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Introduction

Nanotechnology is one of the research fields that have gained much attention worldwide in the
past few decades. Applications of nanotechnology, especially in medical and health care, are
increasing and significantly benefiting many people worldwide [1]. The interest in this technology
nurtured the development of nanoparticle-based (NPs) biosensors for diagnostic applications.
Subsequently, biosensors became very significant tools and applied in everyday life as a point of
care, such as a pregnancy test strip, food allergen detector, chronic disease biomarkers, and
dangerous pathogen in food and water biomarkers [2].

Biosensors, especially in a paper-based format, have entered daily life considering the paper
material used is cheap, simple, abundant, easy to manufacture, compatible with many biochemical
relations, and controllable in porosity and capillary force [2, 3]. The most popular among paper-
based biosensor devices is the lateral flow immunochromatographic strip (LFICS).

LFICS

As stated, LFICS is a paper-based biosensor device and a modern version of immunoassay (IA) that
possesses characteristics required by biosensors, which are rapidity, high sensitivity, good
specificity, low limit of detection (LOD), require few sample operation volume, low manufacturing
cost, robustness, no complicated equipment, and user-friendly format [2]. Moreover, LFICS can be
operated in the field because it can be read without the aid of any optical instrument and utilizes a
dry form of reagents incorporated into this device [4, 5]. As a result, LFICS can be widely used as a
point-of-care device even in low-income countries because of its low-cost materials and reduced
manufacturing cost.

LFICS incorporated with nanomaterials as label has improved its performance in various sample
applications compared to previous commercial LFICS for pregnancy tests in the early 1980s [2, 5].
Several nanomaterials that have been used as labels are colloidal gold (AuNPs), silver (AgNPs),
carbon (CNPs), selenium (SNPs), quantum dots (QDs), up-converting phosphors (UCPs), dye-doped,
and magnetic NPs [2, 5, 6]. These NPs increased the performance of LFICS by qualitative detection
and also made it available for semi-quantitative and quantitative detection with the aid of simple
reader devices [5].

Principle of LFICS

Typical LFICSs are manufactured in a rectangular shape with a width around 4-6 mm and length up
to 6-7 cm. LFICSs are formed from four parts with different materials (Figure 6.1a). Each part has
its own function [2]. Most LFICSs are covered with a plastic case to protect the strip.

A sample application is the pad located in the first end of LFICS (Figure 6.1a). The pad is made of
cellulose paper or glass fiber, which initiates the flow of sample in liquid form to other parts and
pre-treats the sample to move continuously in a smooth and homogenous manner. The sample
then flows to the second part called conjugate pad. Labeled bio-conjugate solution (usually
antibodies) in dry form is impregnated in this part. The conjugate pad is built with glass fiber or
cellulose material. The function of the conjugate pad is to hold the labeled bioconjugate and
release it when rehydrated by the sample. Reaction also occurs at this pad when the analyte from
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the sample binds with the labeled-antibody conjugate to form an analyte-labeled-antibody
complex. This complex then flows into the nitrocellulose membrane (NC), which is made of
nitrocellulose and available in different grades. In this NC membrane, test and control lines are
drawn with a specific antibody against the analyte and labelled conjugate, respectively. In this part,
analyte-labeled-antibody complex binds with the specific test line, whereas excess or labeled-
antibody binds with the control line. Then, the conjugate label can be detected either through the
naked eye or any reading device based on label use. Finally, the sample flows to the adsorbent pad
at the end of LFICS. The adsorbent pad acts as a sink to hold, which maintains the flow rate and
prevents the backflow of the sample. The material used is usually the same as the sample pad,
which is cellulose [2, 6].

Multiplex LFICS

Multiplex assay is an assay that can simultaneously analyze or measure several analytes (more than
one) within a single run or test. Multiple types of analytes can be analyzed at the same time within
a single set of conditions, especially when applied in clinical diagnosis. The importance of multiplex
detection format is to rapidly analyze (because multiple analytes are analyzed at the same time) at
different stages of disease, detect multiple infections at once, reduce test cost (no need to perform
the test separately), and examine other inter-dependent situations [6-8]. To overcome these
problems, many analytical methods have been developed to detect multiple analytes
simultaneously. The methods include Raman scattering [9, 10], fluorescent emission [11-15],
spectrally encoded beads [16, 17], electrochemical impedance spectroscopy [18-21], microchip
platform [22-24], array test strip [25], immunoprecipitation [26], multiplex enzyme-linked
immunosorbent assay [27-29], and LFICS [30]. These methods were used for multiple analyte
detection of disease biomarkers, proteins, small molecules, biological thiol molecules,
oligonucleotide targets, heavy metals, and mycotoxin simultaneously [31].

Among the aforementioned methods, multiplex LFICS is the best choice due to its many
advantages, such as rapidity, low cost, requirement of small amount of sample, simultaneous
detection of all suspected parameters, and other benefits of the typical LFICS [32]. Based on these
advantages, multiplex LFICS has gained much attention recently and became advanced. Few
strategies exist for fabrication of multiplex LFICS. A traditional multiplex LFICS strategy is performed
by adding a test line corresponding to the number of analytes to be tested, as shown in Figure 6.1b
[33]. Other strategies are performed by varying the label for detection of multiple analytes within
the same strip and varying test line numbers for each analyte and architecture tuning of typical
LFICS [33, 34].

Thus, this review aims to discuss the recent development of multiplex LFICS based on the use of
NPs as a detection label. The discussion includes several strategies used for the development of
multiplex LFICS including label used, format, detection system, number of test lines, and
architecture tuning from typical LFICS. In addition, multiple test lines for detecting a single analyte
are also discussed and considered as multiplex LFICS. This review also discusses the application and
performance of developed multiplex LFICS. Finally, some major challenges or limitations of
multiplex LFICS are discussed, and then the conclusion and future perspectives are presented.
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Schematic representation of various components in (a) typical single detection LFICS, (b) multiplex LFICS, and
(c) side view of LFICS

Label, Conjugation, Format and Detection Systems

NPs have several distinctive physical and chemical properties that make them promising synthetic
scaffold for the creation of novel chemical and biological detection systems. As NPs size is small it
has large surface area. For example, silica-fluorescent NPs conjugated antibody can provide a
better fluorescent signal when dispersed at a test line of LFICS than an organic dye because
thousands of antibody-conjugated NPs are used to label a single analyte as compared with a single
molecule of the organic dye [35]. Thus, NPs conjugated antibodies could improve the sensitivity of
LFICS.

In addition, homogeneous in size and monodispersed NPs can improve the sensitivity of LFICS. As
example, in the synthesis of AuNPs using seeding-growth method, small seed of AuNPs was first
synthesised by citrate reduction method and followed by growth using hydroxyamine as mild
reducing agent to form larger AuNPs. This method produces spherical and homogeneous size of
monodispersed AuNPs compared to AuNPs synthesized by citrate reduction method. As a result,
AuNPs produced using seeding-growth method significantly improved the sensitivity of LFICS [36].



Advanced Materials and their Applications - Micro to nano scale 116

NPs Conjugated Biomolecules

The NPs label is used for conjugation with potential biomolecules usually antibody, aptamer, or
nucleic acid (NA) which give a typical interaction to analyte via biomolecule-analyte recognition
system. The conjugated label-biomolecule is used to detect the presence of the specific analyte by
forming a complex within the test line in LFICS. For example, an antibody has two identical binding
sites composes of polypeptide chains loops which are very specific and complementary to a specific
region of antigen molecules called epitopes. When epitopes of antigen match with binding site of it
specific antibody, binding interaction occurs [37]. This interaction is similar to lock and key
mechanism. As label is attached to antibody, the presence of that antigen is recognizable (Figure
6.2).
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FIGURE 6.2
Schematic representation of interaction between NPs conjugated biomolecule with antigen

There are two main approaches for conjugation of NPs to biomolecules which are non-covalent,
and covalent modes. The non-covalent mode can be further divided into ionic interactions, and
hydrophobic interactions. The ionic interaction occurs between positively charged group at
antibody with negatively charged NPs surface. Hydrophobic part of antibody on other hand can
combine with NPs surface via hydrophobic interaction. These two non-covalent methods are
commonly used as they are more easier and cheaper. The covalent mode offers more advance in
conjugation process. This mode results in stronger bond between NPs and antibody. However, the
covalent mode requires more complex method and slightly expensive. The method includes
chemisorption via thiol derivatives, dative binding, and mediator linkers or bifunctional linkers such
as 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC) and N-hydroxysuccinimide
(NHS) chemistry, and adapter molecules: streptavidin and biotin [38].

Various labels have been reported, which can be categorized as colored, luminescent, magnetic,
and other NP labels [5]. These NPs must possess special characteristics to be used in the
development of multiplex LFICS similar with typical LFICS, which are high sensitivity, low limit of
detection (LOD), form stability when conjugated, unchangeable features of biomolecules, and ease
of conjugation process [6]. One additional property that NPs must have as a label in multiplex LFICS
is the ability to produce a signal corresponding to each analyte to be tested and the ability to
differentiate those analytes [6].
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Colored NPs

Some NP labels can be detected directly by the naked eye as they produced visual colored signals
under visible light. Colored NPs are usually in colloidal form and they can emit certain wavelength
from visible light depending on their sizes and types. This phenomenon is called surface plasmon
resonance. This type of NPs is suitable for the development of multiplex LFICS and they can be
categorized as colored NPs. Colored NPs include colloidal AuNPs, AgNPs, CNPs and SNPs. LFICS that
uses these NP labels produces qualitative results that can be reported as presence (positive) or
absence (negative) of detected analytes. However, semi-quantitative and quantitative results are
available with the aid of strip reader devices. The principle is by measuring the color intensity either
in test or control lines and converting it into optical density (OD) [5, 39]. With the advancement of
strip reader devices, the sensitivity and specificity of multiplex LFICS can be improved by reducing
human error (visual interpretation) [40].

One of the colored NPs that is commonly used as a label in LFICS is colloidal AuNPs. AuNPs have
many advantages, such as biomolecule compatibility, time stability, size-tunable, easily synthesized,
manipulability, and provides intense red color by using visible light source that can be detected by
the naked eye [2, 6]. Based on these properties, AUNPs was selected as a label in the development
of multiplex LFICS. The AuNP-based multiplex LFICS was reported by many researchers either using
sandwich IA format or competitive format [6].

