loss from the body. Botulism is a fatal infectious disease caused by a neurotoxin botulinum
54 (BoNT) produced by Clostridium botulinum and is capable of causing paralytic illness in human
55
56 when found even in very small amount in food '°. The toxin is classified in 7 antigenic types (A-
57
58 23
59
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G) based on their absence of cross-neutralization e.g. anti-G antitoxin does not neutralize toxin
type A-F '%°. Detection of BONT/D by sandwich format LFIA has been established using AuNPs
as label with a detection limit of 50 pg/mL . Similar strategy has been used for BoNT/A
detection where mAb against BONT/A conjugated with AuNP has been used. This detection
showed no cross reactivity with BONT/B or BoONT/E when silver enhancement reagent was used
to amplify the signal generated from colloidal gold. The detection limit for this LFIA strip was
found to be 1 ng/mL ”*. Simultaneous detection of BONT/A and BoNT/B is reported by using
separate mAbs with high affinity and specificity for the two mentioned serotypes '*. Another
bacterium, Staphylococcus aureus is the leading cause of food poisoning specially in processed
and canned foods ''°. LFIA based on sandwich format was developed for detecting S. aureus in
processed food (pork, beef, fried chicken) 7. The sensitivity of the immunochromatography test
was found to be 100 % when tested with 28 S. aureus and 23 non-S. aureus strains. Stretococcus
suis has been identified as a causative agent of meningitis, endocarditis in humans ' 2. A
LFIA strip based on colloidal AuNPs has been developed against serotype 2 which is the most
common and pathogenic both to humans and pigs . The sensitivity of the
immunochromatography strip was found to be 10° CFU/mL. A recent breakthrough in detecting
Enterobacter cloacae was achieved by using IMS of E. cloacae from sample and then detecting
it with monoclonal anti-E. cloacae antibody conjugated with colloidal AuNPs . E. cloacae can
induce various pathogenic conditions including respiratory tract infection, urinary system
infection, skin and soft tissue infection, and septicemia 13114 The LFIA test strip showed 10
CFU/mL of E. cloacae detection with IMS which is 10 times lower LOD than that of the direct
detection. mAb against Vibrio cholerae subtype O1 and O139 has been used with colloidal gold
for multiplexed detection of the subtypes of V. cholerae. The detection limit of the device was
found to be 10°~10’ CFU/mL *. There are several toxins (like mycotoxins, aflatoxins etc.)
produced by various bacteria or fungi, some specific type of bacterial infection (like Listeria sp.

: . . . . : 23 115-119
infection) are extensively described in other reviews ’ .
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Table-2: Comparative study on various viral and protozoal diseases in regards with LFIA based diagnosis

LFIA Based Diagnosis
Disease Causing | Laboratory Sensitivity Type of label Analyte Label used Sensitivity or Referen
Condition agent diagnosis or LOD ces
LOD/Drawb
ack
Protozoal
1. Malaria Plasmodi | Laboratory- Parasitemias | AuNP Plasmodium Lactate Colloidal Parasitemias of | '
um based thin of 50 Dehydrogenase AuNP labelled | > 100
falciparu | blood smear parasites/ uL (pLDH) pan-specific- parasites/pL
m microscopy anti-pLDH-
(major) mAbs
Other
Plasmodi
um
species
AuNP, Silver Ni(ID)- 2000 2
nanoparticle nitrilotriacetic parasites/puL
(AgNP) acid (NTA) parasitemia
functionalised
AuNP and
AgNP
25



http://dx.doi.org/10.1039/c8an00307f

OVCoOoONOOTULDdD WN=O0O

BADDDADDWWWWWWWWWWNRNRNNN KN RPBIIRedon20 Mach 2018. Dawaloaded hy UNY ERSIQAR RE BURNQS ALRES on 20/03/2
NOUPWNIZIOOOVNOGORAOUNIOVORIGOLRWON = O

Analyst

AuNP

AuNP

AuNP

Thermally
responsive
magnetic
nanoparticle

(MNP)

10 ng/mL of
pfHRP-II

122

AuNP
conjugated
anti-pLDH
with QR
barcodes linked
with Google
Analytics

10 ng/mL of
recombinant

pLDH

123

Micellar
Aqueous Two-
Phase System
(ATPS) with
anti-pLDH
conjugated

AuNP

1 ng/ pL

124

CNP

Biotin labelled 18s
RNA of Plasmodium

Sp

Neutravidin
labelled CNP
to bind with
biotin tagged

amplicon

0.3t03
parasites/puL.

