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Abstract
This review (with 187 refs.) summarizes the progress that has been made in the design of lateral flow biosensors (LFBs) based on
the use of micro- and nano-materials. Following a short introduction into the field, a first section covers features related to the
design of LFBs, with subsections on strip-based, cotton thread-based and vertical flow- and syringe-based LFBs. The next
chapter summarizes methods for sample pretreatment, from simple method to membrane-based methods, pretreatment by
magnetic methods to device-integrated sample preparation. Advances in flow control are treated next, with subsections on
cross-flow strategies, delayed and controlled release and various other strategies. Detection conditionst and mathematical model-
ling are briefly introduced in the following chapter. A further chapter covers methods for reliability improvement, for example by
adding other validation lines or adopting different detection methods. Signal readouts are summarized next, with subsections on
color-based, luminescent, smartphone-based and SERS-based methods. A concluding section summarizes the current status and
addresses challenges in future perspectives.

Keywords Lateral flow assay . Strip biosensor . Vertical flow assay . Sample pretreatment . Flow control . Reliability
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Introduction

The invention of lateral flow biosensors (LFBs) can track back
to the early eighties of the last century [1]. Since then, LFBs
have been used as commercial products for low-cost, simple-
to-use, rapid tests for point-of-care screening of infectious
diseases, drugs of abuse, and pregnancy [2]. However, there
are long-standing criticisms of LFB as point-of-care tests
(POCTs) and in field rapid diagnostic tests (RDTs), such as
limited sensitivity, limited ability for quantification, inability
for multistep performing and inability to multiplexing.
Consequently, great efforts have been paid to improve the
current situation of LFBs in recent years.

The retrospect of LFB’s development reveals that LFB has
attracted researchers’ great attention in recent years, therefore
loads of new ideas and researches have shot up then, leading to
fruitful achievements and remarkable improvement on LFBs
[3]. Since some nice reviews have summarized the develop-
ment of label improvement [4, 5], quantitation [6] and
multiplexing [7], in present paper, we focus on the aspects on
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LFB design, sample pretreatment, flow control, reliability im-
provement and new signal readouts.

Design formats

Strip-based formats

Lateral flow strip biosensor (LFSB) is the most commonly
used LFB, in which sample pad, conjugate pad, nitrocellulose
membrane and absorption pad are laminated on a common
sheet of plastic adhesive backing (Fig. 1a) [8]. LFSB has been
dominating the POCT market because of the relatively slow
commercialization of the POCT concept [9]. Generally, there
are three binding systems employed in designing a LFSB,
named antibody-antigen, aptamer-analyte, and DNA-DNA
(or microRNA).When an assay starts, sample liquids contain-
ing targets are added to the sample pad and will flow towards
absorbent pad due to the capillary force. Secondly, the target
proteins or DNAs bound to the signal reporter-labeled detec-
tion antibodies or probes pre-coated on the conjugate pad.
Thirdly, the formed conjugates flowed along the strip and

captured by the capture antibodies or probes immobilized on
the detection area. Lastly, the captured labels in the detection
area is measured by a transducer. The competitive assay and
sandwich-type assay are the two most frequently used ones
among the prevailing strip biosensors [10]. The competitive
pattern is employed when the target analyte is with low mo-
lecular weight or presenting a single specific antibody.
Nevertheless, in case that the target analyte owns more than
one specific antibodies or DNA aptamers, sandwich-type pat-
tern is more preferable [11–18].

Based on the above mentioned binding systems and de-
sign models, various LFSBs with different nanoparticle la-
bels have been developed to detect DNAs, proteins [19, 20],
bacteria cells [21, 22], virus [23], toxin [24, 25], inorganic
ion (heavy metal ion) [26] and other chemicals [27]. One
significant study described an gold nanoparticle (GNP)
based LFSB for DNA detection. The detection process took
15 min with a linear range of 1–100 nM and a detection
limit (LOD) of 0.5 nM. The LOD was improved to 50 pM
by using horseradish peroxidase-coated GNP label, which
catalyze enzymatic substrate to produce a colored product
in the test area of LFSB (Fig. 1b) [28]. By combing the high

Fig. 1 aGeneral schemes of LFBs with strip-based format. bGNP-based
LFSB for DNA. Reproduce with permission from reference [28]. c QDs
based LFSB for proteins. Reproducewith permission from reference [29].

d Magnetic nanoparticle-based LFSB for Bacillus anthracis spores.
Reproduce with permission from reference [30]
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photostability and superior signal brightness of quantum
dots (QDs) with the convenience of LFSB, a QDs-based
LFSB was reported for the detection of nitrated ceruloplas-
min with an LOD of 1 ng mL−1 in buffer and 8 ng mL−1 in
spiked human plasma sample (Fig. 1c) [29]. Super-
paramagnetic iron oxide particles were employed to design
a portable super-paramagnetic LFSB for the detection of
Bacillus anthracis spores. The system can detect 200 spores
mg−1 in milk powder and 130 spores mg−1 in soil samples
with a linear range of 4 × 103–106 CFU ml−1 (Fig. 1d) [30].
In another study, copper-dependent DNA-cleaving
DNAzyme was utilized to develop a LFSB for visual detec-
tion of Cu2+. In the presence of Cu2+, the DNAzyme is
cleaved at the special site and produces a specific DNA
chain, which can be detected on the LFSB with an LOD
of as low as 10 nM.

In summary, early LFBs with GNP label are used for qual-
itative (yes/no) or semi-quantitative assays. Emerging new
nano-labels and sensitive transducers (color, fluorescent, mag-
netic, et al.) offer an avenue for quantitative detection. Most of
strip-based LFBs contain a test line and control line, which are
used to monitor the captured nanolabels. Because of the

limited area in strip-based LFBs, line-based multiplex assay
on LFBs with high throughout will be difficult. Therefore,
more efforts have to be put to develop LFBs with different
designs for multiplex assay.

Cotton thread-based format

Since natural cotton threads are inexpensive, broadly avail-
able, light-weight, the cotton threads based devices owns
unique advantages, such as low-cost, low-volume, easy-to-
use, easily to handle after use, and multiplexing, which makes
cotton threads promising support for transporting and mixing
liquids. Cotton thread has been introduced as an alternative
material for the assembling of LFBs [31–33].

Shen’s group first fabricated thread-based and thread-paper-
based 3D-structure LFBs for two important biomarkers, nitrite
ion and uric acid. They demonstrate thread is a suitable mate-
rial for the fabrication of lateral flow devices [31]. At the same
time, Whitesides’ group designed three cotton thread-based
assays: “woven array”, “branching design” and “sewn array”.
The thread-based devices can detect five different analytes
(Fig. 2a). Thread was woven on a loom to enable multiple

Fig. 2 a Schematic illustrations of thread-based devices including woven
array device, the branching design and the sewn array design. Reproduce
wi th permiss ion from [32] . b Schemat ic i l lust ra t ions of
immunochromatographic assay for C-reactive protein. Reproduced with

permission from [34]. c Schematic illustration of the configuration and
measurement principle of the temperature-dependent thread-based DNA
biosensor and the test result at the presence of target DNA. Reproduce
with permission from [39]
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assays performing in parallel or sewn through a hydrophobic
polymer sheet to incorporate assays into bandages-like sys-
tems, which demonstrated its ability of performing multiple
assays in parallel [32]. Following their work, another study
introduced the immunochromatographic assay on thread
(ICAT) in a cartridge format which made it suitable for
multiplexing (Fig. 2b) [34]. An LOD of 377 pM of C-
reactive protein (CRP) was obtained. The possibility of
multiplexing was demonstrated using three knotted threads
coated with antibodies against CRP, osteopontin, and leptin
proteins. After that, Mao et al. reported cotton thread based
LFBs to detect DNA and proteins using GNP and nanocom-
posite labels.For example, they proposed dry-reagent cotton
thread-based devices for the lung cancer related biomarker
squamous cell carcinoma antigen (SCCA) and a human genet-
ic disease, hereditary tyrosinemia type I related DNA se-
quences by using GNP labels [35]. One ng mL−1 SCCA and
75 fmol DNA can be detected, respectively, in 20 min. By
using GNP trimer reporter probe, the sensitivity on cotton
thread was greatly improved and a minimum concentration
of 10 ng mL−1 human ferritin can be detected [36]. They also
introduced carbon nanotubes (CNTs) [37] and carbon
nanotube/gold nanoparticles (CNT/GNPs) nanocomposite
[38] as labels on cotton thread-based assay, the LOD was 500
folds and 2–3 magnitudes improved respectively comparing
with GNP or CNT as label. Figure 2c presents a cotton thread
based biosensor for DNA with temperature-dependent pattern
[39]. Liquid wax was placed to both sites of the cotton thread.
This results in a concentration of the capture probe in this area
after evaporation and translated into improved sensitivity.