In the sandwich format, conjugated label-antibody (for each analyte) binds to specific antigens to
form an antibody-antigen complex. This complex then binds to a specific antibody to immobilize
another antibody against each corresponding analyte and forms sandwich like antigen-antibody
complex (Figure 6.3a). The advantages in sandwich format is that the sensitivity can be increased as
many analytes can be bound with two anti-analytes (the first analyte is labeled and the second is
immobilized in the NC membrane). In addition, the result can be interpreted directly where the
presence of a visual red color in the test line or lines represents a positive result (presence of
analyte) and the absence of red in the test line or lines represents a negative result (absence of
analyte) [6].

Many experiments have been performed by using the sandwich format to develop multiplex LFICS
and their performance were evaluated by interpreting the result as qualitative without using a
reader. Researchers used multiplex LFICS to detect several types of protein and bacterial species
simultaneously [41-46]. Fernandez-Sanchez et al. and Lee et al. [47, 48] integrated a reader device
to obtain semi-quantitative results. They studied the relationship between OD of each test line and
the concentration of corresponding analytes by plotting a calibration curve. Lee et al. [48]
calculated the peak intensity ratio of the test to the control line as relative peak intensity and used
it as a detection signal; this procedure is performed to remove the effect of fluidity and conjugated
solution that influenced the line intensity to accurately measure the assay performance. However,
the disadvantage of sandwich IA was that it provided a false negative result because of very high
analyte concentrations. Oh et al. [49] combined the sandwich with competitive IA format to detect
C-reactive protein by forming signal intensity versus analyte concentration graph to overcome this
effect.

The competitive format for multiplex LFICS is the second type of IA. This format is usually applied
when the analytes to be tested have low molecular weight. The result is interpreted inversely
compare with the sandwich format where the presence of visual red color on the test line or lines
represents a negative result (absence of analyte) and the absence of red color on the test line or
lines represents a positive result (presence of analyte). The principle of the competitive format is
the competition between immobilized analytes in the test line(s) with the present analytes in the
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sample toward labeled anti-analyte conjugate that flows to the test line. If the analyte to be
detected is present, it will bind with the anti-analyte. As no free labeled anti-analyte conjugate is
available for binding with the immobilized analyte, no color is observed in the test line (Figure
6.3b). If the analyte is absent, the labeled anti-analyte conjugate will bind with the immobilized
analyte in the test line and color can be observed [6].
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FIGURE 6.3
Schematic representation of different formats for multiplex LFICS with positive and negative results: (a)
sandwich format and (b) competitive format

Multiplex LFICS using the competitive format can be also read either through qualitative or semi-
quantitative detection. For qualitative detection, results are interpreted visually. For example,
Huang et al., Kim et al., Kolosova et al., Li et al., and Wang et al. [30, 50-53] developed multiplex
LFICS for simultaneously detecting mycotoxin; Guo et al. [54] for pesticide; Kranthi et al. [55] for
insecticide, and Chang et al. [56] for environmental hormone contamination. In some studies,
researchers used calibration curves to determine the concentration of each analyte as a
quantitative measurement [57] to measure visual LODs [58, 59] and determine half-maximum
inhibitory concentration (IC50) [59, 60] in real sample extracts for semi-quantitative measurement.
Song et al. [61] developed multiplex LFICS that can be read qualitatively by the naked eye and semi-
quantitatively using a strip reader. Moreover, Wang et al. [62] developed visual read-outs (without
a reader device) through semi-quantitative multiplex LFICS by using four strips to detect different
concentrations of analytes simultaneously. However, Leung et al. [63] developed a special LFICS
against “typical” competitive LFICS in which the signal produced is directly proportional to cortisol
concentration (analyte) in plasma samples.

Another colored label used in the development of multiplex LFICS is AgNPs, which has special
properties where different sizes and shapes of AgNPs produce different optical properties.
Considering this characteristic, Yen et al. [64] developed multiplex LFICS to distinguish dengue,
yellow fever, and Ebola viruses by visually observing different colors corresponding to each virus
(Figure 6.4). Furthermore, CNPs were also used as a colored label, which were more sensitive than
AuNPs [65]. In multiplex LFICS, Blazkova et al. and Noguera et al. [66, 67] used CNPs to detect few
pathogens simultaneously. They combined polymerase chain reaction (PCR) method with LFICS.
Mens et al. [68] also developed the same type of multiplex LFICS to detect Plasmodium spp. and all
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species simultaneously in one test line. All these multiplex LFICSs can be read visually as qualitative
or semi-quantitative if needed.
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FIGURE 6.4

Multiplex LFICS using silver nanoparticle (AgNPs) reprinted with permission from (Yen C-W, de Puig H, Tam JO,
Gomez-Marquez J, Bosch |, Hamad-Schifferli K, et al. Multicolored silver nanoparticles for multiplexed disease
diagnostics: distinguishing dengue, yellow fever, and Ebola viruses. Lab on a Chip. 2015;15(7):1638-41).
Copyright (2015) Royal Society of Chemistry

Luminescent NPs

Several NPs require a reader device (indirect detection). Some examples of luminescent NPs are
QDs, UCPs, and dye-doped NPs. The results of luminescent NP-based LFICS are quantitative as the
signal is quantitatively read by a special reader. This type of LFICS is more sensitive than colored
NPs-based LFICS although it needs additional equipment (reader device) that increases
manufacturing cost [2]. In the development of multiplex LFICS, this type of NPs is valuable because
it produces a special quantum-sized effect where different particle sizes emit spectrum at different
wavelengths when excited [34].

QDs are the reported labels used in multiplex LFICS due to their capability of simultaneous
quantification of multiple analytes. In addition, QDs have the capability to produce strong
luminescence, photostability, broad absorption, narrow and symmetric photoluminescence
spectra, and size-tunable emission [5]. Similar to the colored NPs-based LFICS, QD-based LFICS also
have two formats: sandwich and competitive. For the sandwich format, Wu et al. [69] developed
multiplex LFICS to simultaneously detect influenza A virus subtype H5 and H9 via QD-based IA in
separate test lines. In the presence of analytes, the sandwich complex formed in the test line
produced a bright fluorescent band when excited using 365 nm ultraviolet (UV) light sources. The
result was read as quantitative where the intensity of fluorescence was detected using the reading
device corresponding to the virus concentration. In other studies, Wang et al. [70] used one test
line for simultaneous quantitative detection of tumor markers because multicolor QDs can be
detected separately using reader devices. Taranova et al. [71] developed multiplex LFICS based on
the competitive format. They used “traffic light” format where each test line produced different
colors that can be easily identified by the naked eye (qualitative). The fluorescence intensity of the
lines could also be detected through quantitative analysis.
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Another class of luminescent fluorescent is UCPs with a unique property where it can emit high
energy either visible or UV light when irradiated with low-energy infrared light. Corstjens et al.
developed two quantitative multiplex LFICS using the sandwich format to simultaneous detect
cellular and humoral immune responses against leprosy [8] and humoral immune response against
human immunodeficiency virus (HIV), hepatitis C virus (HCV), and tuberculosis (TB) [72]. A 10-
combined LFICS for detecting different antibodies against Yersiniapestis with the use of single
sample pad was also developed using UCPs as a label [73].

Other NPs

Several other NPs used as a label for multiplex LFICS is a fluorescent probe. Xu et al. [74] used
fluorescent probe-based LFICS for multiplex NA detection. They combined PCR with LFICS. Worsley
et al. [33] used fluorescent microsphere as a label. They used optical discrete fluorescent or Raman
spectra peak signal as spectral separation of mixed conjugates within a single line in a multiplex
assay to simultaneously detect wound biomarkers. In another study, Carter and Cary [75] used
dyed microspheres as a label to detect NA; their approach was based on miniaturized lateral flow
device.

Multiplex LFICS Design

Another existing strategy to realize simultaneous detection of multiple analytes is by varying LFICS
design. This strategy includes the design of several test lines, miniaturized design version of LFICS,
bi-specific labelled-biorecognition design (commonly detects several analytes per conjugate), and
architecture turning in formulating multiplex design prototypes [5]. Variation of test line strategies
can be divided by multiple test lines for each analyte and a single test line to detect multiple
analytes.

Multiple Test Lines
Multiple Analytes

Multiple test lines for multiple analytes is a common design for the development of multiplex LFICS.
In this design, additional test lines are included for each additional analyte to be tested (Figure 6.1b
and Figure 6.3). Sun et al. [76] developed multiplex for simultaneously detecting two types of
mycotoxin, ochratoxin A (OTA), and zearalenone (ZEN) in cereals. They used competitive format
(Figure 6.3b) where OTA-BSA and ZEN-BSA conjugates were separately immobilized at different test
lines (TL1 and TL2, respectively) on NC membrane. AuNPs, as the label, were conjugated to anti-
BSA and anti-ZEN monoclonal antibody (mAb). If the sample contained OTA, it binds to AuNP anti-
OTA mAb. Thus, no free site of AUNP anti-OTA mAb binds with OTA-BSA in TL1 and result in the
absence of color is observed at TL1 (positive). If ZEN is present in the sample, no color is observed
at TL2. However, if OTA and ZEN are present in the sample, they will bind with AuNP-mAb
conjugate and no free site AUNP-mAb conjugate binds with the test lines, which result in the
absence of visual color is detected in the two test lines. For the sandwich format (Figure 6.3a), the
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result is interpreted inversely as explained in the preceding parts. Most of the literature explained
earlier in the colored NPs section used this design (multiple test lines for multiple analytes).

Single Analyte

In this design, several test lines are printed on an NC membrane to detect a single analyte. The
purpose of this additional test line is to increase the sensitivity of typical LFICS through visual semi-
guantitative measurement. A typical semi-quantitative format needs a reader device to convert the
color intensity of the label that is proportional to the amount of detected analyte. The main
drawback of this design is the requirement of a reader device. As a result, some researchers
developed device-free semi-quantitative detection of analyte, which is called a barcode-style LFICS,
to determine the level of disease [77, 78], hazard compound [79], mycotoxin [80, 81] and analyte
percentage in whole samples [82]. In this strategy, each test line represents a fix detection value or
cut-off value of the analyte. When an analyte at a certain concentration flows on LFICS, it binds
with the respective cut-off line. In other words, the number of lines on the test strip is directly
proportional to the analyte concentration. The preceding principle is only applied in the sandwich
format [77-79]. For the competitive format, increasing the analyte concentration causes the test
lines to disappear gradually, which indicates that the disappearance of each test line represents a
threshold level of analyte concentration [80, 81].