31

Leishmaniasis

Leishman

ia

Skin biopsies,
ELISA,

Sensitive but

time

AuNP

Leishmania infantum

kinetoplast DNA

20 nm AuNP

conjugated

0.038 parasites
(1 parasite/100

125

26
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Analyst

infantum | Immunofluores | consuming pAD to uL of DNA
cence and difficult recognize anti- | sample)
to operate FITC
antibodies.
Schistosomiasi | Schistoso | Eggs Time Up-converting Schistosoma Mouse 0.5 pg/mL 126
s ma sp. identification consuming phosphor (UCP) Circulating Anodic monoclonal
in stool, and highly Antigen (CAA) anti-CAA
ELISA, expertise antibody 147
Microscopy technician coupled to 400
and facilities nm UCP
are must reporter
particles
S. UCP Schistosoma CAA Mouse 30 pg CAA/mL |
haematob monoclonal serum;
ium anti-CAA (equivalent to
antibody 147- about 10 worm
3G4 coupled to | pairs)
400 nm UCP
reporter
particles
Viral
Influenza Influenza | HI assay, HI Assay: AuNP Hemagglutinin (HA) AuNP labelled | 0.25 HA units 128 129
virus seroconversion | 92% Mab against
with detection HA
different | between acute-
subtypes | and
27
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convalescent-

stage samples

AuNP

AuNP

M gene, H1, H3. HS

gene

streptavidin
coated AuNPs
linked with the
biotin moieties
incorporated in
the middle of
the DNA

strands

10% copies

130

AuNPs to
capture biotin
labelled
reverse-
transcription
loop-mediated
isothermal
amplification

(RT-LAMP)

10 copies

131

AuNP

Flu A antigen, Flu B

antigen

Silver growth
on AuNP
conjugated

anti-Flu A

Sensitivity and
specificity:
Flu A-91.2%
and 95.8 %
Flu B-94.4%
and 98%;

respectively

132

28
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AuNP

Nucleoprotein and

matrix protein

Anti-
nucleoprotein
(NP4) MADb
and anti-matrix
protein (M1)
MADb
conjugated

AuNP (15 nm)

133

AuNP

HA

Anti-HA (H3,
HS5, H7, H9)
antibody
conjugated
AuNP to detect
biotin tagged
aptamer
captured

specific virus

2 x 10° virus

particles

134

Cy5 doped silica

nanoparticles

Influenza A

mAb against
influenza A
nucleoprotein
conjugated
Silica

nanoparticles

250 ng/mL

135

Hepatitis

Hepatitis
Virus

Type_Aa

Liver Biopsy

Time
consuming

with need of

AuNP

HBsAg, HBeAg

Colloidal Gold
labelled
antibody

HBsAg- 95%
HBeAg- 80%

136

29
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B,C,.E
(HAV,
HBV,
HCV,
HEV)

skilled
technician
and well-
equipped
laboratory

against HBsAg

AuNP

HEV IgM

Anti-human-
IgM MADb,
colloidal gold
labelled
antibody to
HEV
preincubated
with HEV

antigen

93%

137

AuNP

IgM antibody specific
to HEV

colloidal gold-
labeled anti-
HEV mAb 4B2
and
recombinant

protein EP2.1

96.7%

138

Fluorescent

lanthanide

HCV

Eu3+-chelate
conjugated
recombinant
Multiepitope
protein (MEP)

Sensitivity:
Secondary
antibody assay-
95.6%
Double-antigen

assay-91.4%

139

30
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UCP

Hepatitis B surface

antigen (HBsAg)

HBsAg
conjugated

UCP

60 mIU/mL

140

ZnSe/CdSe/CdS/Cd
Zn1S/ZnS QDs

HBsAg

HBsAg
conjugated

QDs

0.05 ng/mL

141

Carboxyl modified
CdSe/ZnS QDs

HBsAg

anti-HBsAg
mAb-labeled

QB

75 pg/mL

142

AIDS

HIV

HIV ELISA,
HIV Viral
Load Test,
Quantitative

PCR

95-100%
(~1 ng/mL)

AuNP

HIV-1 p24 antigen

anti-HIV-1 p24
antibody-
Selenium
colloid based
sandwich
format with
monoclonal
biotinylated
anti-HIV-1 p24
antibody

25 pg/mL

143

AuNP

HIV-1 p24 antigen

Mouse mAb
conjugated to
super-
paramagnetic
particles (200-
300 nm)

30 pg/mL

47

31
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Analyst

AuNP

HIV-1 RNA

AuNP labelled
probe (partially
complementary

strand)

10.5-13

log;, copies/mL
(50 copies of
gag RNA)