Vertical flow- and syringe-based lateral flow
biosensors (LFBs)

LFBs are originally defined to conduct along a single axis to
fit the test strip format, nevertheless, can also be operated
using vertical flow format. This alternative format of LFB,
which called rapid vertical flow biosensors (VFBs), possess

several unique advantages including faster analysis time and
the absence of hook effect. Like LFBs, VFBs are paper-based
biosensors that use affinity chromatographic principle to sep-
arate targets from liquid sample and the assay chemistry is
usually sandwich-type immunoassay. The key component of
VFBs and LFBs is nitrocellulose (NC) membrane where cap-
ture antibody (cAb) is immobilized to capture the target.
Membrane pore size and sample flow rate are two crucial
factors to improve the sensitivity of VFB [40]. Newly interests
came from its abilities to do multiplexed detection and handle
large sample volume, with expectation that larger sample vol-
ume would lead to better sensitivity than LFB. Consequently,
attention have been paid to explore VFB rather than LFB.

One study designed a VFB for C-reactive protein, with an
analytical range from 0.01 to 10 μg mL−1 within 2 min [41].
The VFB is simply assembled by stacking of all the compo-
nents used in a lateral flow assay. The serum sample added to
the sample injection hole can sequentially reach and wet the
sample pad, conjugation pad, asymmetric membrane and NC
membrane through the VFBs. Compared with the LFB sys-
tem, the signal of the VFB increased gradually with the in-
crease of target concentration without a hook effect. In Fig. 3a,
the conventional lateral flow membranes were assembled in a
stacking manner to prepare the VFB, where the liquid sample
containing the analyte diffuses from the bottom to the upper-
most layer to produce a colorimetric signal over an enzymatic
reaction. Escherichia coli can be detected within 5 min with
an LOD of 102 cells mL−1, which is 1000 folds higher than
that of ELISA [42]. In order to improve the sensitivity of VFB,
another study successfully coupled VFB with surface-
enhanced Raman scattering (SERS) for the determination of
anti-HCV antibodies (Fig. 3b). The intense and highly repro-
ducible SERS signals from the Raman reporters and the con-
venience of the VFB endowed this coupling system great
potential for next-generation POC diagnostics [43].

Syringe, widely used in hospitals, factories and some re-
search labs, can take in and expel liquid with easy pump
operation. Syringe is an ideal candidate to construct VFBs.

Fig. 3 a The structure of a typical vertical flow biosensor for Escherichia
coli. Reproduce with permission from reference [42]. b VFA coupled
with SERS for HCV antibody detection. Reproduced with permission

from reference [43]. c Working principle of the lab-on-a-syringe (LIS)
based vertical flow biosensor for PSA . Reproducedwith permission from
reference [44]
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A lab-in-a-syringe (LIS) featured simultaneous sampling and
vertical-flow operation was developed for monitoring bio-
markers. As shown in Fig. 3c, the LIS contains two nitrocel-
lulose pads: the conjugate pad and the detection pad both
embedded between reusable plastic filter holders connected
to a reusable syringe. Owning the special ability of processing
samples with large volume, the LIS design facilitates to
preconcentrate the analyte, making it suitable for practical
applications. The LOD was 1.0 ng mL−1 for human IgG
and 1.9 ng mL−1 for prostate-specific antigen (PSA). In com-
parison with normal VFB, LIS can handle large-volume sam-
ples and thus get a better LOD [44]. In a similar work, a LIS
device was designed for the colorimetric discrimination of
alanine enantiomers. The LOD is determined as 0.77 mM
in less than 5 min [45]. In another work, silver enhanced
VFB for determination of oxytetracycline residues in fish
tissues was described. The LOD was 2 ng mL−1 representing
a 125-fold increase in sensitivity over the HRP labeled VFB
[46].

Following their work, electrochemical [47] and
thermochemiluminescence signals [48], as well as
recombinase polymerase amplification, microarray based
[49] and mobile phoned based [48] technology has been in-
troduced to VFB to detect potential threats to national secu-
rity and public health, such as pathogens, virus, and toxins.

For example, sandwich-type immunoreactions on the gold
paper electrode of the immunostrip was performed in VFB
to detect influenza virus. The electrochemical and colorimet-
ric signals can reduce false results with double assurance
[47]. Another work reported a multiplexed VFB for
antibody assays in human sera. The results were imaged by
a cost-effective mobile-phone reader and were sent to a serv-
er, where the results are rapidly analyzed and relayed back to
the user [50]. Interestingly, a syringed-based VFB was devel-
oped by using syringe pressure readout to take place of color
results. The principle was that Pt-nanoflowers behaved like
catalase mimics to catalyze the decomposition of hydrogen
peroxide to generate O2 [51]. Works related to vertical flow
assays and syringe-based biosensor are summarized in
Table 1.

Sample pretreatment

Body fluids samples such as blood and saliva drops are most
common sample matrix for disease diagnosis. Electrical and
optical signals from the transducers are interfered by body
fluids because the fluids are complex mixture of proteins,
glucose, mineral ions and other substances [52, 53]. To im-
prove the analytical performances of tests, body fluids can be

Table 1 Vertical flow assays and syringe-based lateral flow biosensors

Tracer Analyte(s) Detection mode Detection method Analytical sensitivities Detection
time

Syringe
or not?

Ref.

GNPs C-reactive
protein

Antigen-antibody Colorimetric 0.01 to 10 mg mL−1 Within
2 min

N [41]

GNPs Prostate-specific
antigen

Antigen-antibody Colorimetric 1.9 ng mL−1 Within
10 min

Y [44]

Flucytosine Flucytosine Direct detection SERS 10 μg mL−1 15 min N [59]

GNPs L-Alanine enantioselective
interaction

Colorimetric 0.77 mM Within
5 min

Y [45]

GNPs Escherichia coli Antigen-antibody
interactions

Colorimetric 10 2 cells mL−1 Within
5 min

N [42]

Reporter-modified
GNPs

Anti-HCV
antibodies

Antigen-antibody
interactions

Colorimetric/SERS 1/1024 diluted antibody Not
reported

N [43]

Horseradish
peroxidase

Influenza H1N1
viruses

Antigen-antibody
interactions

Electrochemical/colorimetric 3.3 and 2.27 PFU mL−1 by
EIS and colorimetric

6 min N [47]

GNPs Burkholderia
pseudomallei

Antigen-antibody
interactions

Colorimetric 0.02 ng mL−1 Within
30 min

Y [40]

GNPs Borrelia
burgdorferi
antigens

Antigen-antibody
interactions

Colorimetric 209.6 ng mL−1 20 min N [50]

GNPs Oxytetracycline
residue

Antigen-antibody
interactions

Colorimetric 2 ng mL−1 Within
4 min

N [46]

GNPs Adenoviralt Nucleic acid
hybridization

Colorimetric 50 nM Not
reported

Y [49]

Reporter modified
silica

Valproic acid Antigen-antibody
interactions

Thermochemi-luminescence 4 in blood and 0.05 μg
mL−1 in saliva

In 12 min N [48]

Pt-nanoflowers Pathogenic
bacteria

catalyze H2O2 to
generate O

Optical 15 and 7 CFU·mL−1 Not
reported

Y [51]
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pre-handled to get rid of interfering components. The fluids
can be diluted to suit the dynamic range of a certain examine,
or concentrated to enrich the amount of a particular analyte
within a given volume of sample. Therefore, LFBs integrated
with sample pretreatment would have a great significance for
realizing detection in real sample and distinctly improve the
accuracy and LOD. According to Niedbala et al., the common
used methods for pretreatment of sample solution in a
lab included sample dilution, centrifugation, immunoglobulin
removal, centrifugal filtration with different molecular
weight cut off and filtration through active adsorbent materials
[54]. However, these methods are not suitable for certain
situation, for example, sample dilution reduced the interfer-
ence while at the cost of diminishing the sensitivity;
centrifugal filtration can effectively eliminate the interference,
but was intrinsically impractical for POCT. The following
sections will highlight such sample pretreatment integrated
LFBs.