Ang et al. [82] developed barcode-style LFICS in a slightly different manner; they used dual
detection (two different AuNPs size conjugated to mAb) to measure HbAlc and total Hb. This
design provides a valuable percentage of HbAlc values for improved diabetes care onsite. This strip
comprises five lines that contain three test lines to detect different HbAlc concentrations; one Hb
line and one control line. The ratio of HbAlc to total Hb was calculated as percentage HbAlc.

Ang et al. [83] developed a different strategy by detecting a single analyte with multiple-line LFICS.
They combined the PCR method with LFICS. The purpose of this strategy is not for visual semi-
quantitative detection but for additional detection of positive control (two control lines). This LFICS
has three lines: one for detecting the targeted analyte, and the other two for detecting positive
control; one for validating PCR method and the other for validating LFICS.

Single Test Line
Multiple Analytes

In this design, multiple analytes are detected simultaneously within a single test line without the
need for an additional test line for each analyte to be tested. Lin et al. [84] developed multiplex
LFICS to detect immunoglobulin G (IgG) antibodies in Treponema pallidum by using two
recombinant antigens as a labeled-antigen conjugate (TPN17 and TPN47). This multiplex LFICS
detects IgG-specific samples with TPN17 and/or TPN47 by binding to capture immobilized
antibodies on a single test line. Labeled-antibody conjugate can also be designed to detect several
analytes in addition to separate conjugate (bi-specific antibody). For example, Li et al. [85] used a
mAb against fumonisin B1 (FB1) with high cross-reactivity with fumonisin B2 (FB2) and fumonisin
B3 (FB3) as a conjugate probe. In their study, LFICS can rapidly detect total fumonisin (FBs) (FB1,
FB2, and FB3) in a single test line. Zhang et al. and Grimaldi et al. [86, 87] also used a similar
strategy. However, this strategy has drawbacks; different analytes cannot be distinguished and the
concentration of each specific analyte cannot be determined. To address this problem, Worsley et
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al. [33] used fluorescent microspheres as a label as discussed in the previous section for
quantitatively detecting two analytes (interleukin 6 and tumor necrosis factor alpha) as chronic
wound biomarkers in a single test line. The difference in optical discrete emission characteristics of
the label made this strategy possible.

LOGIC System

The idea for the LOGIC system is based on electronic logic gates of the transistor-based
computational device. This concept is then applied as an analogy for the molecular logic gate where
a set of molecular computation is used to generate “outputs” from chemical or physical “inputs”
for the development of intelligent diagnostics [88]. The LOGIC systems can be AND, OR, NOR, XOR,
or INHIBIT (INH) depending on design purpose.

Chen et al. [88] developed LOGIC-based LFICS using AND and OR operation for detection of
thrombin and ATP. In this system, split/integrated aptamers were used as a molecular recognition
element using AuNPs as tracer. Thrombin and ATP were used as inputs in this system, whereas the
outputs could be directly visualized by a red color on the test line. For output interpretation, when
the red color was observed, the output = 1, whereas if no color was observed in the test line, the
output = 0. Furthermore, in the AND LOGIC system, only the presence of inputs, thrombin, and ATP
(1, 1) provides an output of “1”. In the absence of both inputs (0, 0), or in the presence of either
input (1, 0; 0, 1), the output is “0” and no color is observed on the test line. In the OR LOGIC
system, the presence of both (1, 1) or either one input (1, 0; 0, 1) provides an output of “1”. The
absence of both inputs (0, 0) provides an output of “0” (Figure 6.5a-b).

Huang et al. also [89] reported the use of LOGIC systems for OR and INH operation. They detected
carcinoembryonic antigen (CEA) protein and c-DNA based (as inputs) on target-induced
conformational changes of hairpin oligonucleotide (HO) using AuNPs as detector. The output was
similar with the findings of Chen et al. [88] where “1” reflects the color that appeared, whereas “0”
indicates that no color appeared on the test line. Furthermore, the OR operation is similar to the
aforementioned operation. For the INH operation, the presence of the only specific input (CEA)
provides an output of “1”. Thus, the presence of another input (CEA-HO) (0, 1) and the presence
and absence of both input (1, 1), (0, 0) provides an output of “0”.
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FIGURE 6.5

LOGIC based multiplex LFICS: (a) AND LOGIC system and (b) OR LOGIC system reprinted (adapted) with
permission from (Chen J, Fang Z, Lie P, Zeng L. Computational lateral flow biosensor for proteins and small
molecules: a new class of strip logic gates. Analytical chemistry. 2012;84(15):6321-5). Copyright (2012)
American Chemical Society



Advanced Materials and their Applications - Micro to nano scale 123

Multiple Dots

Advances in technology led to the development of DNA microarrays, which represent a
sophisticated high-throughput system. DNA microarrays may be combined with the dry-reagent-
based format, LFICS. Multiple test spots are drawn on the NC membrane of LFICS for visual
detection. Furthermore, this type of design can be used for genotyping several
mutations/polymorphisms in parallel. The principle of the test is simple. The dot appears when
anti-biotin AuNPs conjugate binds to a specific biotinylated-PCR product that hybridizes with
specific capture oligonucleotide probes pipetted on the NC membrane [90, 91].

The above mentioned design was reported by several researchers as an example to detect a
mutation in HBA1 and HBA2 gene of alpha thalassaemia [92], genotyping of 15 beta-globin gene
(HBB) mutations [93] and mutation of ATP7B gene in Wilson disease [90]. The multiple-dot design
involves three steps. First, target DNA sequence is amplified by PCR. Second, an allele
discrimination step is used through a primer extension reaction that produce biotin incorporated
allele-specific product. Finally, a visual detection of the product through an anti-biotin AuNPs label
conjugate result is detected by observing a red spot on LFICS (Figure 6.6). Furthermore, this design
can be applied to determine the concentration of four types of drug abuse [94].

Sample flow

—

Control spot

Normal allele > ® ® ® () o 8
Top view
Mutant allele N ® ® o o Qo 4 A .
NC membrane Absorbance pad
FIGURE 6.6

NA-LFICS: LFICS detection and interpretation of the genotyping result

Architecture Tuning

Aside from using internal modification strategies as discussed previously, LFICS multiplexing can be
conducted by formulating external modification where the architecture of the strip itself can vary.
Furthermore, it can either be by designing various test-strip shapes or combining several test strips
into one. Fu et al. [95] presented the capability of 2D paper networks with multiple inlets per outlet
for multi-analyte detection. They evaluated this method for controlling fluid transport through the
geometry of network and dissolvable barriers, which provide higher sensitivity. Moreover, they
concluded that the arrival time of multiple reagents to the detector region was faster when using
this design (three inlets along one common outlet), as demonstrated in Figure 6.7a.

In addition, Fenton et al. [96] demonstrated 2D shaping paper- and NC-based lateral flow devices
for multi-analyte detection. They shaped the paper/NC into a star, candelabra, and other structures
using a computer-controlled knife as illustrated in Figure 6.7b. The shaped device was then spotted
with multiple bioassay reagents to produce multiplex LFICS. To avoid contamination and minimize
evaporation, laminar composites were fabricated where NC media was between vinyl and polyester
plastic films in the final version. This fabricated method was claimed to be novel, low cost, and
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suitable for resource-poor areas, prototype development, high-volume manufacturing, and
reducing operator error.

FIGURE 6.7

Multiplex LFICS design: (a) Three inlets along one common outlet design reprinted with permission from (Fu E,
Lutz B, Kauffman P, Yager P. Controlled reagent transport in disposable 2D paper networks. Lab on a Chip.
2010;10(7):918-20). Copyright (2010) Royal Society of Chemistry. (b) The star, candelabra and other structures
shaped using a computer-controlled knife are reprinted (adapted) with permission from (Fenton EM,
Mascarenas MR, Loépez GP, Sibbett SS. Multiplex Lateral-Flow Test Strips Fabricated by Two-Dimensional
Shaping. ACS Applied Materials & Interfaces. 2009;1(1):124-9). Copyright (2009) American Chemical Society

Hong et al. [73] used UCPs as a label to develop 10-channel LFICS. In this method, they combined
10 strips of typical design (one test line and one control line) with separated conjugate pad. The 10
strips were then assembled symmetrically into the disc type plastic cartridge with shared sample
pad and different result-scanning window. This design allows the sample to synchronously and
uniformly distribute for simultaneously detecting 10 targets using a single sample. Aside from the
aforementioned process, a special reader device was designed to implement linear and rotary
motions for realizing the scanning detection of 10 strips on the disc. This reader device captures the
signals of 10 strips consecutively within 2 min.

Li et al. [97] designed and optimized several prototypes for multiplex detection of whole-cell
antigens of Pseudomonas aeruginosa and Staphylococcus aureus simultaneously. The optimized
design prototypes included fork, peacesign, and triangular centerpiece. Among these designs, the
triangular centerpiece was chosen because it provided more effective LFICS performance than
other prototypes. In addition, they designed and fabricated a compact portable device to convert
the color intensity of AUNPs on the test line into a quantitative result by means of voltage reading.
Bacterial concentration in the detected sample is proportional to the voltage generated when using
this device.

A number of interesting designs in the development of multiplex LFICS is obtained by using lateral
flow microarrays. Carter and Cary [75] developed a miniaturized lateral flow device that uses
hybridization-mediated target capture. In this design, several capture oligonucleotides were
immobilized on lateral flow, whereas detection oligonucleotides conjugated with dyed
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microspheres as the label was injected into the conjugate release pad. Positive and negative
hybridization control was printed on the NC membrane. The NC membrane was then cut into 3
mm-wide strips, assembled with conjugate pad, and then covered with custom design plastic
housing. This device offers the simplicity of LFICS-based platforms and sensitivity for detecting and
discriminating closely related minority sequences of microbial signatures in complex NA mixtures
within 2 min.