145, 146

CNP

p24 antigen

Mouse
monoclonal
anti-p24
mAb108
coupled to

CNP

LOD: 50 pg/mL
Sensitivity: 90%
Specificity:
100%

147

Platinum core-shell
nanocatalyst

(PINC)

p24 antigen

Anti-HIV-1/2
conjugated

PtNCs

0.8 pg/mL

148

AuNP

HIV-1 nucleic acid

sequence

AuNP
conjugated
amplification
probe and
AuNP
conjugated
complementary
and detector

probe

0.1 nM

149

Surface modified
AuNP by MGITC
as Raman reporter

(Raman-active

HIV-1 nucleic acid

sequence

Raman-active
probe
conjugated

detection DNA

0.24 pg/mL

150

32
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probe) sequence
Adenoviral Adenovir | Virus isolation | 100% (takes | AuNP Adenovirus capsid gold colloid- 72.6% (within BT
diseases us from tissue 3-4 weeks) hexon (signal antibody) | conjugated 10 minutes)
culture mouse mAb to
adenovirus
capsid hexon
AuNP Recombinant HA of mAb 25/2 250 ng/ml 152
H5N1 conjugated without
AuNP amplification
0.5 ng/ml with
silver
amplification
AuNP (later Avian Influenza Virus | AuNP 0.09 ng/ml 153
dissolved, collected | (AIV) conjugated Sensitivity:
and GSH capped AIV mAb 100%
CdTe QDs added Specificity:
for fluorescent 88.2%
detection)
WNV Western | WNV 100% (takes | AuNP WNV antigen (protein | Colloidal gold | 95-100% 134155
infection Nile 1gM/IgG 2-3 days) E) particles agreement with
(mostly Virus Capture conjugated results from
asymptomatic) | (Flaviviri | (MAC) ELISA Flavivirus CDC WNV
dae specific mAb IgM/IgG ELISA
family) (6B6C-1) (within 15
33
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Analyst

minutes)
Dengue Dengue Virus 1-10 AuNP NS1 dengue antigen, colloidal gold- | 90-100% 136-163
Virus Isolation, infectious Anti-dengue IgM and labelled
(DENV) | ELISA, RT- virus IgG specific mAbs
PCR particles, 1- against
100 PFU/ml dengue NSI
(PCR) antigen, IgM,
(takes days to IgG, or IgA
weeks)
AuNP Dengue specific IgG Streptavidin - o4
conjugated 40
nm AuNPs
Chikungunya | Chikungu | Virus Relative AuNP Chikungunya Envelope | Colloidal gold- | 90-100% 163169
nya virus | Isolation, RT- | sensitivity Proteins (E1, E2, E3), conjugated (arguable as per
(CHIKV) | PCR 100% with CHIKYV specific IgM anti-IgM multiple
PCR antibody studies)
against CHIKV
specific [gM
and CHIKV
recombinant
envelope
protein in test
line
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Analyst
Herpes HSV-2 Virus Relative AuNP HSV-2 specific IgG Colloidal gold- | Sensitivity: 170
Simplex Virus Isolation, RT- | sensitivity conjugated anti | 100%
(HSV) PCR, ELISA 95-100% IgG antibody Specificity: 97.3
infection with ELISA with gG1 and %
gG2 in pre-
absorption line
and Test line
respectively
Newcastle Newcastl | Hemagglutinat | Highly AuNP Purified NDV 40 nm AuNP 2x 107 M 7
Disease e Disease | ion inhibition sensitive and conjugated
Virus (HI) assay, selective with anti-
(NDV) Agar Gel NDV-6C4
Immunodiffusi mAb
on (AGID),
ELISA, RT-
PCR
Ebola Ebola Whole antigen | Sensitive AuNP EBOV Glycoprotein Anti-human Sensitivity: 172
Virus ELISA, Virus with (EBOV-GP_g49) IgG conjugated | 100%
(EBOV) | isolation in cell | prolonged AuNP Selectivity: 98%
culture time
consuming
Fe;O4 MNPs EBOV glycoprotein Anti EBOV- 1 ng/ml 17
(EBOV-GP) GP (4G7)
conjugated
MNPs
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Norovirus Noroviru | Microscopy, Reduced Biotin labelled anti- | Virus-like particles Biotin labelled | 10" VLPs/ml 7
S ELISA, RT- clinical Norovirus (VLPs) from GI.1 (first | anti-Norovirus
PCR specificity, antibodies linked recognized Norovirus) | antibodies
expensive with streptavidin- linked with
biotin conjugated streptavidin-
AviTag M13 phage biotin
with HRP/anti-M13 conjugated
antibody AviTag M13
phage with
HRP/anti-M13
antibody
Dengue, DENV PCR Hard to AuNS with 1,2- DENV-NSI1 Anti-DENV DENV- 7.67 i
Zika and Zika | amplification distinguish bis(4- ZIKV-NS1 NS1 and anti- ng/ml
virus of specific from each pyridyl)ethylene ZIKV NS1 ZIKV-0.72
(ZIKV) genes, virus other based (BPE) conjugated ng/ml
isolation on isolation and 4- gold nanostars
culture, ELISA | and ELISA, mercaptobenzoic with different
expensive, acid (MBA) as Raman
Cross Raman reporter reporters
reactivity
with other
viruses of
Flaviviridae
family
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Analyst
AuNP DENV-NSI serotype- Sensitivity/speci | 1"
ZIKV-NS1 specific DENV | ficity: 0.76 to
nanoparticle- 1.00 for DENV
mAb 1-4 and the
conjugates pan-DENV;
and ZIKV 0.81/0.86 for
nanoparticle- ZIKV
mAb respectively
conjugates
AIDS, HIV, ELISA, Viral Co-infection | AuNP Proteinticles (P) Protein-A Sensitivity: 176
Hepatitis C, HCV, Load Test, of HIV and Purv- gp4l, p24 conjugated 100%
Hepatitis A HAV Quantitative HCV Pucy- S11p, c100p, AuNP
PCR, Liver ¢22p, and c33c
Biopsy Puav- E1, E2, E3
Dengue, DENV, AgNP DENV NS1 protein, AgNP 150 ng/ml 177
Yellow Fever, | Yellow Yellow Fever Virus conjugated
Zika Fever NSI1 protein, and anti-dengue
Virus EBOV, Zaire strain NS1, anti-YFV
(YFV), glycoprotein GP NS1, anti-
ZIKV EBOV GP
mAb
Kaposi’s HSV, AuNP modified DNA sequences Thiol modified | KSHV: 0.043 178
sarcoma- Bartonell with MGITC as associated with KSHV | DNA pM and
associated asp Raman reporter and BA conjugated BA: 0.074 pM
herpesvirus (Raman-active SERS active
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(KSHV) and
Bacillary
Angiomatosis
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AuNPs
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Figure-8: Schematic representation of RPA mediated LFIA device A. Reaction principle, B. Modified
probe labelling, C. Detection mechanism, D. Observation of positive and negative result. Reprinted