Simple sample pretreatment

Oral fluid is a complex mixture of proteins, mucus, and other
substances that can induce the aggregation of reporter gold
particles. A simple filtration strategy was introduced into
LFB for the cotinine nicotine metabolites in oral fluids. To
overcome this aggregation and enable filtration to minimize
the interferant effect without high pressure, Nylon filters with
0.45 μm pore size was used. With simple filtration strategy
sample pretreatment, 2 ng mL−1 of cotinine nicotine metabo-
lites in oral fluids can be detected within 15 min [54]. An

integrated paper-based cadmium (Cd2+) immunosensing sys-
tem is shown in Fig. 4a. The systems integrated a sample
treatment process, which is an added conjugation pad provid-
ing Cd2+ complexation with EDTA and interference masking
through ovalbumin (OVA). Important potential interferences
such as Mg2+, Cu2+ and Zn2+ were greatly reduced or
completely removed employing OVA. The detection and
quantification limits were 0.1 and 0.4 ppb, respectively, hold-
ing the lowest detection limits for metal sensors based on
paper [55]. In another work, a method of sampling and eval-
uating wound biomarkers was demonstrated for clinical appli-
cations using a thermally reversible hydrogel. The thermally
reversible hydrogel sampled and insulated biomarkers within
a wound surrounding. Then such thermally reversible hydro-
gel was investigated in the LFB employing fluorescent micro-
spheres as label without further sample extraction/
pretreatment steps. The LOD for chronic wound biomarkers
interleukin 6 and tumour necrosis factor alpha are
48.5 pg mL−1 and 55.5 pg mL−1 respectively in hydrogel
samples and 7.15 pg mL−1 and 10.7 pg mL−1 respectively in
plasma [56].

Sample pretreatment by membrane-based methods

As chromatography is originally a separation technique, sample
pretreatment can be achieved on the membrane-based strips. In
one study, a lateral-flow based method was clarified and char-
acterized for gathering the target DNA concentration from
lysed blood. The capture sequence, which is complementary
to the target sequence, was cross-linked on the nitrocellulose by

Fig. 4 LFBs with sample pretreatments. a Sample pretreatment with
additional conjugate pad for cadmium. Reproduce with permission
from reference [55]. b Device integrated sample preparation and for
Salmonella detection. Reproduce with permission from reference [71]. c

Sample pretreatment using ITP-based chromatography for DNA.
Reproduce with permission from reference [61]. d Sample pretreatment
using magnetic separation for Salmonella enteritidis., Reproduce with
permission from reference [63]
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exposing to a UV light. After the target DNAwas captured and
washed, the capture region was excised and denatured in sodi-
um hydroxide. The resulted eluate, with 7 times tolerate ability
enhancement for interference, can be used for RPA amplifica-
tion or detected on a LFB [57]. In another study, a glass fiber,
semi-permeable membrane and PEG solution were employed
to design the membrane-based dialysis concentration device.
PEGwas chosen as a dialysate by virtue of its good hygroscop-
ic property to facilitate the small molecules to cross the selec-
tive semi-permeable membrane. After dialysis 10 min, the con-
centrated sample was applied to the LFB. Using the sample
concentration device, a 10-fold signal enhancement in Human
Immunodeficiency Virus (HIV) nucleic acid detection and a 4-
fold signal enhancement in myoglobin (MYO) detection was
achieved, respectively [58]. In the third study, nitrocellulose
membranes in the vertical-flow format as the filtering mem-
brane to separate 5-fluorocytosine (5FC) from serum. The
membrane can selectively trap serum components while
transporting the target 5FC. The 5FC was then absorbed on
the nanoparticle of an inkjet-fabricated paper SERS sensor be-
neath the filtering membrane and detected with a portable
Raman spectrometer [59]. Electrokinetic preconcentration and
separation technique named isotachophoresis (ITP) were
employed onto LFB aiming at improving its LOD. Such ITP
on nitrocellulose is capable of up to a 900 fold increase in initial
sample concentration and up to 60% extraction from 100 μL
samples and more than 80% extraction from smaller sample
volumes [60]. Following this experiment, they gathered target
analytes into a narrow band and then conveyed them to the
LFB capture line, bringing about an impressive increase in
the surface reaction rate and equilibrium binding (Fig. 4c).
They manifested that ITP is able to promote the LOD by
400-fold for 90 s assay time. The ITP-enhanced LFB also
shows equivalent to 30% target extraction from 100 μL sample
liquid, whereas conventional LFB gains less than 1% of the
target [61].

Sample pretreatment by magnetic separation
and magnetic focus

Taking advantage of supermagnetism, magnetic beads-based
separation is a convenient way to perform sample pretreat-
ment. For example, silica-coated magnetic nanoparticles
were used to separate nucleic acid from Cronobacter lysate
and eliminate the interference of food matrices in a LFB. The
detection limit was 107 cfu mL−1 in pure culture without any
other pretreatment. After pretreatment with silica-coated
magnetic nanopart icles, the detect ion limit was
105 cfu mL−1 in pure culture and maintained stable even
under the interference of 108 cfu mL−1 Salmonella
typhimurium [62]. Following the same principle, an
aptamer-based biosensor was reported for rapid detection of
Salmonella enteritidis (S. enteritidis) (Fig. 4d). One of the

aptamers specific for the outmembrane of S. enteritidis was
linked to streptavidin coated magnetic beads and used for
magnetic bead enrichments. Another aptamer against S.
enteritidis was used as a reporter for this pathogen, which
was amplified by isothermal strand displacement amplifica-
tion (SDA) and further detected by a lateral flow biosensor
[63]. Likewise, super-paramagnetic particles labeled with an-
tibodies was used to enrich Bacillus anthracis spores from
sample. The magnetic particles-spores complex were re-
suspended in running buffer and detected on a LFB. Such
magnetic particle was used as both separation and the color
label. Without any other sample pre-treatment, they realized
Bacillus anthracis spores detection in 25% (w/v) milk, 10%
(w/v) baking soda and 10% (w/v) starch [64]. Based on the
same magnetic enrich methods, multiplex detection of nitro-
furan metabolites was realized without tedious organic
reagent-based extraction procedure [65]. Importantly,
sample-processing steps was added to the front of the com-
mercial diagnostic process. The protein biomarker from
blood was purified by proceeding biomarker bound magnetic
particles through a low-resource extraction cassette
employing a hand-held magnet. Five commercial rapid diag-
nostic tests brands were enhanced for 4 to 13 folds after
sample processing [66]. In another work, Fe3O4 nanoparti-
cles were coated on the CNT surface to prepare magnetized
carbon nanotube (MCNT). Proteins can be recognized and
separated by the MNCT-antibody conjugates from the blood,
and then be detected on the LFB. Rabbit IgG [67] and car-
bohydrate antigen 19–9 [68] were detected in blood with a
detection limit of 10 ng mL−1 and 30 U·mL−1, respectively.
Instead of put the magnet outside a centrifuge tube, a magnet
was put beneath the sample zone of the LFB for extraction
magnetic nanoparticle-Ab-analytes from matrices solution.
The distance between the strip and the magnet was the key
to adjust the strength of the applied magnetic field. On the
one hand, the beads can be extensive penetrated into the NC
membrane and not be able to release upon removal of mag-
net, when the magnetic field is too strong. On the other hand,
almost all the beads would flow through the sample zone
when the magnetic field is too weak [69]. Compared to the
magnet was put beneath the sample zone in the above work,
the magnet was placed beneath the detection zone of LFB for
the purpose of increasing interaction time between the mag-
netic probe-labeled targets and the capture antibody, which
delivered a 106-fold improvement in sensitivity compared to
that of conventional LFB [70].