Conjugate Specificity

The conjugated probe can be designed either as bi-specific, which can detect simultaneously
several analytes or monospecific to separately detect one specific analyte. Guo et al. [54] reported
the comparison of developed multiplex LFICS using bi-specific monoclonal antibody (BsMcAb)
conjugate against both triazophos and carbofuran with separate monospecific McAb (MsMcAb)
conjugate against each triazophos and carbofuran. They discovered that by using MsMcAb as a
separate conjugate with AuNPs provide higher sensitivities for both pesticides rather than using
BsMcAb when visually detected by the naked eye. Fernandez-Sanchezet al. and Yanget at al. [44,
47] developed multiplex LFICS using bi-specific McAb to simultaneously detect free and total
prostate specific antigen; and serotypes O, A and Asia 1 of foot-and-mouth disease virus. However,
Lee et al. [48] used antigen (protein A) conjugated with AuNPs that have bi-specificity toward AIDS,
hep C and hep A antibodies in serum. They used indirect IA method where antibody was detected
in serum compared to direct IA method, which detected antigen in specimens.

Applications
Nucleic Acid LFICS (NA-LFICS)

Multiplex LFICS can be applied to detect various types of analytes in various fields, including health,
medicine, and forensics. One of the applications detect nucleic acid product derived from the PCR
method. Furthermore, it is a combination method where the PCR method was first used to amplify
the target DNA of specific species or genes, which are later combined with LFICS as a detector for
such targets. The PCR method is widely known for having high specificity and sensitivity, but the
target DNA detection requires an additional laborious and hazardous method (gel electrophoresis).
Thus, when combined with a simple detection method, such as LFICS, a perfect combination could
be obtained.

In the beginning, Oku et al. [98] explained the basic principle of NA-LFICS for simultaneous
detection of multi-analyte antigens and/or antibodies (HBsAg and TP) in the specimen. This device
uses colloidal AuNP-labelled antibodies and oligonucleotide-labeled antibodies as labels that are
fixed in the conjugate pad. Complimentary oligonucleotide-labeled proteins are immobilized on an
NC membrane. When the target is present in the specimen, it forms a complex with AuNP-antibody
and oligonucleotide-antibody. This complex continues to flow until it reaches a place where the
immobilized complementary oligonucleotide is placed. Then, DNA-DNA interaction occurs when
specific matches are available and the result can be visualized through an appearance of red band
on the specific test line.

Subsequently, NA-LFICS was applied for simultaneous and differentiated virus and bacterial DNA in
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specimens. For virus detection, Dineva et al. [99] reported the use of NA-LFICS to detect and
differentiate HBV DNA, HCV RNA, and HIV-1 RNA, whereas Kuo et al. [100] reported the same for
HPV 16 and HPV 18. Horng et al., Soo et al., and Zulkiply et al. [101-103] developed NA-LFICS for
multiplex bacterial detection, whereas He et al. [104] detected mutation sites of transglutaminase
1 gene in autosomal recessive congenital ichthyosis using hairpin oligonucleotide (HO) as molecular
recognition probe.

All the first amplified targeted genes use the PCR method. Two sets of primer pairs were designed
to amplify longer DNA fragment (external primer) and shorter internal DNA fragment. This primer
was then labeled with biotin and either digoxigenin (Dig) or fluorescein (F) at 5’-terminus. Two
steps of PCR occurred with the first step amplified longer DNA fragment and then the amplified
product was used in second PCR to amplify a shorter DNA fragment. Amplified PCR products
contained biotin in one end for both targets and either F or Dig corresponds to each target. In
LFICS, anti-Dig and anti-F were immobilized on the NC membrane forming test lines 1 and 2 and the
control line. Thus, corresponding species could be observed when the red color was observed at
the corresponding test lines.

NA-LFICS can have an additional control line for PCR control, namely, internal amplification control
(IAC) to validate the PCR process. The false negative result may occur due to DNA degradation or
PCR inhibitors; to prevent it, IAC must be included [105]. Ang et al. and Wong et al. [106, 107]
integrated IAC in their NA-LFICS for detection of cholera toxin gene (ctxA) and Cordyceps species,
respectively. Nurul Najian et al. [108] reported the use of IAC to validate NA-LFICS. They
simultaneously detected targeted gene (pathogenic Leptospira) and IAC product. However, they
amplified the targeted gene using a loop-mediated isothermal amplification (LAMP) method that
offered more advantages such as quick processing time and no thermocycling equipment
compared to the conventional PCR method.

Large and Small Analytes

As discussed, multiplex LFICS works effectively to detect the various types of analytes, including
large and small ones. The larger analytes include protein, a bacterial cell, and a toxin. Multiplex
LFICS that was used to detect larger analytes mostly used the sandwich format. However, smaller
analytes such as aptamer, mycotoxin, pesticides, toxic pollutant, and heavy metals used the
competitive IA method as format. Due to a smaller size, these analytes require conjugation with
another protein such as bovine serum albumin (BSA) before it can be immobilized on the NC
membrane as a competitor for the analytes to be detected [109].

Applications of multiplex LFICS include food safety, clinical disease biomarkers, and environmental
health. In food safety, multiplex LFICS is used to detect food-borne pathogens and their toxins.
Most researchers developed multiplex LFICS to simultaneously detect mycotoxins in food items
including ZEN, OTA, FB1, deoxynivalenol (DON), and aflatoxin B; (AFB,) [30, 50-53, 57, 60, 61]. Le et
al. [58] developed multiplex LFICS for simultaneous detection of cyromazine (CA) and melamine
(MA) in animal origin foods whereas Zhang et al. [59] developed multiplex LFICS for simultaneous
detection of clenbuterol (CLE) and ractopamine (RAC) in swine urine. Several pathogenic bacteria
that caused food-borne disease were detected simultaneously, such as Escherichia coli (E. coli)
0157:H7, Shigella boydii, several types of shiga-toxin-producing E. coli, Salmonella enterica
serovars Typhimurium, and Enteritidis and Vibrio cholera serogroups O1 and 0139 [42, 43, 45, 110].
Furthermore, multiplex LFICS was applied to clinical disease. Several viruses have been detected
simultaneously through multiplex LFICS such as AIDS, hepatitis C, hepatitis A, influenza A/HIN1
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virus, and foot-and-mouth disease [44, 46, 48]. Disease biomarker can be detected, such as free
and total prostate specific antigen in serum [47] and wound healing [33]. Moreover, multiplex LFICS
can be used to detect genetic defects, such as detecting drug-induced inhibition of mitochondrial
DNA replication and mtDNA-encoded protein synthesis [111] and multi-allele genotyping of
mutations [90, 92, 93].

In environmental health, several types of toxin, heavy metals, and pesticides frequently
contaminate the environment and may be harmful to human health. As a result, multiplex LFICS
that is simple, rapid, and sensitive to simultaneous detection of several heavy metals (Hg(ll), Cd(ll),
and Pb(ll)) [109]; pesticides (imidacloprid, chlorpyrifos-methyl, and isocarbophos) [62] and
insecticide (pyrethroid and endosulfan) [55] have been developed. Pesticide residues such as
carbofuran and triazophos [54], synthetic contraceptive levonorgestrel and glucocorticoid
methylprednisolone residues [56] and mixture of several chemicals (microcystin-leucine-arginine,
Pb(ll), chloramphenicol, testosterone and chlorothalonil) [31] can simultaneously be detected in
water samples to ensure water quality and safety.

Multiplex LFICS Performance

The performance of multiplex LFICS is evaluated by sensitivity or LOD toward analytes, and
specificity which is the ability of LFICS to correctly identify or recognize specific analytes to be
tested. The performance of LFICS generally depends on the label used as conjugate. LFICS based on
QDs as label gave LOD for AFB; as low as 0.42 pg/mL whereas using AuNPs, LOD just 250 pg/mL [30,
112]. Moreover, multiplex LFICS using CNPs as a label is able to detect E. coli with LOD between 10*
— 10° colony forming units (CFU)/mL compared to AuNPs as label only 10° CFU/mL [43, 66]. The
reason why AuNPs probe showed lower sensitivity (higher LOD) compared to other NPs probes is
that 20-30 nm spherical AuNPs exhibits insufficient signal intensity [113, 114]. Linares et al. [115]
proved that different conjugate probe gave variable LOD where AuNPs probe produced the poorest
results. However, in the specificity aspect, no cross-reaction occurs between them, thereby
indicating that the specificity of AuUNP-based multiplex LFICS is good.

Even though other NP labels show higher sensitivity compared to AuNP, the latter are still the most
chosen bioconjugate due to its properties such as biocompatibility, ease of synthesis, and stability
with time [2]. To improve the detection limit of AuNP-based multiplex LFICS, researchers have
developed LFICS with modified AuNPs. The modification of AuNPs is also known as an
enhancement strategy. The strategy can be through the modification of the AuNP surface by
chemical method or by altering physical properties. The chemical enhancement method could be
performed by adding additional NPs, which are AgNPs to AuNPs. Silver ions in silver staining
solution was catalyzed by AuNPs to form metal silver and deposited on the AuNPs surface.
Deposited Ag on AuNP allowed the enlargement of particle dimensions of ordinary AuNPs. The
black coloration result by Ag deposition provides better contrast to the test line against a white
background of NC membrane. Yu et al. [116] developed a multiplex LFICS for FB; detection and
DON in maize samples using silver staining as enhancement strategy to increase the sensitivity of
the test. They found that LOD for FB; and DON by silver staining was 2 ng/mL and 40 ng/mL
compared to 5.23 ng/mL [57] and 100 ng/mL [52], respectively. Another strategy is by adding a
second AuNPs conjugate with a larger size than primary AuNPs conjugate for analyte detection.
Furthermore, this approach is also known as a dual AuNP-based signal enhancement. Zhu et al.
[117] used this strategy to enhance the sensitivity of multiplex LFICS for detection of cardiac
troponin I (hs-cTnl) and myoglobin. The sensitivity of enhanced multiplex LFICS was 9 ng/mL for hs-
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cTnl and 10 pg/mL for myoglobin. On the other hand, the specificity of these two-enhanced
multiplex LFICS remained high.

The sensitivity and specificity of the reported multiplex LFICS were high and in good agreement
with those obtained through conventional and reference standard methods, such as ELISA, GC/MS
spectrometer, HPLC, and culture methods [43, 52, 61]. These indicate that the developed multiplex
LFICS was accurate, reliable, reproducible, stable, and comparable with the conventional and
standard method. Table 6.1 summarizes the performance of multiplex LFICS using a variety of
formats and strategies.