(adapted) with permission from '”. Copyright (2014) BioMed Central Limited.

3.2 LFIA for detecting protozoal infection

Nanoparticle labelled simple lateral flow-based tool can identify labels of whole pathogen. For
example, commercially available rapid test strips for malaria detection are capable of detecting
P. falciparum and other Plasmodium species at levels of < 500 parasites/ul and < 5000
parasites/uL respectively. Also, as per WHO guidelines, some rapid test strips are available for
use in the market (CareStart™ Malaria test, OptiMAL-IT™) which can detect Plasmodium very

efficiently with parasitemias of > 100 parasites/pL '*°

. In other standard rapid diagnostic tests, P.
falciparum dehydrogenase and Histidine-rich Protein 2 (pfHRP 1II) are used as species specific
markers for P. falciparum '*°. OptiMAL-IT™ design is based on the detection of pLDH
(Plasmodium lactate dehydrogenase) using pan-specific-anti-pLDH-mAbs labelled with AuNP
'8 A NTA functionalised gold and AgNP has recently been exploited for the detection of pfHRP
IT mimics specifically without any cross reactivity with human serum proteins. NTA is a
chelating agent which has a high affinity towards histidine (Dissociation constant (K4) value is in

micromolar range '*

). At a low pH, NTA NPs do not show aggregation with human serum
proteins which enables it for further development to detect pfHRP-II in human serum or saliva

121 On the other hand, nucleic acid based lateral flow assay
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7

» 4
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Figure-9: Schematic diagram of Magnetic enrichment LFIA. Reprinted (adapted) with permission from

122 Copyright (2012) American Chemical Society.

for detecting malaria is also been widely studied '**.Recombinase polymerase amplification
(RPA) strategy has also been used to design LFIA device. The RPA amplicon is labelled for the
detection by tag-specific antibody in control and test line. The conjugate pad contains the AuNPs
for visualizing colour formation (Fig-8). This gives high species-specific result with high

sensitivity and specificity (100%). The detection limit was found to be 100 fg of genomic P.

falciparum DNA (equivalent to a sensitivity of 4 parasites per reaction) ' . Thermally responsive

MNP is also being used in studies to concentrate and aggregate more amount of pfHRP II as a
pre-step before putting the sample on the strip (Fig-9). Here, the sample was treated with
biotinylated antibody which forms aggregation when treated with heat after addition of
streptavidin-pNIPAm-AuNP, pNIPAm MNP and free pNIPAm polymer. The sample was then
subjected to magnetic field for separating out the mixed AuNP/MNP aggregates and re-dissolved
in a cold buffer for enrichment '*2. 10 ng/mL of pfHRP-II detection was achieved using this
method of enrichment. A very recent report on pLDH detection using LFIA platform has

successfully implemented Google Analytics platform by using QR barcode for positive, negative
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and invalid results from the device (Fig-10). The cross-platform data acquisition can store a very

large amount of data from the device readable by a smartphone 123

. The QR codes are initially set
as “Blank” with both the QR codes incomplete (deactivated). When the test result is positive,
negative or invalid, it will produce three different types of QR code which can be scanned using

a smartphone camera to obtain data about the test.