Device-integrated sample preparation and detection

Integrating the sample preparation and detection into one de-
vice reduces the size of the device, minimizes the operation
procedure and shortens the detection time, which have great
significance in resource-limited areas. Kim et al. reported a
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fully integrated lab-on-a-disc for nucleic acid analysis of food-
borne pathogens (Fig. 4b). The cell in PBS and milk samples
were first magnetically separated. The following DNA extrac-
tion, amplification, and lateral flow assay were integrated into
a disk. Valve actuation, cell lysis, DNA extraction and ampli-
fication were all controlled by a single laser diode, making the
system compact and miniaturized [71]. Inspired by this study,
the lab-on-a-disc was used to detect pathogen. Instead of using
a laser diode, the fluidic was controlled by coriolis force and
siphon valving structures, thus making both singleplex and
multiplex for pathogen available. In another work, DNA from
the lysate sample was extracted using a glass microbead strat-
egy, which facilitate the final detection on LFBs [72].
Likewise, nucleic acid extraction, amplification and visual
detection or quantification using a smartphone were integrated
into a paper-based biosensor with 4 layers, the top PVC layer
of the conventional LFB, the second layer of a glass fiber for
nucleic acid amplification procedure, the third layer of a Fast
Technology Analysis card for sample application and nucleic
acid extraction, and the bottom layer of an absorbent pad for
sample purification and washing.With such integrated biosen-
sor, Escherichia coli in spiked drinking water, milk, blood,
and spinach and Streptococcus pneumonia in clinical blood
samples were successfully detected in 1 h [73].

Flow control

Though LFBs fulfill many of the ASSURED criteria, they
have been criticized for both their inability to multiplex
(i.e., assay for multiple analytes from a single sample) and
their inability to perform multistep chemical processing with
a resultant poor sensitivity for many analytes of clinical im-
portance [74]. The development of a new LFB design that
incorporates a fluid control mechanism may be a way to solve
the problems. There are several advantages with the ability to
control fluid flow, including the following: (1) more complex
and intricate assays can be developed; (2) subsequent loading
of buffers and solutions can be allowed; (3) the waiting time
for loading after incubation can be eliminated; (4) the amount
of labor used for performing an assay can be reduced.
Therefore, user error can be effectively reduced. Flow control
is of great value not only in the biomedical, food and envi-
ronmental fields, but also in diseases diagnosis in low re-
source settings.

Cross-flow strategy

Applying a subsequent color substrate after the immunoreac-
tion is a normal way for both color signal production and
signal enhancement. While the water capacity of the absorp-
tion pad is limited, adding solutions to flow across the width
of the test area of the strip would be a better solution, which

is the so-called cross-flow strategy. For example, a cross-
flow POCT biosensor was reported for cardiac troponin I
(cTnI) by incorporating a vertical flow to the conventional
LFB. Sample containing cTnI was first applied on the LFB.
After 15 min the substrate solution for HRP was added to the
membrane, which is partial superimposition and perpendicu-
lar to the test area of former membrane strip, to generate a
color signal. In this way, antigen-antibody bindings and cat-
alytic reactions were sequentially accomplished through
cross-flow chromatography in the vertical and horizontal di-
rections respectively [75]. Using the same cross-flow strate-
gy, immunogold–silver staining adopted to enhance the sig-
nal intensity of a traditional LFB for cTnI was reported
(Fig. 5a). Compared with the conventional incubation mode
by immersing the membranes in the bulk solution, the cross-
flow silver staining procedure made POCT available with the
silver intensification. The sensitivity was enhanced by 51-
fold compared to the traditional GNP-based LFB [76]. In
another work, by introducing the cross-flow strategy, the
non-specific interaction between the GNP and the membrane
surface caused by the physical properties change of the GNP
at a high concentration can be overcome [77]. The operation
procedure of cross-flow strategy was minimized by integrat-
ed the LFB into a two-dimensional paper network card.
Twenty minutes after the detection of human chorionic go-
nadotropin on a commercial strip, the subsequent rinse and
amplification steps were initiated by simply closing the two
dimensional card, by which a 4-fold signal enhancement was
achieved [78]. The cross-flow idea was extended for sequen-
tial delivery of more than two reagents to a test strip. A
rotary device consisting of two portions that can rotate with
each other was demonstrated in Fig. 5b. Compared to the
previous methods that require manual rearrangement of pads,
incremental rotation by a simple hand motion can change the
connected pads preloading with different reagents to the test
strip and facilitate sequential delivery of multiple reagents.
An operation of strip-based ELISA for simple colorimetric
detection of E. coli O157:H7 was demonstrated with the
device [79].

Delayed release

Delayed release strategy can be used in LFBs to enable au-
tomatic implementation of multiple steps and realize target
detection with a single sample solution. For example, an
asymmetric polysulfone membrane (ASPM) used to realize
the delayed-release effect of chemiluminescence substrates is
demonstrated in Fig. 5c. ASPM was placed between the
nitrocellulose membrane and the substrate pad. The pore
sizes in the ASPM gradually increases from the side connect-
ed to the nitrocellulose membrane to the other side in contact
with the substrate pad. By virtue of that it is unfavorable for
the solution to flow from the smaller pore to the larger pore,
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the ASPM was wetted slowly during the assay. As a result,
the substrates wrapped in the substrate pad were released 5.3
± 0.3 min after the detection started. Using this delayed-
release effect, immunoreaction, pH change, substrate release,
hydrogen peroxide generation, and chemiluminescent reac-
tion was sequentially performed with one simple sample ap-
plication on the designed chemiluminescence LFB [80] or
electrochemical LFB [81]. Instead of using ASPM in the
above work, delay release of the second reagent can also
be realized using a water-swellable polymer. Upon the appli-
cation of the sample solution, the immunoreaction took place
like that on the conventional LFB. At the same time, the
solution was absorbed to the second reagent pad vertically
above the NC membrane, soaked the pad and the water-
swellable polymer under the pad. The expansion of the
water-swellable polymer resulted in the attachment of the
reagent pad and the NC membrane, and then the release of
the second reagent [82]. In another study, the core–shell hy-
brid nanofibers were deposited by coaxial electrospinning
method in front of the test line on the NC membrane of the
LFB. The water-soluble polymer in the shell of the hybrid
nanofibers would dissolve after the occurrence of the
antibody-antigen reaction and release silver reducing re-
agents in the core. The LOD of a commercial LFIA was
enhanced up to 10 times [83]. A trapezoid shape of sample
pad was designed by wax-printing to facilitate the solution
flow and improve the sensitivity of assay. The color substrate

in the wax-delayed channel can be delayed for 11 s to move
to the test line and export the color signal [84].

Controlled release

To improve the appropriateness for POCT, one should mini-
mize the operation steps. A prototype was demonstrated with 3
inlet to perform signal enhancement processes on paper net-
works. Reagents were dropped to the 3 inlet simultaneously
and reached at the detection area sequentially due to different
distances between detection area and the inlet [85]. Following
this work, the same group designed a two-dimensional paper
network card to minimize the operation procedure for users in
low-resource settings. The 3-inlet reaction system can be initi-
ated by simply closing the card [86]. By encircling the reagent
spot with sugar barrier, Fridley et al. adopted the delayed re-
hydration strategy of printed reagents and demonstrated 4.1 (±
0.2) fold gold signal enhancement system by one-step applica-
tion of solution. Sugars in the reagent solution can increase the
viscosity of the rehydrated reagent solution and provide control
over the dissolution time of reagents dried in polydimethylsi-
loxane [87]. Combining the above two work, a LFB with 3
inlet and four patterned separate reagents was designed (Fig.
5d). The LFB performed both target detection and signal
enhancement on a one-step solution application. The signal
enhancement by the controlled rehydration from patterned
reagent storage depots was demonstrated to be 3-fold [88].