TABLE 6.1
Overview of label, format, and design of multiplex LFICS
Assay Samples
Label Format Readout Design Sensitivity/LOD time tested / Ref.
(min) analytes
Multiple TL, | YFV NS1, ZEBOV Not Dengue, yellow
AgNPs Sandwich Qualitative multiple GP & DENV NS1: fever, and Ebola | [64]
reported .
analytes 150 ng/mL viruses
Multiple TL, | AFB1:0.25 ng/mL;
AuNPs Competitive Qualitative multiple OTA: 0.5 ng/mL; 20 Agro-food [30]
analytes ZEA: 1 ng/mL
Multiple TL,
" L . DON: 50 ng/mL; .
AuNPs Competitive Qualitative multiple ZEA: 1 ng/mlL 15 Grains [51]
analytes
Multiple TL, .
AuNPs | Competitive | Qualitative multiple nLN/fni”d MP:10 1 45 Water (56]
analytes 8
Single TL, .
:2.5
AuNPs | Competitive | Qualitative multiple FBs mixture 10 Maize 185]
ng/mL
analytes
Bi-specific Carbofuran: 32
AuNPs Competitive Qualitative mAb ug/L & 8-10 Water sample [54]
conjugate triazophos: 4 pg/L
Multiple TL,
" L . " | ZEN:0.35 ng/mL; Corn and
titat Itipl 57
AuNPs Competitive Quantitative multiple FB1: 5.23 ng/mlL 30 Wheat [57]
analytes
Imidacloprid: 50
Semi- Multiple TL, | pg/L; chlorpyrifos- Chinese
AuNPs Competitive L multiple methyl: 100 pg/L; 7 cabbage and [62]
quantitative . .
analytes isocarbophos: 100 soil
pe/L
AFB1: 0.06 ng/mL; Toxic or
- Visual semi- AFB2:0.25 ng/mL; harmful
AuNPs Competitive quantitative Barcode AFG1:0.125 and 15 substances in (80]
AFG2: 0.25 ng/mL food
Multiple TL, | S. boydiiand E. .
B 1k
AuNPs | Sandwich Qualitative multiple coli 0157:H7: 106 | 5-10 Bread, milkand | 1)
jelly
analytes CFU/mL
serotype O: 17
Multiple TL, | viral particles Foot-and-
AuNPs Sandwich Qualitative multiple (VP); serotype A: 15 mouth diseases [44]
analytes 3400 VP; serotype virus
Asia 1: 7200
. L Thrombin: 10 nM Human Serf’m
AuNPs Sandwich Qualitative LOGIC 10 for thrombin [88]
& ATP: 10 uM and ATP
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CEA and c-DNA
AuNPs | Sandwich Qualitative LOGIC CEA:200 ng/mL& | in10% human | [89]
c-DNA: 1 uM
serum
Total Wilson disease
AuNPs | Sandwich Qualitative Multi-dots :&Oplfi’:;:/ WL of time: related ATP78 | [90]
<2h gene mutation
Alpha
Total thalassaemia
AuNPs Sandwich Qualitative Multi-dots :&Oplfir:;:/ul' of time: for [92]
<2h HBA1 and HBA2
gene mutation
HBV DNA: 50
AuNPs Sandwich Qualitative NA-LFICS IllJZ/Sn:lI]/i(I:_YI-TI’:l/’—Al 15 Plasma patients [99]
RNA: 500 IU/mL
AuNPs | Sandwich Qualitative NA-LFICS 100 copies of HPV |, HPV 16and18 | [100]
viral DNA
Synthetic target
AuNPs | Sandwich Qualitative NA-LFics | DNA03ne & 20-p5 | Choleratoxin 4y o)
pure genomic gene (ctxA)
DNA: 1 pg
Pathogenic Leptos
NA-LFICS pira: ° g 30 (for Pathogenic Lept
AuNPs Sandwich Qualitative ~ m-LAMP R [108]
(m-LAMP) 3.95x 107* genom ospira
. . only)
ic equivalent/mL
“Peace-
L sign” P. aeruginosa &S. .
AuNPs Sandwich Quallt.atlv.e & degsign aureus:QSOO - 10 In.fectlous [97]
quantitative immune 5000 CFU/mL disease
disc
Semi- Multiple TL, | 100% sensitivity AIDS, hepatitis
AuNPs Sandwich quantitative multiple compared to 30 C, and hepatitis [48]
analytes ELISA A
Semi- Bi-specific .
AuNPs Sandwich quantitative & | mAb E;SI:A &PSA:L <20 Male serum [47]
quantitative conjugate
Barcode
AuNPs | Sandwich Visual semi- | (multiple TL | oo i 10 1o/mL | 30 Gliadin in foods | [79]
quantitative single
analyte)
Visual semi- Prostate acid
AuNPs Sandwich . Barcode phosphatase 30 Serum PAP [77]
quantitative (PAP): 0.25 ng/mL
Qualitative & Multiple TL, vil, vi, eai, ehxA Total Shiga toxin-
CNPs Sandwich Semi- multiple and 165: 10° ~ time: producing E. [66]
. 10° CFU/mLor 0.1 R
quantitative analytes —0.9 ng/ulL DNA <1lh coli
HPV type 6, 11,
and 16: 10 copies
Fluores Sandwich Semi—. . NA-LFICS plasmid DNA/uL; 30 Common HPV (74]
cent quantitative HPV type 18: types
100 copies
plasmid DNA/uL
Fluores
Single TL,
ce.nt Sandwich Quantitative multiple IL6:7.15 pg/mL; Not Plasma [33]
micros TNFa 10.7 pg/mL reported
analytes
pheres
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Qb Competitive Quantitative Multiple TL, | Ofloxacin: 0.3 10 Milk [71]
multiple ng/mL;
analytes chloramphenicol:
0.12 ng/mL;
streptomycin:
0.2 ng/mL
Multiple TL, ::ﬁ:-:gllitinating Influenza A
Qb Sandwich Quantitative multiple . 15 virus subtypes [69]
analytes units (HAU); HO: H5 and H9
0.25 HAU
Single TL, Alpha fetoprotein Tumor marker
ab Sandwich Quantitative multiple (AFP): 3 ng/mL 15 . [70]
in human serum
analytes and CEA: 2 ng/mL
YP0O3827:18.20
ug/mL; YPO2131:
7.67 pg/mL; LerV:
0.97 pg/mL;
YP0O1089:0.41
ug/mL; YPO1303: Serum for
2.75 pg/mL; 15 for profile
UCP | Sandwich Quantitative | -0channel | YopD:97.11 ncubatin | - ibodies (73]
in disc ug/mL; YPO1435: g; 2 for . .
3.90 ug/mL; reading agalr'15t Yersinia
pestis

YPO1613: 30.36
ug/mL; F1: 0.37
pg/mL &
YP02118: 3.39
pg/mL

Major Challenges, Limitations, and Commercialization Potential of
Multiplex LFICS

A few challenges and limitations in the development of multiplex LFICS are still present. The
limitations can be in terms of sensitivity, specificity, reproducibility, ease of result to be interpreted,
manufacturing process, and cost to the end users. The multiplexing of LFICS becomes tedious
during the manufacturing process due to the need for special design or additional bio-conjugate
probe to ensure availability for multiple detections of analytes. However, manufacturing cost can
be reduced if a similar material and design can be used in conventional LFICS. Furthermore, bio-
recognition such as antibodies can be designed to be bi-specific toward several analytes, thereby
reducing the production cost of several conjugates of each antibody toward different targeted
analytes.

Moreover, the lack of sensitivity observed in multiplex LFICS is compared to single-detection LFICS
especially when using AuNP as a label [43, 118]. This may be due to the competition of several
conjugates toward specific analytes within a single aliquot of sample. This situation can limit the
chance of the conjugate label to bind with an analyte and decrease the intensity of color on the test
line. To overcome this issue, careful optimization of conjugate amount per analyte is the key point
for reducing the competition. The use of other labels such as luminescent NPs or magnetic NPs can
improve sensitivity. However, the use of NPs may require additional equipment and synthesis of
such NPs. However, enhancement strategies can be applied in this situation if AuNPs are required
to be used as a label in multiplex LFICS. As discussed, the enhancement of AuNPs produced a
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significant increase in the sensitivity of multiplex LFICS. In addition, AuNP-based multiplex LFICS is
reproducible and has a simple result interpretation.

Most multiplex LFICS developers intend to commercialize their products. In this situation, several
aspects require careful examination. To bring the product into the market, detailed optimization
assay steps, device materials, and the result readout must be presented. Due to the high growth
rate of commercial LFICS in the market, the developers must carefully optimize their device to
produce acceptable performance. If not, then the product cannot compete with commercially
available LFICS. Furthermore, multiplex ELISA can be a major competitor for multiplex LFICS if the
end user needs a better performance without considering the price and assay time [6, 119].

Conclusion and Future Perspectives

The LFICS has been used for a long time as a portable device that detects a wide variety of analytes
with the advantages of simplicity, affordability, speed, and promising acceptable performance to
the end users. Moreover, with the recent advancement in nanotechnology, several types of NPs
have been successfully synthesized and used in the LFICS device as detector labels. A modification
of materials used in LFICS and its component, such as the sample pad, conjugate pad, NC
membrane, and absorbent pad could strongly increase the performance and advantages of LFICS.
However, the only single-detection capability offered by LFICS concerned many researchers to
develop novel multiplex LFICS with the capability to simultaneously detect several analytes.

Several novel design, format, and modification of the typical LFICS have been successfully
developed to simultaneously detect multiple analytes. An additional test line corresponding to
additional analytes to be detected is mostly applied in multiplex LFICS. Analytes can be
simultaneously detected and differentiated by visual appearance of corresponding test lines.
Furthermore, when the line is used to detect the corresponding analyte, a dot design can be used if
too many analytes require simultaneous detection because the dot is smaller and can save space in
LFICS. In other ways, each typical LFICS combination detecting different analytes into one sample
pad is possible. However, this design may require increased sample volume. Moreover, a single test
line, which offers more space saving in LFICS to detect multiple analytes, is possible when using
multicolor NPs than AuNPs. Furthermore, the incorporation of bi-specific bioconjugate, which can
detect many analytes using single bioconjugate, may reduce manufacturing cost. The performance
of multiplex LFICS in any design is good when compared with the gold standard method.
Furthermore, improvement can be seen when enhancement strategies are implemented in AuNP-
based multiplex LFICS.