Schistosomiasis is a parasite disease caused by Schistosoma, a blood-dwelling fluke worm '*.
UCP has been employed for detection of Circulating Anodic Antigen (CAA), a biomarker of
Schistosoma. The detection limit achieved by using UCP was 0.5 pg/mL of CAA '*° and the
robustness of the same method was improved by using dry (lyophilized) reagents with a

detection limit of 30 pg/mL '*.

( (A) Possible results the test (lines and QR codes) \ (" (B) QR scanning procedure ) (" (C) Analytics Tracking Above Scan )

POSITIVE NEGATIVE INVALID BLANK

Sessions % Sessions

61

9 | 882%

s [ 7.84%

Scan QR using Cell phone

\_ AN

J

Figure-10 (A) QR code generation for positive, negative, blank and invalid tests. (B) QR scanning
procedure by using cell phone (C) Statistical Google Analytics real-time data with details like number of
users, location, duration, results (positive, negative or invalid) etc. Reprinted (adapted) with permission

from ', Copyright (2017) Royal Society of Chemistry.
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3.3 LFIA for detecting viruses and viral infections

Some other remarkable studies demonstrated detection of virus and viral protein using LFIA
device. H9 subtype of AIV was successfully detected using LFIA strip developed using two
different mAbs for test line and control line separately with a sensitivity of 0.25 Hemagglutinin
units in less than 10 minutes. The antibody (4C4) against HA was labeled with AuNP and
antibody (4D4) against nucleoprotein was applied on the test line '*®. Similar type of approach
has been used to detect H5 subtype (HSN1) without any cross reactivity with H1-H4 or H6-H14
subtypes ' In comparison with Hemagglutination (HI) assay and Agar Gel Immunodiffusion
Assay (AGID), the gold-immunochromatographic (GICA) test strip has shown high sensitivity

and specificity '*.

Rapid detection of HBV and HEV '** is largely constituted by
immunochromatography assay principle. There are various commercial kits available for HBV,
HEV rapid detection (like ACON, Atlas Medical, Dima, Cortez, Blue, Intec, HEPACARD,
Assure) 2% P37 186 187 They provided excellent screening with comparable sensitivity and
specificity with PCR '®. The sensitivity and specificity both ranging 97.5-98.3% had been
observed with 240 patient serum sample. Use of fluorescent QDs as labels are advantageous as
they have high quantum yield, tuneable fluorescent emission spectra and greater lifetime.
Carboxyl modified CdSe/ZnS quantum beads (QBs) as labels had shown detection limit of

hepatitis-B surface antigen (HBsAg) in picograms/mL range '*

. The detection platform
comprised of anti-HBsAg mAbs conjugated with QBs. The detection limit achieved by this

method was 75 pg/mL.
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Figure-11: Schematic illustration of the stacking flow immunoassay device. Reprinted (adapted) with

permission from '** . Copyright (2015) Royal Society of Chemistry.

Several LFIA devices are designed to detect DENV in blood or saliva samples. Commercial kits
for detecting DENYV is designed a) to detect dengue antigen NS1 at the early stages of infection
(Panbio Dengue Early Rapid NS1, SD Bioline Dengue NS1 Ag, BIORAD Strip) b) the detection
of anti-dengue IgM and IgG (Panbio Dengue Duo Cassette and SD Dengue IgG/IgM, Merlin
IgM, Biosynex IgM, Merlin Dengue Fever IgG and IgM combo device) or ¢) both antigen and
IgG/IgM (BIOLINE Dengue Duo NSlantigen and IgG and IgM Combo Device) %, For
improving the specificity and sensitivity of the test, several other approaches have been
implemented. Detection of dengue specific IgG in salivary fluid using stacking flow platform has
enabled detection of DENV in a completely non-invasive sample collection platform (Fig-11)
164 As it is shown in the Fig-10, the device is fabricated using two flow paths, one is called
sample pad and another one is reagent pad. The sample pad was introduced with spiked salivary