Fig. 5 a LFB based on sequential cross flow for cardiac troponin I.
Reproduce with permission from reference [76]. b LFB based on
multiple reagent delivery for E. coli O157:H7. Reproduce with
permission from reference [79]. c LFB with delayed release strategy for
C-reactive protein. Reproduce with permission from reference [80]. d

LFB with controlled release strategy for Plasmodium falciparum
histidine-rich protein 2 detection. Reproduce with permission from refer-
ence [88]. e LFB with a hydrophobic and a hydrophilic electrode for
Saccharomyces cerevisiae rRNA sequences. Reproduce with permission
from reference [89]
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Other flow control strategy

In order to improve the LFBs ability in controlling the rate of
fluid flow during an assay, there are several other interesting
and creative works. Paper-fluidic devices with conductive hy-
drophilic electrodes and hydrophobic electrodes/valves are
demonstrated in Fig. 5e. The hydrophobic electrodes/valves
can block the fluid at front of the detection line, while an
applied potential can transform the fluorinated monolayer on
the electrode and actuate the hydrophobic valve. The amount
of time for the fluid to pass the valve would decrease with the
increase of the applied potential between the electrodes due to
the rapid alternation of the monolayer [89]. Flow control can
be realized from the area of device facet by devising a sliding
strip allowing a central patterned paper strip to slide in and out
of fluidic path. The linear motion of the sliding strip acted as a
valve to control the serial introduction of sample, wash buffer,
amplification reagents and reagents [90]. In another work,
centrifugation-assisted LFB was proposed by preparing a
vaulted piece of NCmembrane and putting it into a centrifugal
disc for the purpose of enhancing sensitivity. Under the opti-
mized rotation speeds and sample volumes, the sensitivity of
PSAwas improved 6.2-fold compared to that of ordinary LFB
[91].

Several exquisite works pointed at increasing the reac-
tion time on the test zone by decreasing the flow rate. A
flow delay strategy was developed by integrating a glass
fiber shunt and a hydrophobic polydimethylsiloxane
(PDMS) barrier into the LFB for sensitivity enhancement
on DNA. By reducing the fluid wicking rate, the shunt
increased the reaction time of GNP-probe and target before
being capture by streptavidin on the test area. The PDMS
barrier was used as an obstacle to delay the sample flow for
further sensitivity enhancement. After optimization of the
length of the shunt and the drops of the PDMS barrier, a
10-fold signal enhancement was achieved compared to
conventional unmodified LFB [92]. The flow rate was re-
duced in another work by hydrophobic coating of
polycaprolactone (PCL) onto NC membrane with
electrospin technology. The sensitivity of nucleic acid as-
says was increased for approximately ten-fold compared to
the unmodified LFB [93].

Improvement of reliability

The reliability (or accuracy) is a generally verified challenge
for RDT [94, 95]. There are two accepted approaches to im-
prove the detection accuracy in order to avoid false results.
One way is to insert another “validation line” as a supplemen-
tary for testing. The other way is introducing a different de-
tection approach to double confirm the detecting result.

Adding another “validation line”

In order to overcome the obstacles that LFBs often have the
limited ability in measuring an expansive concentration range
of target by cause of the “hook effect”, an extra antigen line
between the test and control lines was introduced to the LFB
(Fig. 6a) [94]. They chose C-reactive protein (CRP) as a proof
of concept. Different color changes were observed on the three
lines. The color intensity of the test line increased from 0 to
1 μg mL−1 but decreased at higher CRP concentration because
of the hook effect. The signal intensity of the antigen line
showed a gradual decrease along with the CRP concentration
increasing due to the decreasing of the free antibody-GNPs.
The control line displayed the highest signal at high CRP con-
centration by virtue of binding with the most unreacted GNP-
conjugate–antigen complex resulting from the minimum total
GNPs capturing on the test and antigen line. After data pro-
cessing the three lines, a wide linear detection range of
0.69 ng mL−1 – 1.0 mg mL−1 was obtained. Based on Y-
shaped junction DNA and target recycling amplification, a
three-line lateral flow biosensor for logic detection of
microRNAwas reported (Fig. 6b). In the presence of the target
miRNA, a Y-shaped junction structure formed and one chain
of the Y-shaped DNAwas cleaved by an endonuclease to pro-
duce two DNA fragments. At the same time, the regenerated
two chains entered into the next cycle of the amplification. The
accuracy was improved and false results were avoided by de-
tecting two different DNAs on the LFB [96]. For the sake of
avoiding the false negative results possibly caused by the fail-
ure of amplification, internal amplification control (IAC) line
was added to the nucleic acid LFB for the detection of single-
stranded PCR amplicons. Because the biosensor was designed
to detect the PCR amplified product and any inhibition to the
amplification progress will result in a false negative result, the
IAC line was introduced to prove the occurrence and provide a
validation for the amplification process [97]. Likewise, an IAC
line was introduced to the LFB for quantifying virus loads in a
blood sample. The IAC line was the internal quantification
standard of a target and monitor the whole procedure including
nucleic acid extraction, amplification, and detection [98].

Adopting different detection methods

Compared with tests based on a single detection method, the
integration of two methods provided double confidence and
can potentially avoid false results getting from one method.
The measurement reliability can be greatly improved by com-
bining LFBs with more accurate analytical methods such as the
electrochemical, fluorescent, magnetic and SERS assay. Zhu
et al. reported a paper electrode integrated LFB for quantitative
analysis of oxidative stress induced DNA damage (Fig. 6c).
The captured target on the test line was colorimetric measured
and the captured target on the control line was simultaneously
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electrochemical determined [95]. In another study, dual-
functional LFBs were applied for monitoring small molecule
analytes based on the fluorescence-quenching effect of GNPs.
Fluorescent signals were proportional to the target concentra-
tion generated under excitation light while colorimetric signals
were inversely proportional to the target concentration under
natural light. The sensitivity of the former is 125 folds better
than that of the latter (Fig. 6d) [99]. In another work, one LFB
was reported for B. anthracis spore. Instead of the convention-
ally reported test lines and control lines in a typical LFB, the
principle relied on the fact that the complexes formed by
B. anthracis spores, super-paramagnetic particles and antibod-
ies were large enough to block the pores of chromatographic
strips and consequently form a retention line. By interpreting
signals from the retention line, optical, magnetic and visual
determination can be simultaneously realized [64]. The SERS
tags are often Raman reporter-labeled GNPs, consequently, col-
orimetric and SERS signals can be both obtained in a SERS
based LFB. The colorimetric results were observed by bare
eyes and the SERS spectra were acquired by a portable B&W
Tek i-Raman Plus [100].

Effects of detection conditions
and mathematical modelling

Apart from the mainstream studies of the LFBs, there are some
researchers who focus on unusual but important aspects of LFBs
such as the reaction temperature and humidity, the stability and
storages and the development of the mathematical model.

Environmental factors including temperature and relative
humidity (RH) has big influence on both nucleic acid hybridi-
zation and antigen–antibody interaction. One study investigated
this issue with a portable temperature–humidity control device.
The result showed the fluid was unable to completely diffuse
across the nitrocellulose membrane at low humidity, whereas
RH >60% can effectively facilitate the fluid to completely wick
through the paper. Signals of LFBs based on nucleic acid hy-
bridization with a temperature of 55–60 °C and a humidity of
70–90% were enhanced 10 folds over ambient conditions
(25 °C, 60% RH). At the same humidity, the sensitivity of
LFBs based on antigen–antibody interaction with a temperature
of 37–40 °C was improved 3 folds compared to ambient con-
ditions [101]. Under extremely high temperature conditions,
such as a delivery truck or train in summer, the stability of test
strips decreases rapidly because antigens and antibodies in the
strip are seriously influenced by high temperatures. To increase
the stability of the LFB, the goat anti-mouse antibody
immobilized on the NC membrane was mingled with three
protecting agents, including WellChampion, antibody enhanc-
er, and Protein stabilPLUS. Then the mixed solution was dis-
pensed on the NC membrane and put in a drying oven at 60 °C
for three weeks. Variations were checked employing negative
and positive swine urine samples. The results revealed that
WellChampion can efficiently enhance the stability of the
LFB while the other two were not able to [102].