Multiplex LFICS have been used in many fields to detect a variety of analytes such as in clinical
disease, food safety, environmental safety, and in forensics for detection of drugs of abuse. In the
future, the research and development of multiplex LFICS for commercialization is possible. Making
multiplex LFICS friendlier to the end user is necessary if these tools intend to continuously become
the diagnostic tool of choice. A simplified design such as the miniaturization microarray of LFICS can
be further improved because it offers the simplest design, which detects several analytes
simultaneously within a single strip.



Advanced Materials and their Applications - Micro to nano scale 132

References

1. De Jong WH, Borm PJA. Drug delivery and nanoparticles: Applications and hazards.
International Journal of Nanomedicine. 2008;3(2):133-49.

2. Quesada-Gonzalez D, Merkogi A. Nanoparticle-based lateral flow biosensors. Biosensors and
Bioelectronics. 2015;73:47-63.

3. Costa MN, Veigas B, Jacob JM, Santos DS, Gomes J, Baptista PV, et al. A low cost, safe,
disposable, rapid and self-sustainable paper-based platform for diagnostic testing: lab-on-
paper. Nanotechnology. 2014;25(9):094006.

4. FuE, Liang T, Houghtaling J, Ramachandran S, Ramsey SA, Lutz B, et al. Enhanced Sensitivity of
Lateral Flow Tests Using a Two-Dimensional Paper Network Format. Analytical Chemistry.
2011;83(20):7941-6.

5. Huang X, Aguilar ZP, Xu H, Lai W, Xiong Y. Membrane-based lateral flow
immunochromatographic strip with nanoparticles as reporters for detection: A review.
Biosensors and Bioelectronics. 2016;75:166-80.

6. Sajid M, Kawde A-N, Daud M. Designs, formats and applications of lateral flow assay: A
literature review. Journal of Saudi Chemical Society. 2015;19(6):689-705.

7. Panhotra B, Hassan Z, Joshi C, Bahrani A. Visual detection of multiple viral amplicons by
dipstick assay: its application in screening of blood donors a welcome tool for the limited
resource settings. Journal of clinical microbiology. 2005;43(12):6218-9.

8. Corstjens PLAM, de Dood CJ, van der Ploeg-van Schip JJ, Wiesmeijer KC, Riuttamadki T, van
Meijgaarden KE, et al. Lateral flow assay for simultaneous detection of cellular- and humoral
immune responses. Clinical Biochemistry. 2011;44(14-15):1241-6.

9.  Cecchini MP, Turek VA, Paget J, Kornyshev AA, Edel JB. Self-assembled nanoparticle arrays for
multiphase trace analyte detection. Nature Materials. 2013;12(2):165-71.

10. Dinish US, Balasundaram G, Chang Y-T, Olivo M. Actively Targeted In Vivo Multiplex Detection
of Intrinsic Cancer Biomarkers Using Biocompatible SERS Nanotags. Scientific Reports.
2014;4:4075.

11. Galperin E, Verkhusha VV, Sorkin A. Three-chromophore FRET microscopy to analyze
multiprotein interactions in living cells. Nat Methods. 2004;1(3):209-17.

12. Liu J, Jung HL, Lu Y. Quantum dot encoding of aptamer-linked nanostructures for one-pot
simultaneous detection of multiple analytes. Analytical Chemistry. 2007;79(11):4120-5.

13. LiuJ, Sun YQ, Huo Y, Zhang H, Wang L, Zhang P, et al. Simultaneous fluorescence sensing of
Cys and GSH from different emission channels. Journal of the American Chemical Society.
2014;136(2):574-7.

14. Nakano S, Fukuda M, Tamura T, Sakaguchi R, Nakata E, Morii T. Simultaneous detection of ATP
and GTP by covalently linked fluorescent ribonucleopeptide sensors. Journal of the American
Chemical Society. 2013;135(9):3465-73.

15. Yang XF, Huang Q, Zhong Y, Li Z, Li H, Lowry M, et al. A dual emission fluorescent probe
enables simultaneous detection of glutathione and cysteine/homocysteine. Chemical Science.
2014;5(6):2177-83.

16. Han M, Gao X, Su JZ, Nie S. Quantum-dot-tagged microbeads for multiplexed optical coding of
biomolecules. Nature Biotechnology. 2001;19(7):631-5.

17. Wilson R, Spiller DG, Prior 1A, Veltkamp KJ, Hutchinson A. A Simple method for preparing

spectrally encoded magnetic beads for multiplexed detection. ACS Nano. 2007;1(5):487-93.



Advanced Materials and their Applications - Micro to nano scale 133

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

Cho ES, Kim J, Tejerina B, Hermans TM, Jiang H, Nakanishi H, et al. Ultrasensitive detection of
toxic cations through changes in the tunnelling current across films of striped nanoparticles.
Nature Materials. 2012;11(11):978-85.

Lin Z, Li X, Kraatz HB. Impedimetric immobilized DNA-based sensor for simultaneous detection
of Pb 2+, Ag +, and Hg 2+. Analytical Chemistry. 2011;83(17):6896-901.

Rattanarat P, Dungchai W, Cate D, Volckens J, Chailapakul O, Henry CS. Multilayer paper-
based device for colorimetric and electrochemical quantification of metals. Analytical
Chemistry. 2014;86(7):3555-62.

Xu N, Xu L, Ma W, Kuang H, Xu C. Development and characterisation of an ultrasensitive
monoclonal antibody for chloramphenicol. Food and Agricultural Immunology.
2015;26(3):440-50.

Das J, Cederquist KB, Zaragoza AA, Lee PE, Sargent EH, Kelley SO. An ultrasensitive universal
detector based on neutralizer displacement. Nature Chemistry. 2012;4(8):642-8.

Wang Y, Liu N, Ning B, Liu M, Lv Z, Sun Z, et al. Simultaneous and rapid detection of six
different mycotoxins using an immunochip. Biosensors and Bioelectronics. 2012;34(1):44-50.
Zhang B, Kumar RB, Dai H, Feldman BJ. A plasmonic chip for biomarker discovery and
diagnosis of type 1 diabetes. Nature Medicine. 2014;20(8):948-53.

Liu L, Lin H. Paper-based colorimetric array test strip for selective and semiquantitative multi-
ion analysis: Simultaneous detection of Hg2+, Ag+, and Cu2+. Analytical Chemistry.
2014;86(17):8829-34.

Lin D, Alborn WE, Slebos RIC, Liebler DC. Comparison of protein immunoprecipitation-multiple
reaction monitoring with ELISA for assay of biomarker candidates in plasma. Journal of
Proteome Research. 2013;12(12):5996-6003.

De La Rica R, Stevens MM. Plasmonic ELISA for the ultrasensitive detection of disease
biomarkers with the naked eye. Nature Nanotechnology. 2012;7(12):821-4.

Frampton JP, White JB, Simon AB, Tsuei M, Paczesny S, Takayama S. Aqueous two-phase
system patterning of detection antibody solutions for cross-reaction-free multiplex ELISA.
Scientific reports. 2014;4:4878.

Rissin DM, Kan CW, Campbell TG, Howes SC, Fournier DR, Song L, et al. Single-molecule
enzyme-linked immunosorbent assay detects serum proteins at subfemtomolar
concentrations. Nature Biotechnology. 2010;28(6):595-9.

Li X, Li P, Zhang Q, Li R, Zhang W, Zhang Z, et al. Multi-component immunochromatographic
assay for simultaneous detection of aflatoxin B1, ochratoxin A and zearalenone in agro-food.
Biosensors and Bioelectronics. 2013;49:426-32.

Xing C, Liu L, Song S, Feng M, Kuang H, Xu C. Ultrasensitive immunochromatographic assay for
the simultaneous detection of five chemicals in drinking water. Biosensors and Bioelectronics.
2015;66:445-53.

Gao X, Xu L-P, Zhou S-F, Liu G, Zhang X. Recent Advances in Nanoparticles-based Lateral Flow
Biosensors. American Journal of Biomedical Sciences. 2014;6(1).

Worsley GJ, Attree SL, Noble JE, Horgan AM. Rapid duplex immunoassay for wound
biomarkers at the point-of-care. Biosensors and Bioelectronics. 2012;34(1):215-20.

Xie Y-J, Yang Y, Kong W-J, Yang S-H, Yang M-H. Application of Nanoparticle Probe-based
Lateral Flow Immunochromatographic Assay in Mycotoxins Detection. Chinese Journal of
Analytical Chemistry. 2015;43(4):618-28.

Tallury P, Malhotra A, Byrne LM, Santra S. Nanobioimaging and sensing of infectious diseases.
Advanced drug delivery reviews. 2010;62(4):424-37.



Advanced Materials and their Applications - Micro to nano scale 134

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Makhsin SR, Razak KA, Noordin R, Zakaria ND, Chun TS. The effects of size and synthesis
methods of gold nanoparticle-conjugated MaHIgG4 for use in an immunochromatographic
strip test to detect brugian filariasis. Nanotechnology. 2012;23(49):495719.

Schroeder HW, Cavacini L. Structure and function of immunoglobulins. Journal of Allergy and
Clinical Immunology. 2010;125(2):541-S52.

Jazayeri MH, Amani H, Pourfatollah AA, Pazoki-Toroudi H, Sedighimoghaddam B. Various
methods of gold nanoparticles (GNPs) conjugation to antibodies. Sensing and Bio-Sensing
Research. 2016;9:17-22.

Kim JH, Cho JH, Cha GS, Lee CW, Kim HB, Paek SH. Conductimetric membrane strip
immunosensor with polyaniline-bound gold colloids as signal generator. Biosensors and
Bioelectronics. 2000;14(12):907-15.

Waters LC, Counts RW, Palausky A, Jenkins RA. Colorimetric Strip Tests - a Comparison of
Visual and Reflectometric Measurements for Quantitative Applications. Journal of Hazardous
Materials. 1995;43(1-2):1-12.

Mao X, Wang W, Du T-E. Rapid quantitative immunochromatographic strip for multiple
proteins test. Sensors and Actuators B: Chemical. 2013;186:315-20.

Moongkarndi P, Rodpai E, Kanarat S. Evaluation of an immunochromatographic assay for rapid
detection of Salmonella enterica serovars Typhimurium and Enteritidis. Journal of Veterinary
Diagnostic Investigation. 2011;23(4):797-801.