samples and the reagent pad is supplied with protein-G conjugated 40 nm AuNPs. On the other
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hand, specific detection of anti-dengue IgM from blood sample has been achieved by using a
protein-G coated membrane which selectively eliminate IgG from the sample '®. Chikungunya
is another viral disease that are predominantly seen around the world over the years '*°'*2. SD
Bioline Chikungunya IgM and OnSite Chikungunya IgM Combo Rapid Test are two
commercially available immunochromatography based lateral flow devices that have been
approved by European Commission. Both of these LFIA devices are designed to detect
chikungunya specific IgM present in blood and recombinant structural proteins from
chikungunya envelope are conjugated with colloidal gold particles for detection. SD Bioline
Chikungunya IgM have been tested with 407 samples with a sensitivity and specificity of 97.1%
and 98.9% respectively '®> whereas OnSite Chikungunya IgM Combo Rapid Test showed 90.3%
sensitivity and 100% specificity (both are relative to MAC-ELISA results) with 93 samples '*.
Surprisingly, multiple field studies have been conducted based on these two LFIA devices
showed very poor performances '®"'% > The first EBOV outbreak took place in West Africa in
2014 '** with a fatality rate of 70.8% '*. Rapid diagnosis of EBOV by using LFIA as a POC tool
has shown 100% sensitive detection of IgG antibodies against EBOV Glycoprotein (EBOV-GP;.
649) 172 A detection limit of Ing/ml of EBOV-GP has been achieved by using Fe;O; MNPs
conjugated anti EBOV-GP (4G7) '” Recently a multiplexed disease diagnostic strip has been
designed to detect three different type of viruses causing Dengue, Yellow fever and Ebola '’
The label used in this study was AgNPs of three different sizes having different colors. These
nanoparticles were conjugated to antibodies specific for a particular disease was used for three
different test lines to easily identify the specific virus present in the sample with a detection limit
of 150 ng/ml (Fig-12). Multiplexed as well as SERS based enhanced detection of Dengue NS1
antigen and Zika NS1 antigen has also been investigated. Very low detection limit of 7.67 ng/mL
and 0.72 ng/mL for DENV NS1 and ZIKV NSI respectively has been achieved by using two
different Raman reporters conjugated gold nanostars **. Detection of rabies virus in rabies
endemic countries often lack the infrastructure and funds to employ the gold standard for

1% For low-cost and

definitive diagnosis of rabies infection: Fluorescent Antibody Test (FAT)
rapid detection of rabies infection, two types of immunochromatography test kits were developed
by using mAbs which can recognize epitope II and III of the nucleoprotein of the virus '*’. The

specificity and sensitivity for type 1 (a single mAb
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Figure-12: a. Lateral Flow Strip, b. Schematic of sandwich assay showing different colored antibodies
conjugated with mAbs specific to YFV NS1, ZEBOV GP, DENV NSI (from left to right), c-e. Limit of
Detection of LFIA strip. Reprinted (adapted) with permission from '”’. Copyright (2015) Royal Society of
Chemistry.

was used) and type 2 (two different mAbs were used) were found out to be 88.9%, 95.5% and
100%, 93.2% respectively. Furthermore, the assay has showed no cross reactivity with other
common canine-pathogenic viruses. Commercially available immunochromatography strip for
rabies virus detection has been evaluated and the specificity and sensitivity were found out to be

100% and 91.66% respectively with brain samples from different rabies suspected animals '**2°".

As per WHO, around 30% of the HIV affected people are unaware of their infectious status.
Critical gaps exist in many developing countries in HIV prevention, diagnosis and treatment ***.
For that, in low resource settings, LFIA devices as a POC tool can serve this gap by providing

faster and simpler detection platforms. WHO criteria for using such POC must meet the
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ASSURED (Affordable, Sensitivity and Specificity, User-friendly, Rapid and robust,
Equipment-free, Deliverable) requirement ***. Determine HIV-1/2 (Abbott Laboratories) is a
commercially available selenium colloid based immunochromatographic rapid test strip which
uses sandwich format to detect anti-HIV-1 or anti-HIV-2 antibody present in the patient’s serum
or plasma or from the whole blood sample ***. The test was evaluated by various groups.
Samples from various locations around the world were tested and it correctly predicted the
results from the samples with a 100% sensitivity 2°°>°7. Alere Determine HIV-1/2 Ag/Ab Combo
is FDA approved rapid LFIA strip which is used commercially for HIV diagnosis ***. The
principle is same as that of the previously described (Determine HIV-1/2 by Abbott
Laboratories) with the difference only in the analyte; here the analyte is p24 antigen as well as
antibodies to HIV-1 and HIV-2 '**. Some of the other commercially available HIV detection kits
have also been evaluated and in most of the cases the sensitivity was found to be nearly 100%

1 145, 206, 207, 209-211

with serum or plasma cel . HIV-1 p24 detection by Magnetic Immuno

Chromatographic Test (MICT) by using superparamagnetic nanoparticle *'* is also reported '**