As the improvement of the LFB technology demands huge
experimental works, computer simulations can be efficient
tools to develop novel devices. The virtual experiments re-
quire less costs and time compared with real LFB prototypes.

Fig. 6 a Three-line LFB with an extra antigen line for C-reactive protein.
Reproduce with permission from reference [94]. b Three-line LFB with
two detection lines for DNA detection. Reproduced with permission from
reference [96]. c LFB based on both electrochemical and colorimetric

method for DNA oxidative damage biomarker detection. Reproduced
with permission from reference [95], d LFB based on both fluorescence
and colorimetric method for Clenbuterol detection. Reproduced with per-
mission from reference [99]
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One study described a mathematical model for an
immunochromatographic serodiagnostic assay. By analyzing
the model, the key factors of the assays were identified includ-
ing the reagent concentration in the marker conjugate, the
concentration in the test zone, the association and dissociation
constants of the immune complexes and the serum dilution.
From the calculations, using the highest possible concentra-
tions of the reagent concentration in the marker conjugate and
testing the serum dilutions from 10 to 100 times can improve
the LOD of an immunochromatographic serodiagnostic assay
[103]. In another work, a computational tool used for LFB
was presented, including the fluid dynamics, reactive compo-
nents transportation, and the biochemical reactions. Such
computational tool is useful to explore arbitrary architectures,
materials, and assay formats [104]. Likewise, a simple geo-
metrical work was carried out to study the impact to the flow
velocity and reaction rate kinetics by changing the pad width
and test line position. Results showed that the pad with a
narrow width and longer distance between the test line and
conjugate pad contributed to color intensity for up to 400% of
increase [105].

Signal readouts

Early LFBs with visual detection are used for qualitative (yes/
no) or semi-quantitative analyses. Signal readouts based on
color (camera installed strip reader), electrochemical signals
(current), magnetic property, luminescent and Surface-
Enhanced Raman Spectroscopy (SERS) have been integrated
with LFBs for quantitation of the analytes. The use of signal
readouts is based on the labels used in the lateral flow assay.
The sensitivities of LFBs have been improved dramatically by
using nanomaterial labels with unique optical properties. In
this section, we focus on the optical signal readouts based on
color, luminescent and SERS.

Color-based signal readouts

Among the commonly used micro/nano-particles on LFBs
(Table 2), colloidal gold nanoparticle (GNP) is the most wide-
ly used. GNP can be easily conjugated with biomolecules, and
the biochemical activity of the tagged biomolecules is still
retained [106, 107]. GNP has been widely used as colored
labels in LFBs due to their excellent surface effect and unique
optical properties [2, 28, 108–110]. Several groups have suc-
cessfully developed quantitative LFBs based on GNP labels
and portable strip reader for nucleic acids [28, 111–115],
microRNA [96, 116, 117], proteins [118, 119], cancer cells
[109], and small molecules [120–123]. The strip reader con-
sists of a digital camera, which take the images of the test line
and control line, and a software. Based on the intensities of

test line, the strip reader can quantify the concentration of the
analyte tested.

One example to detect ricin was based on the sandwich
format with two monoclonal antibodies [124]. Besides anti-
bodies, single strand DNA and aptamers have been used as
recognition elements to conjugate with GNPs for the color-
based LFBs. One work described a LFB with two DNA
probes for DNA, the linear range of which is 1–100 nM with
a LOD of 0.5 nM. The LOD was improved to 50 pM by using
horseradish peroxidase coated GNP dual label [28]. Following
this work, isothermal strand-displacement polymerase reac-
tion (ISDPR) was employed to improve the sensitivity of the
GNP-based LFB. Due to the great amplification ability of
ISDPR, such system was 1000 times more sensitive than the
above work [115]. A DNA-GNP based LFB was developed
for visual detection of microRNA (miRNA)-215 in aqueous
solutions and biological samples (Fig. 7a). A minimum con-
centration of 60 pMmiRNA-215 was detected [116]. Another
two works was conducted to improve the LFB’s sensitivity. In
the first work, HRP was immobilized on the GNP surface.
Sensitivity was amplified for 10 times by applying the color
substrate with a LOD of 7.5 pM [117]. Y-shaped junction
DNA probe associated with endonuclease-assisted target
recycling amplification were introduced to the second work.
As low as 0.1 pM miRNA was visually detected in aqueous
solutions, resulting in a 100–1000 times improvement of sen-
sitivity [96].

Aptamers, the artificial functional oligonucleotides, own
some distinct characteristics, such as the high association con-
stant with target proteins and small molecules, readily to be
labelled with signal moieties, easy to obtain, cost-effective-
ness, and long-term stability. They have been exploited to
incorporate with a diversity of small molecules, proteins and
DNAs. One work introduced an aptamer to conjugate with
GNP for the detection of thrombin. The system was based
on sandwich-type reactions (aptamer-protein-aptamer) to cap-
ture the GNPs on the test zone of LFB. The results showed
that aptamers performed better than antibodies in accordance
with specificity and sensitivity [125]. A competitive aptamer-
based LFB was developed to detect β-conglutin. In the sys-
tem, the aptamer tended to bind with its complementary DNA
sequence than its cognate aptameric target [126]. Aptamer
based LFBs have also been employed to detect cancer cells
or bacteria cells. Figure 7b shows an aptamer-GNP based LFB
for circulating cancer cells. Aptamers selected from live cells
by the cell-based SELEX process was conjugated with GNPs.
Under the optimal conditions, 4000 Ramos cells can be visu-
ally detected within 15 min [127]. In another work, two dif-
ferent aptamers specific for its out-membrane proteins were
used to detect Escherichia coli O157:H7 (E. coli O157:H7).
One aptamer was used for magnetic enrichment and the other
was utilized as the bacterial cells’ signal reporter. After ISDPR
amplification of the second aptamer, the generated single-
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strand DNAs were detected in a LFB, resulted in that a min-
imum of E. coli O157:H7 of 10 colony forming units (CFU)
was detected [128].

The detection of metal ions on the LFB can be turned into
DNA detection as well throughmolecular recognition element
(Fig. 7c). Metal ion-dependent DNA-cleaving DNAzymes

Table 2 An overview on micro/nano-materials commonly used in as labels in lateral flow biosensors

Kind of Particle Typical size Color Analytes Ref

Gold nanoparticles 15 ± 3.5 nm red thrombin [125]

Gold nanostars 40 nm blue Bisphenol A [170]

Gold nanocage 50 nm purple immunoglobulin G [171]

Gold-platinum nanoflowers 31 nm black immunoglobulin G [172]

Gold-nanoparticle-decorated silica nanorods 3.4 to 7.0 μm dark-purple immunoglobulin G [118]

silica shell-stabilized gold nanoparticles 17 nm red alpha-fetoprotein [173]

Gold magnetic nanoparticles 32 nm Red antigens [174]

Polystyrene 107 nm Fluorescent color antigen [175]

Lipsome 223 nm Purple Salmonella [176]

CdSe/ZnS QDs 25 nm red fluorescence Virus [146]

Upconversion NPs 17 nm, 12 nm green, blue fluorescence antigens [154]

Blue dyes doped latex beads 390 nm Blue DNA [177]

Carbon nanostrings None black influenza [23]

Carbon nano-strings 100 and 200 nm gray/black DNA [178]

Carbon nanoparticle average 120 nm black thiabendazole [179]

Fluorescent carbon nanoparticle 15 nm fluorescence DNA [180]

Carbon nanotube 0.5–2 μm Black DNA [181]

Magnetic carbon nanotube 3 to 5 μm Black CA 19–9 [68]

Europium (III) Chelate Microparticles 0.12 and 0.21 μm far red fluorescence Eosinophils and Neutrophils [182]

Green nanoparticle 0.42 μm green virus [183]

Magnetic nanoparticle 10.1 ± 1.5 nm Dark brown Pesticide [184]

SERS 40 nm SERS spectrum antibiotics [160]

Fig. 7 a LFB with DNA probe conjugated with GNPs for microRNA.
Reproduced with permission from reference [116]. b LFB with aptamer
conjugated with GNPs for thrombin detection. Reproduced with

permission from reference [127]. c LFB with DNA probe conjugated
with GNPs for Cu2+. Reproduced with permission from reference [132]
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were used to prepare the LFBs for Pb2+ and Cu2+. In the
presence of Pb2+ or Cu2+, one chain of the double-strand
DNAzyme catalyzed the cleavage of the other chain at the
specific base into two small ssDNA fragments. The ssDNAs
were further detected in the GNP-based LFBs. The detection
limit of Pb2+ and Cu2+ was 5 μM and 10 nM, respectively
[121, 123]. Following these two works, another LFB was
proposed for Pb2+ with an enzyme-free DNA amplification
circuit based on the Pb2+ specific DNA enzyme. After the
cleavage, the produced ssDNAs were added to the enzyme-
free DNA circuit, through which signal transaction and ampli-
fication were conducted. The LOD is 10 pM, with an im-
provement of four orders of magnitude compared to the above
work [122].