Song C, Liu C, Wu S, Li H, Guo H, Yang B, et al. Development of a lateral flow colloidal gold
immunoassay strip for the simultaneous detection of Shigella boydii and Escherichia coli
0157:H7 in bread, milk and jelly samples. Food Control. 2016;59:345-51.

Yang M, Caterer NR, Xu W, Goolia M. Development of a multiplex lateral flow strip test for
foot-and-mouth disease virus detection using monoclonal antibodies. Journal of Virological
Methods. 2015;221:119-26.

Yonekita T, Ohtsuki R, Hojo E, Morishita N, Matsumoto T, Aizawa T, et al. Development of a
novel multiplex lateral flow assay using an antimicrobial peptide for the detection of Shiga
toxin-producing Escherichia coli. Journal of Microbiological Methods. 2013;93(3):251-6.

Choi YJ, Kim HJ, Park JS, Oh MH, Nam HS, Kim YB, et al. Evaluation of new rapid antigen test
for detection of pandemic influenza A/HIN1 2009 virus. Journal of clinical microbiology.
2010;48(6):2260-2.

Ferndndez-Sanchez C, McNeil CJ, Rawson K, Nilsson O, Leung HY, Gnanapragasam V. One-step
immunostrip test for the simultaneous detection of free and total prostate specific antigen in
serum. Journal of Immunological Methods. 2005;307(1-2):1-12.

Lee J-H, Seo HS, Kwon J-H, Kim H-T, Kwon KC, Sim SJ, et al. Multiplex diagnosis of viral
infectious diseases (AIDS, hepatitis C, and hepatitis A) based on point of care lateral flow assay
using engineered proteinticles. Biosensors and Bioelectronics. 2015;69:213-25.

Oh YK, Joung H-A, Han HS, Suk H-J, Kim M-G. A three-line lateral flow assay strip for the
measurement of C-reactive protein covering a broad physiological concentration range in
human sera. Biosensors and Bioelectronics. 2014;61:285-9.

Kolosova A, De Saeger S, Sibanda L, Verheijen R, Van Peteghem C. Development of a colloidal
gold-based lateral-flow immunoassay for the rapid simultaneous detection of zearalenone and
deoxynivalenol. Anal Bioanal Chem. 2007;389(7-8):2103-7.

Kim KY, Shim WB, Kim JS, Chung DH. Development of a simultaneous lateral flow strip test for
the rapid and simple detection of deoxynivalenol and zearalenone. Journal of food science.
2014;79(10):M2048-55.



Advanced Materials and their Applications - Micro to nano scale 135

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Huang Z-B, Xu Y, Li L-S, Li Y-P, Zhang H, He Q-H. Development of an immunochromatographic
strip test for the rapid simultaneous detection of deoxynivalenol and zearalenone in wheat
and maize. Food Control. 2012;28(1):7-12.

Wang Y-K, Shi Y-B, Zou Q, Sun J-H, Chen Z-F, Wang H-a, et al. Development of a rapid and
simultaneous immunochromatographic assay for the determination of zearalenone and
fumonisin B1 in corn, wheat and feedstuff samples. Food Control. 2013;31(1):180-8.

Guo Y-R, Liu S-Y, Gui W-J, Zhu G-N. Gold immunochromatographic assay for simultaneous
detection of carbofuran and triazophos in water samples. Analytical Biochemistry.
2009;389(1):32-9.

Kranthi KR, Davis M, Mayee CD, Russell DA, Shukla RM, Satija U, et al. Development of a
colloidal-gold based lateral-flow immunoassay kit for 'quality-control' assessment of
pyrethroid and endosulfan formulations in a novel single strip format. Crop Protection.
2009;28(5):428-34.

Chang H-F, Wang J-Q, Wang B, Deng A-P. An immunochromatographic assay for rapid and
simultaneous detection of levonorgestrel and methylprednisolone in water samples. Chinese
Chemical Letters. 2013;24(10):937-40.

Wang Y-K, Yan Y-X, Ji W-H, Wang H-a, Li S-Q, Zou Q, et al. Rapid simultaneous quantification of
zearalenone and fumonisin B1 in corn and wheat by lateral flow dual immunoassay. Journal of
agricultural and food chemistry. 2013;61(21):5031-6.

Le T, Yan P, Xu J, Hao Y. A novel colloidal gold-based lateral flow immunoassay for rapid
simultaneous detection of cyromazine and melamine in foods of animal origin. Food
Chemistry. 2013;138(2-3):1610-5.

Zhang M-Z, Wang M-Z, Chen Z-L, Fang J-H, Fang M-M, Liu J, et al. Development of a colloidal
gold-based lateral-flow immunoassay for the rapid simultaneous detection of clenbuterol and
ractopamine in swine urine. Anal Bioanal Chem. 2009;395(8):2591-9.

Lattanzio VMT, Nivarlet N, Lippolis V, Gatta SD, Huet A-C, Delahaut P, et al. Multiplex dipstick
immunoassay for semi-quantitative determination of Fusarium mycotoxins in cereals.
Analytica Chimica Acta. 2012;718:99-108.

Song S, Liu N, Zhao Z, Njumbe Ediage E, Wu S, Sun C, et al. Multiplex Lateral Flow
Immunoassay for Mycotoxin Determination. Analytical Chemistry. 2014;86(10):4995-5001.
Wang L, Cai J, Wang Y, Fang Q, Wang S, Cheng Q, et al. A bare-eye-based lateral flow
immunoassay based on the use of gold nanoparticles for simultaneous detection of three
pesticides. Microchimica Acta. 2014;181(13-14):1565-72.

Leung W, Chan P, Bosgoed F, Lehmann K, Renneberg |, Lehmann M, et al. One-step
quantitative cortisol dipstick with proportional reading. Journal of Immunological Methods.
2003;281(1-2):109-18.

Yen C-W, de Puig H, Tam JO, Gomez-Marquez J, Bosch |, Hamad-Schifferli K, et al. Multicolored
silver nanoparticles for multiplexed disease diagnostics: distinguishing dengue, yellow fever,
and Ebola viruses. Lab on a Chip. 2015;15(7):1638-41.

Gordon J, Michel G. Analytical sensitivity limits for lateral flow immunoassays. Clinical
Chemistry. 2008;54(7):1250-1.

Noguera P, Posthuma-Trumpie GA, van Tuil M, van der Wal FJ, de Boer A, Moers APHA, et al.
Carbon nanoparticles in lateral flow methods to detect genes encoding virulence factors of
Shiga toxin-producing Escherichia coli. Anal Bioanal Chem. 2011;399(2):831-8.

Blazkova M, Koets M, Rauch P, van Amerongen A. Development of a nucleic acid lateral flow
immunoassay for simultaneous detection of Listeria spp. and Listeria monocytogenes in food.
Eur Food Res Technol. 2009;229(6):867-74.



Advanced Materials and their Applications - Micro to nano scale 136

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Mens PF, van Amerongen A, Sawa P, Kager PA, Schallig HDFH. Molecular diagnosis of malaria
in the field: development of a novel 1-step nucleic acid lateral flow immunoassay for the
detection of all 4 human Plasmodium spp. and its evaluation in Mbita, Kenya. Diagnostic
Microbiology and Infectious Disease. 2008;61(4):421-7.

Wu F, Yuan H, Zhou C, Mao M, Liu Q, Shen H, et al. Multiplexed detection of influenza A virus
subtype H5 and H9 via quantum dot-based immunoassay. Biosensors and Bioelectronics.
2016;77:464-70.

Wang C, Hou F, Ma Y. Simultaneous quantitative detection of multiple tumor markers with a
rapid and sensitive multicolor quantum dots based immunochromatographic test strip.
Biosensors and Bioelectronics. 2015;68:156-62.

Taranova NA, Berlina AN, Zherdev AV, Dzantiev BB. ‘Traffic light’ immunochromatographic
test based on multicolor quantum dots for the simultaneous detection of several antibiotics in
milk. Biosensors and Bioelectronics. 2015;63:255-61.

Corstjens PLAM, Chen Z, Zuiderwijk M, Bau HH, Abrams WR, Malamud D, et al. Rapid assay
format for multiplex detection of humoral immune responses to infectious disease pathogens
(HIV, HCV, and TB). Annals of the New York Academy of Sciences 2007. p. 437-45.

Hong W, Huang L, Wang H, Qu J, Guo Z, Xie C, et al. Development of an up-converting
phosphor technology-based 10-channel lateral flow assay for profiling antibodies against
Yersinia pestis. Journal of Microbiological Methods. 2010;83(2):133-40.

XuY, LiuY, Wu Y, Xia X, Liao Y, Li Q. Fluorescent Probe-Based Lateral Flow Assay for Multiplex
Nucleic Acid Detection. Analytical Chemistry. 2014;86(12):5611-4.

Carter DJ, Cary RB. Lateral flow microarrays: a novel platform for rapid nucleic acid detection
based on miniaturized lateral flow chromatography. Nucleic Acids Research. 2007;35(10):e74.
Sun Y, Xing G, Yang J, Wang F, Deng R, Zhang G, et al. Development of an
Immunochromatographic Test Strip for Simultaneous, Qualitative and Quantitative detection
of Ochratoxin A and Zearalenone in cereal. Journal of the Science of Food and Agriculture.
2015:96(11):3673-8.

Fang C, Chen Z, Li L, Xia J. Barcode lateral flow immunochromatographic strip for prostate acid
phosphatase determination. Journal of Pharmaceutical and Biomedical Analysis.
2011;56(5):1035-40.

Leung W, Chan CP, Rainer TH, Ip M, Cautherley GWH, Renneberg R. InfectCheck CRP barcode-
style lateral flow assay for semi-quantitative detection of C-reactive protein in distinguishing
between bacterial and viral infections. Journal of Immunological Methods. 2008;336(1):30-6.
Yin H-Y, Chu P-T, Tsai W-C, Wen H-W. Development of a barcode-style lateral flow
immunoassay for the rapid semi-quantification of gliadin in foods. Food Chemistry.
2016;192:934-42.

Zhang D, Li P, Liu W, Zhao L, Zhang Q, Zhang W, et al. Development of a detector-free
semiquantitative immunochromatographic assay with major aflatoxins as target analytes.
Sensors and Actuators B: Chemical. 2013;185:432-7.

Zhang D, Li P, Zhang Q, Li R, Zhang W, Ding X, et al. A naked-eye based strategy for
semiquantitative immunochromatographic assay. Analytica Chimica Acta. 2012;740:74-9.