13 The magnetic moment of the superparamagnetic particles which served as a label for the
assay has been detected using cost-effective instrument which involves multiple coil sensors
arranged as a gradiometer to form a dedicated magnetic assay reader system '**. A recent report
on detection of p24, has shown use of PtNCs which serve as catalyst in the LFIA platform. The
signal amplification by using this method has shown a 100-fold catalytic enhancement and thus
be able to detect 0.8 pg/ml of p24 '** Amplified HIV-1 RNA detection '*> by NALFIA using
AuNPs with resolution of 10.5-13 log;o copies/mL over a linear range and 50 copies of HIV gag
RNA when coupled with Nucleic Acid Sequence Based Amplification (NASBA) '*°. The assay
is designed to detect an amplified 142 bp RNA sequence by AuNP labelled partly
complementary nucleotide strand. When a sample containing the RNA sequence is present, it
binds with the AuNP labelled probe as well as with nucleotide sequence present in the
nitrocellulose membrane of the strip. After washing the strip, gold enhancement is done for
signal amplification and improving LOD (Fig-13). SERS based enhancement has been done for
HIV nucleic acid detection. A detection limit as low as 0.24 pg/mL for HIV-1 DNA has been
achieved by using MGITC modified AuNSs as probe .. Some opportunistic infection of HIV

like Cryptococcosis caused by Cryptococcus sp. was also diagnosed and evaluated using LFIA *
214
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A significant cause of diseases in respiratory tract and eye (Pharyngoconjunctival fever) is
Human Adenovirus. Adenovirus antigen immunochromatographic test is being developed which
can detect the virus within 10 minutes from pharyngeal swap specimen "'. The IC test showed a
sensitivity of 72.6% and a specificity of 100% with serotypes 1, 2, 3, 5, 7. Other studies have
also showed comparable sensitivity with the previous results *'> *'®. Another mosquito-borne
virus, Western Nile Virus is a human neuropathogen commonly found in Africa, Asia, Europe
and Middle East ' ?'®. Though there are many immunofluorescence assays and MAC-ELISA
based techniques are available for laboratory screening of WNV, it shows 4 to 10% of cross

reactivity with other flaviviruses *'°%*'

. A solid phase immunochromatographic strip with
colloidal gold particle as label RapidWN™ was developed in 2007 **. The LFIA showed a high
sensitivity and selectivity of 98.8% and 95.3% respectively which is comparable with the gold
standard IgM based EIA '>>. NDV belongs to the family of Paramyxoviridae family. LFIA
device for detection of NDV has been achieved by using 40 nm AuNP conjugated with anti-
NDV-6C4 mAb '"'. Gold enhancement on immobilized AuNP-antibody conjugate showed
increased detection limit by 10-100 folds. An unconventional method to detect Norovirus used
M13 bacteriophage nanoparticles as reporters instead of colored latex or AuNPs. Here, the M13
bacteriophage has been used to selectively bind to biotin labelled anti-norovirus antibodies by
biotin-streptavidin-biotin conjugation. Then the horseradish peroxidase (HRP) conjugated anti-

MI13 antibody binds to the bacteriophage. TMB is used then as chromogenic substance to

develop color '”*. The detection limit achieved by using this system was 10’ VLPs/ml.

gold nanoparticle probe gold deposited during

RNA target \
sequence ~__ 3.8
Y

S %

enhancement

direction of flow

conjugate pad / / detectlon + control

zone zone

nitrocellulose membrane absorbent pad
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Figure-13: Schematic design of lateral flow assay to detect amplified HIV-1 RNA. Reprinted (adapted)
with permission from '*°. Copyright (2012) Public Library of Sciences (PLOS).

Over the years, LFIA devices are improved by various means such as by using two-dimensional

222, 223
k >

paper flow networ , installing Organic Light Emitting Diode (OLED) with filters ***,

multiplexing the assay with two or more analytes **°, hand held devices (including smartphone

100, 123

apps) for quantitative detection of analytes , enzyme based signal amplification '** and gold

or silver based signal amplification '** °% 22

. The two-dimensional paper flow system has
shown controlled release from the patterned, dried reagents which allowed fabrication and
implementation of complex and multiplexed flow patterns (like flow of reagents for gold
enhancement) which must not mix with each other before flowing through the strip by capillary

action 2%

. These amplification strategies were applied to improve sensitivity of the detection
device. Further, sensitivity for the detection of fluorescence coming from QD labels was
improved through the use of OLED. It enabled certain advantages over conventional LEDs such
as flexibility and with 7 times improvement over the conventional LFIA device in detection of

influenza as a proof of concept ***.
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4. Conclusion and Outlook

This review summarizes analysis and diagnosis of infectious diseases by LFIA with
nanoparticles used as label. We have seen various pandemics and epidemics around the globe

caused by various infectious diseases. So, it is of prior importance to diagnose infectious diseases