Traditional color-based strip reader is based on a digital
camera to take the images. A computer (lab top) is required
for data processing. Recently, smartphone have been applied
for the quantitative determination of LFBs. There are more
than 2 billion smartphone users in the world [18]. Since mod-
ern smartphones are not only portable and wireless telecom-
munication infrastructure but are also equipped with digital
components such as high-performance camera/imaging mod-
ule, LCD displays, and various receivers/transmitters, they
have provided stimulating opportunities and become the fa-
vored tool for use in many POCT applications. Recently, cell
phones have been used with LFBs to detect hormones,
disease-related markers, stress related biomarkers, pesticides,
etc. (Table 3). The combination of mobile phones with 3D
printing technology and wireless information technology has
indicated great prospects in POCT and greatly improved the
diagnosis, treatment and prognosis of diseases.

In one work, smartphone was integrated with GNP-based
LFBs to detect infectious diseases with a compact digital
RDT reader. The reader weighs only about 65 g and is me-
chanically connected to the smartphone to align the camera
portion of the phone. Various types of LFBs can be inserted
into the reader and imaged in reflective or transmissive mode
by the phone’s own illumination. The raw image of the cap-
tured tests can be then digitally processed by the smart app on
the smartphone and the diagnostic results can be automatical-
ly read. The smart application then sends the resulting data,
LFB images, and other relevant information (eg, patient in-
formation, time, location, etc.) to the central server, which
displays the diagnostic results on the world map by
geotagging. This makes it easy to view time and space dy-
namic maps of a disease using an internet browser or
smartphone app [129]. In another work, a smartphone based
LFB was described for semi-quantitative determination
of thyroid stimulating hormone. It had an attachment printed
by a 3D printer to collect LFBs and smartphones with a
specially designed APP for image analysis, data handling
and storage [130]. The general used smart phone holder
was criticized to be relatively heavy and very expensive to

manufacture. To overcome these limitations, an origami
smartphone holder was fabricated. The weight, fabrication
time and cost were reduced about two folds, 11 folds and
100 folds, respectively. The experiment results showed that
the ambient light was efficiently blocked out by origami
smartphone holder [131].

Luminescent based LFBs
and smartphone/luminescence-based LFBs

Traditional LFBs are based on labeled colloidal gold or latex
particles, the analyte is visually detected through color pre-
sentation in definite strip zones. However, this approach pro-
vides limited value for quantitative diagnosis and the sensi-
tivity is criticized below required standard. LFBs with
photoluminescent labels such as chemiluminescence and
fluorescent nanoparticles (quantum dots) have showed great
improvement in sensitivity and dynamic range [132–142].
Zhang et al. reported a portable fluorescent silica nanoparti-
cle based LFB for Clenbuterol (CL) with a visual detection
limit of 0.1 ng mL−1, which indicated the sensitivity of the
fluorescent silica nanoparticle -based LFBs was better than
that of conventional GNP-based LFBs [132]. Luminescence
nanoparticles (PLNPs) was used as the reporter of the LFB
with the enhancement in sensitivity, photobleaching resis-
tance, quantitation amenability and bioconjugation schemes
design. Such LFBs using the NeutrAvidin PLNPs was ap-
proximately ten times more sensitive than using GNPs [135].
In the work related to a chemiluminescent LFB, the LOD of
the CL-based results is 20 times lower than that of the bare-
eye readout [143]. Moreover, a chemiluminescence-based
LFB was described for monitoring astronauts’ health, which
was successfully used by an Italian astronaut during a space
mission [144]. Özalp et al. introduced a horse radish perox-
idase (HRP) based LFB for reactive oxygen species (ROS).
HRP together with Texas Red dextran were encapsulated
inside the porous polyacrylamide nanoparticles. By this
way, enzymes were protected in the porous matrix of poly-
acrylamide but the analyte can freely pass in and out, pro-
viding a general strategy for enzyme-based LFB [133].

Likewise, QDs are better labels against organic
fluorophores because of their high levels of brightness,
size-tunable fluorescence emission, large absorption coef-
ficients, etc. [29, 136, 145]. QDs are often used in the
LFBs as one kind of promising fluorescent nanoparticles.
QDs earlier presented as a reporter of LFB in Lin et al.’s
work. Recently, a carboxyl functionalized QDs-embedded
silica nanoparticles labeled LFB was demonstrated for
procalcitonin (PCT) antigens. The visual detection limit
of fluorescence nanoparticles for PCT antigens counted
about two hundred times higher than GNPs-based method
[136]. In another QDs based LFB, two influenza A virus
subtypes H5 and H9 were simultaneously detected on one
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LFB without interferences [146]. Fluorescence quenching
of CdSe/ZnS QDs in the presence of gold and silver nano-
particles were used to develop QDs-based LFBs. The vi-
sual LOD is three orders lower than that of colorimetric
detection methods [147]. In another QDs based LFB, UV
protective goggles under UV lamp was used to observe the
results with a detection limit of 25 ng mL−1, and the quan-
titative results can be obtained with a gel imager [148].

The chemical response from luminescent nanoparticles can
be conveniently converted into electrical signal via mobile
phone apps with certain devices [129, 130, 149]. Compared
with other methods, the mobile phone-based approach intro-
duces front-end technology (smartphones and networks) into
LFB, which improves the convenience of LFB detection;
moreover, it has advantages in generating sensitive and quan-
titative information. As a consequence, it has foreseeable
prospect future in home-self-diagnostic device industry. A
chemiluminescent (CL) based LFB incorporated in a smart
phone for quantitative detection of salivary cortisol was dem-
onstrated in Fig. 8 [149]. Such biosensor is based on a com-
petitive immune assay utilizing peroxidase–cortisol conju-
gate. The mobile webcam played a role of light detector to
acquire image signals, which would be processed through
mobile phone apps. The complete system incorporated a car-
tridge for LFBs to be placed, a 3D-printed smart phone fixing
adaptor, a plano-convex lens and a cartridge-insertion slot.
This configuration imitated a small dark box and optical inter-
face for phone cameras generating CL signals. The advantage

of this assay was simple to conduct and instant for result. The
detecting range was 0.3–60 ng mL−1, which complies with
accepted clinically criteria for salivary cortisol detection.

Likewise, RDT reader and mobile phone were used for
sensing analytes in multiple LFBs. Compared to the above
work, the information from the mobile phone can be easily
shared to a central server by internet to draw a dynamically
updating diagnostic information world map. This idea can
open a new page for other RDT as well. The real-time
updating spatio-temporal information system for diseases
can be established by data generated from mobile apps,
which would contribute dramatically to global epidemics
control [129]. The clinical performance of a smartphone-
based fluorescent LFB was assessed. The light collection
efficiency was improved using a reflective light collection
module. This is very important when fluorescence excita-
tion is battery-operated. Besides, the performance of the
smartphone device was even two times better than that of
the benchtop fluorescence reader which is much bigger and
more expensive [150]. A similar power-free and portable
device was described to detect QDs signals. The tumor
marker carcinoembryonic antigen (CEA) was detected
with a detection range of 1–100 ng mL−1 and detection
limit of 0.049 ng mL−1 [151]. Following these works,
luminescence-based LFBs have been reported for the de-
tection of various targets, including nucleic acids [152],
virus protein [153], cardiovascular diseases biomarkers
[154], multi-pesticides [155], and glutathione [156].