Ang SH, Rambeli M, Thevarajah TM, Alias YB, Khor SM. Quantitative, single-step dual
measurement of hemoglobin Alc and total hemoglobin in human whole blood using a gold
sandwich immunochromatographic assay for personalized medicine. Biosensors and
Bioelectronics. 2016;78:187-93.



Advanced Materials and their Applications - Micro to nano scale 137

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Ang GY, Yu CY, Chan KG, Singh KKB, Chan Yean Y. Development of a dry-reagent-based nucleic
acid-sensing platform by coupling thermostabilised LATE-PCR assay to an oligonucleotide-
modified lateral flow biosensor. Journal of Microbiological Methods. 2015;118:99-105.

Lin L-R, Fu Z-G, Dan B, Jing G-J, Tong M-I, Chen D-T, et al. Development of a colloidal gold-
immunochromatography assay to detect immunoglobulin G antibodies to Treponema
pallidum with TPN17 and TPN47. Diagnostic Microbiology and Infectious Disease.
2010;68(3):193-200.

Li Y-S, Zhou Y, Lu S-Y, Guo D-J, Ren H-L, Meng X-M, et al. Development of a one-step test strip
for rapid screening of fumonisins B1, B2 and B3 in maize. Food Control. 2012;24(1-2):72-7.
Zhang D, Li P, Zhang Q, <Zhang W. Ultrasensitive nanogold probe-based
immunochromatographic assay for simultaneous detection of total aflatoxins in peanuts.
Biosensors and Bioelectronics. 2011;26(6):2877-82.

Grimaldi Jr G, Teva A, Ferreira AL, dos Santos CB, Pinto Id-S, de-Azevedo CT, et al. Evaluation
of a novel chromatographic immunoassay based on Dual-Path Platform technology (DPP® CVL
rapid test) for the serodiagnosis of canine visceral leishmaniasis. Transactions of the Royal
Society of Tropical Medicine and Hygiene. 2012;106(1):54-9.

Chen J, Fang Z, Lie P, Zeng L. Computational lateral flow biosensor for proteins and small
molecules: a new class of strip logic gates. Analytical chemistry. 2012;84(15):6321-5.

Huang Y, Wen W, Du D, Zhang X, Wang S, Lin Y. A universal lateral flow biosensor for proteins
and DNAs based on the conformational change of hairpin oligonucleotide and its use for logic
gate operations. Biosensors and Bioelectronics. 2014;61:598-604.

Amvrosiadou M, Petropoulou M, Poulou M, Tzetis M, Kanavakis E, Christopoulos TK, et al.
Multi-allele genotyping platform for the simultaneous detection of mutations in the Wilson
disease related ATP7B gene. Journal of Chromatography B. 2015;1006:201-8.

Dimitrios SE, Penelope Cl, Theodore KC. A nanoparticle-based sensor for visual detection of
multiple mutations. Nanotechnology. 2011;22(15):155501.

Petropoulou M, Poula A, Traeger-Synodinos J, Kanavakis E, Christopoulos TK, loannou PC.
Multi-allele DNA biosensor for the rapid genotyping of ‘nondeletion’ alpha thalassaemia
mutations in HBA1 and HBA2 genes by means of multiplex primer extension reaction. Clinica
Chimica Acta. 2015;446:241-7.

Papanikos F, lliadi A, Petropoulou M, loannou PC, Christopoulos TK, Kanavakis E, et al. Lateral
flow dipstick test for genotyping of 15 beta-globin gene (HBB) mutations with naked-eye
detection. Analytica Chimica Acta. 2012;727:61-6.

Taranova NA, Byzova NA, Zaiko VV, Starovoitova TA, Vengerov YY, Zherdev AV, et al.
Integration of lateral flow and microarray technologies for multiplex immunoassay:
application to the determination of drugs of abuse. Microchimica Acta. 2013;180(11-12):1165-
72.

Fu E, Lutz B, Kauffman P, Yager P. Controlled reagent transport in disposable 2D paper
networks. Lab on a Chip. 2010;10(7):918-20.

Fenton EM, Mascarenas MR, Lépez GP, Sibbett SS. Multiplex Lateral-Flow Test Strips
Fabricated by Two-Dimensional Shaping. ACS Applied Materials & Interfaces. 2009;1(1):124-9.
Li CZ, Vandenberg K, Prabhulkar S, Zhu X, Schneper L, Methee K, et al. Paper based point-of-
care testing disc for multiplex whole cell bacteria analysis. Biosensors and Bioelectronics.
2011;26(11):4342-8.

Oku Y, Kamiya K, Kamiya H, Shibahara Y, li T, Uesaka Y. Development of oligonucleotide
lateral-flow immunoassay for multi-parameter detection. Journal of Immunological Methods.
2001;258(1-2):73-84.



Advanced Materials and their Applications - Micro to nano scale 138

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

Dineva MA, Candotti D, Fletcher-Brown F, Allain J-P, Lee H. Simultaneous visual detection of
multiple viral amplicons by dipstick assay. Journal of clinical microbiology. 2005;43(8):4015-
21.

Kuo Y-B, Li Y-S, Chan E-C. Rapid identification of HPV 16 and 18 by multiplex nested PCR-
immunochromatographic test. Journal of Virological Methods. 2015;212:8-11.

Horng Y-T, Soo P-C, Shen B-J, Hung Y-L, Lo K-Y, Su H-P, et al. Development of an improved
PCR—-ICT hybrid assay for direct detection of Legionellae and Legionella pneumophila from
cooling tower water specimens. Water Research. 2006;40(11):2221-9.

Soo P-C, Horng Y-T, Hsueh P-R, Shen B-J, Wang J-Y, Tu H-H, et al. Direct and Simultaneous
Identification of Mycobacterium tuberculosis complex (MTBC) and Mycobacterium
tuberculosis (MTB) by Rapid Multiplex nested PCR-ICT assay. Journal of Microbiological
Methods. 2006;66(3):440-8.

Zulkiply NA, Sjafri FR, Ismail A, Ismail A. An in-house multiplex PCR for detection of S. typhi
and S. paratyphi A: A comparison between detection method by agarose gel electrophoresis
and lateral flow assay. International Journal of Infectious Diseases. 2012;16, Supplement
1:e395.

He Y, Zhang X, Zhang S, Kris MKL, Man FC, Kawde A-N, et al. Visual detection of single-base
mismatches in DNA using hairpin oligonucleotide with double-target DNA binding sequences
and gold nanoparticles. Biosensors and Bioelectronics. 2012;34(1):37-43.

Reiss R, Rutz B. Quality control PCR: a method for detecting inhibitors of Tag DNA polymerase.
Biotechniques. 1999;27(5):920.

Ang GY, Yu CY, Yean CY. Ambient temperature detection of PCR amplicons with a novel
sequence-specific nucleic acid lateral flow biosensor. Biosensors and Bioelectronics.
2012;38(1):151-6.

Wong Y-L, Wong K-L, Shaw P-C. Rapid authentication of Cordyceps by lateral flow dipstick.
Journal of Pharmaceutical and Biomedical Analysis. 2015;111:306-10.

Nurul Najian AB, Engku Nur Syafirah EA, Ismail N, Mohamed M, Yean CY. Development of
multiplex loop mediated isothermal amplification (m-LAMP) label-based gold nanoparticles
lateral flow dipstick biosensor for detection of pathogenic Leptospira. Anal Chim Acta.
2016;903:142-8.

Zhou Y, Li Y-S, Meng X-Y, Zhang Y-Y, Yang L, Zhang J-H, et al. Development of an
immunochromatographic strip and its application in the simultaneous determination of Hg(ll),
Cd(I1) and Pb(ll). Sensors and Actuators B: Chemical. 2013;183:303-9.

Yu CY, Ang GY, Chua AL, Tan EH, Lee SY, Falero-Diaz G, et al. Dry-reagent gold nanoparticle-
based lateral flow biosensor for the simultaneous detection of Vibrio cholerae serogroups O1
and 0139. Journal of Microbiological Methods. 2011;86(3):277-82.

Nadanaciva S, Willis JH, Barker ML, Gharaibeh D, Capaldi RA, Marusich MF, et al. Lateral-flow
immunoassay for detecting drug-induced inhibition of mitochondrial DNA replication and
mtDNA-encoded protein synthesis. Journal of Immunological Methods. 2009;343(1):1-12.

Ren M, Xu H, Huang X, Kuang M, Xiong Y, Xu H, et al. Imnmunochromatographic Assay for
Ultrasensitive Detection of Aflatoxin B1 in Maize by Highly Luminescent Quantum Dot Beads.
ACS Applied Materials & Interfaces. 2014;6(16):14215-22.

Omidfar K, Khorsand F, Darziani Azizi M. New analytical applications of gold nanoparticles as
label in antibody based sensors. Biosensors and Bioelectronics. 2013;43:336-47.

Tang D, Sauceda JC, Lin Z, Ott S, Basova E, Goryacheva |, et al. Magnetic nanogold
microspheres-based lateral-flow immunodipstick for rapid detection of aflatoxin B2 in food.
Biosensors and Bioelectronics. 2009;25(2):514-8.



Advanced Materials and their Applications - Micro to nano scale 139

115.

116.

117.

118.

119.

Linares EM, Kubota LT, Michaelis J, Thalhammer S. Enhancement of the detection limit for
lateral flow immunoassays: Evaluation and comparison of bioconjugates. Journal of
Immunological Methods. 2012;375(1-2):264-70.

Yu Q, Li H, Li C, Zhang S, Shen J, Wang Z. Gold nanoparticles-based lateral flow immunoassay
with silver staining for simultaneous detection of fumonisin B1 and deoxynivalenol. Food
Control. 2015;54:347-52.

Zhu J, Zou N, Mao H, Wang P, Zhu D, Ji H, et al. Evaluation of a modified lateral flow
immunoassay for detection of high-sensitivity cardiac troponin | and myoglobin. Biosensors
and Bioelectronics. 2013;42:522-5.

Zhao X, He X, Li W, Liu Y, Yang L, Wang J. Development and evaluation of colloidal gold
immunochromatographic strip for detection of Escherichia coli 0157. Afr J Microbiol Res.
2010;4:663-70.

Wong R, Tse H. Lateral Flow Immunoassay: Humana Press; 2008.