(1) and their causative agents as early as possible. This not only leads to the deployment of early
g preventive measures but also help to contain the infection from spreading. Different methods can
2' detect either these infections causing pathogens or their products in which lateral flow assay
6 approach provides several advantages. This method of diagnosis is simple, rapid, cost effective
573 and does not need any specialised person or training to be operated thus serving as a point of care
gg (POC) testing device. Different labels are used of which colloidal AuNP as primary label for
g; visualising and/or quantifying the infection load. AuNP is comparatively easy to prepare, stable
@3 and can be readily tuned depending upon the type of application. Another advantage of lateral
%2 flow assay is different analytes can be tested at the same time which makes LFIA devices
%g multiparametric. Several LFIA based devices are commercialised for the diagnosis of infectious
28 disease and further extensive research is underway to enhance the signal produced from the
%g device with several techniques like silver enhancement, SERS, magnetic enrichment etc.
81
ég Although LFIA devices are having great application, there are still some limitations associated
%4 with LFIA based devices. Selectivity and signal generation of these devices often hugely
gg depends on the type of sample, its condition and preparation, volume of the sample, pH, amount
%é of analyte present, weak interaction forces between the analyte and recognition element. Some of
39 the strategies described here are experimented only with target analyte in controlled condition.
2(1) This may affect the outcome of the device’s performance in real samples from a patient. To
fé overcome this, present research is focussed more on to make LFIA devices more feasible, less
jg dependent on sample preparation processes, shorter incubation time and quantitative result
46 generation. Further, for analytes, that are present in very low concentration in the sample of
2573 interest, a pre-concentration or enrichment step is generally performed. This makes LFIA not
gg suitable for POC applications. To overcome this hurdle, methods such as catalytic enhancement
g; and SERS based detection are being employed to achieve better sensitivity.
53
54
55
56
57
58 49
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List of acronyms:

AgNP(s) — Silver nanoparticles(s)

AIDS — Acquired Immunodeficiency Syndrome
AIV — Avian Influenza Virus

AuNP(s) — Gold nanoparticle(s)

BoNT (A/B/C/D/E) — Botulinum Neurotoxin (A/B/C/D/E)
CAA - Circulating Anodic Antigen

CFU — Colony Forming Unit

CNP(s) — Carbon nanoparticles(s)

CPS — Capsular Polysaccharide

DENYV — Dengue Virus

ds — Double Stranded

EBOV - Ebola Virus

EHEC - Enterohemorrhagic E. coli

EIA — Enzyme Immunoassay

ELISA - Enzyme-Linked Immunosorbent Assay
EPEC — Enteropathogenic E. coli

FAT - Fluorescent Antibody Test

GO — Graphene Oxide

H(A/B/C/E)V — Hepeatitis (A/B/C/E) Virus

HA - Hemagglutinin

HBeAg — Hepatitis B Envelope Antigen

HBsAg - Hepatitis B Surface Antigen
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HI — Hemagglutinin Inhibition

HIV — Human Immunodeficiency Virus

HRP - Horseradish Peroxidase

HSV - Herpes Simplex Virus

IMP — Immunomagnetic Particle
IMS — Immuno-Magnetic Separation
LFIA — Lateral Flow Immuno Assay
LPS — Lipo-polysaccharide

mADb(s) — Monoclonal Antibody(ies)
MAC - IgM Antibody Capture

MB — Methylene Blue

MNB — Magnetic Nano-Beads
MNP(s) - Magnetic Nanoparticle(s)

mRNA — Messenger RNA

NALFIA- Nucleic Acid Lateral Flow Immuno Assay

NASBA - Nucleic Acid Sequence Based Amplification

NDV — Newcastle Disease Virus
NTA - Ni(Il)-nitrilotriacetic acid
ODN - Oligodinucleotide

pAb - Polyclonal Antibody

PCR - Polymerase Chain Reaction

PEG — Poly(ethylene glycol)

pf HRP — Plasmodium falciparum Histidine Rich Protein
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PFU — Plaque Forming Unit

PIF — Powdered Infant Formulae

pLDH — Plasmodium Lactate Dehydrogenase
pNIPAM - Poly(N-isopropylacrylamide)
POC — Point of Care

QD(s) — Quantum Dot(s)

QR — Quick Response

r-DNA/RNA — Recombinant DNA/RNA
RNALFIA - Ribonucleic Acid LFIA
RT-LAMP - Reverse-Transcription Loop-Mediated Isothermal Amplification
SEB — Staphylococcus enterotoxin B

SERS — Surface Enhanced Raman Scattering
SRB - Sulforhodamine B

ss — Single Stranded

ss DNA — single stranded DNA

TCID - Tissue Culture Infectious Dose

UCP — Up-converting Phosphor

VLP(s) — Virus Like Particle(s)

WHO — World Health Organization

YFV — Yellow Fever Virus

ZIKV — Zika Virus
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