Fig. 8 a 3D printed smart phone accessory. b 3D printed cartridge. c The integrated cortisol LFB smart phone-based device for salivary cortisol.
Reproduce with permission reference from reference [149]
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SERS based lateral flow biosensors (LFBs)

As promising as the smartphone-luminescent-based LFBs
there are still some drawbacks: the fluorescence signals can
be easily interfered by substantial from the blood and tissue
fluid; it is difficult to achieve high accuracy at low target rates
free from false result; the analytic systems is not small and
light enough to be convenient enough as a point-of-care and
home-use diagnosis method. To overcome the drawbacks
mentioned above, surface-enhanced raman spectroscopy
(SERS) readers are employed for the quantitative determina-
tion of LFBs.

Raman signal intensity gets enhanced when molecules are
absorbed on metal nanoparticles, colloids and rough surfaces,
so a SERS response is obtained. SERS has some unique ad-
vantages, such as spectral fingerprint of targets; no interference
from water; single molecule sensitivity; easy sample prepara-
tion and operation; multiplexing capability [160]. Besides the
SERS-based LFB we mentioned above [43, 161, 162], in the

last few years, different groups have developed SERS-based
LFBs based on antigen-antibody interactions and nucleic acid
hybridization for hormone, toxin, bacterial, virus, pesticide and
so on (Table 4). The limitation of detection sensitivity and
quantitative analysis were greatly addressed, with the improve-
ment of the sensitivity for 2 to 4 orders of magnitude compared
with the conventional colorimetric LFB. Besides, SERS-based
LFBs was demonstrated to have much better selectivity than
the colorimetric counterpart when they were applied to the
blood plasma sample matrix [100]. Choo’s group developed
SERS-based LFBs for HIV-1 DNA, staphylococcal enterotox-
in B, thyroid-stimulating hormone and dual nucleic acids [157,
162–164]. Such SERS-based LFBs were two order to four
orders more sensitive than colorimetric, ELISA or fluorescent
methods. The SERS-based LFB was used for the detection of
dual nucleic acids targets (Fig. 9a). The detection limit was four
orders lower than that obtained with the aggregation-based
colorimetric method [157]. A nonspherical gap-enhanced
Raman tags with strong and uniform SERS response was used

Table 4 SERS-based lateral flow biosensors

tracer Analyte(s) Detection mode Detection
method

Analytical sensitivities Ref.

Malachite green
isothiocyanate-functionalized AuNPs

HIV-1DNA Nucleic acid
hybridization

Colorimetri,
SERS

0.24 pg mL−1 [162]

Malachite green isothiocyanate
functionalized hollow gold
nanospheres

Staphylococcal enterotoxin B Antigen-antibody
interactions

Colorimetric,
SERS

0.001 ng mL−1 [163]

Flucytosine Flucytosine Direct detection Colorimetric,
SERS

10 μg mL−1 [59]

Malachite green isothiocyanate
functionalized hollow gold
nanospheres

Thyroid-stimulating hormone Antigen-antibody
interactions

Colorimetric,
SERS

0.025 IU mL−1 [164]

Au nanostar@Raman Reporter@ silica Neuron-specific enolase Antigen-antibody
interactions

Colorimetric,
SERS

0.86 ng mL−1 [100]

AuMBA@Ag core−shell nanoparticles Listeria monocytogenes, Salmonella
enterica serotype Enteritidis

Nucleic acid
hybridization

Colorimetric,
SERS

27 CFU mL−1 and
19 CFU mL−1

[187]

SERS Reporter-modified GNPs Anti-HCVantibodies Antigen-antibody
interactions

Colorimetric,
SERS

1/1024 diluted antibody [43]

SERS Reporter-modified GNPs Two target DNAs Nucleic acid
hybridization

Colorimetric,
SERS

0.043 and 0.074 pM,
respectively

[157]

Nonspherical gap-enhanced
Raman tags

Troponin I Antigen-antibody
interactions

Colorimetric,
SERS

0.1 ng mL−1 [165]

4-aminothiophenol acid and
4-aminothiophenol labeled AuNPs

Cypermethrin and Esfenvalerate Antigen-antibody
interactions

Colorimetric,
SERS

2.3 × 10−4 and
2.6 × 10−5 ng mL−1,
respectively

[166]

5,5-dithiobis-2-nitrobenzoic acid
Labeled gold nanoparticles

Colistin Antigen-antibody
interaction

Colorimetric,
SERS

0.10 ng mL−1 [167]

AuAg4-ATP@AgNPs Pseudorabies virus Antigen-antibody
interactions

Colorimetric,
SERS

5 ng mL−1 [168]

Thio-2-napthol labelled Au/Au core/-
satellite nanoparticles

human chorionic gonadotropin Antigen-antibody
interactions

Colorimetric,
SERS

1.6 mIU mL−1 [159]

5,5′-dithiobis(2-nitrobenzoic acid)
or 4-Mercaptobutyramidine
labelled AuNPs

Listeria monocytogenes and
Salmonella typhimurium

Antigen-antibody
interactions

Colorimetric,
SERS

75 cfu mL−1 and 75 Cfu
mL−1, respectively

[169]

AuAg4-ATP@AgNPs Avian influenza A Antigen-antibody
interactions

Colorimetric,
SERS

0.0018 HAU [158]
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in the LFB. Such SERS tags were an order of magnitude better
than that of other common SERS tags in terms of sensitivity,
such as Au nanorods, nanostars, nanoshells with surface-
adsorbed RMs, or spherical GERTs with embedded RMs
[165]. The following works are listed by time. Wang et al.
described a SERS-based LFB combined with recombinase po-
lymerase amplification for simultaneous detection of Listeria
monocytogenes and Salmonella enterica serotype Enteritidis
[100]. Li et al. developed a SERS-based LFB for the simulta-
neous detection of two pyrethroid pesticides [166]. Chen de-
veloped a SERS-based LFB for colistin in raw milk, the detec-
tion limit was far below the ELISA method and the maximum
residue limit set by the European Union [167]. Tang et al.
described a SERS-based LFB for differential diagnosis of
wild-type pseudorabies virus and gE-deleted vaccine. The re-
sults from this method were consistent with results from the
gE-specific PCR [168]. They also presented a SERS-based
LFB for avian influenza A (H7N9) virus, the detection limit
of which was three orders lower than that of the corresponding
HA assays (Fig. 9b) [158]. Wu et al. developed a SERS-based

LFB for Listeria monocytogenes and Salmonella typhimurium
in milk [169]. All above works demonstrated that SERS-based
LFBs has great potential in the point-of-care settings.

In order to improve the major drawback, which is the read-
out time until the test result is available for the user, Schlücker
et al. designed a portable Raman/SERS-LFB reader using a
custom-made fiber optic probe for point-of-care testing of the
pregnancy hormone human chorionic gonadotropin, with an
LOD of 1.6 mIU mL−1, which is 15-times more sensitive than
a commercially available LFB as the gold standard. The acqui-
sition time is only 2–5 s, which is several orders of magnitude
shorter than those of existing approaches requiring expensive
Raman instrumentation (Fig. 9c). The SERS reader provides
stimulating opportunities for cost-effective, quantitative, mul-
tiplex and ultrasensitive POCT in real-world application such
as clinical chemistry, food and environmental analysis, drug
and biowarfare agent testing, etc. [159].

As the recent development we reviewed above, adopting
suitable format and new nano-labels, LFBs integrated sample
preparation, flow control and detection into one portable device

Fig. 9 a SERS based LFB for simultaneous detection of dual nucleic
acids. Reproduce with permission from reference [157]. b SERS based
LFB for avian influenza A (H7N9) virus. Reproduce with permission

from reference [158], Elsevier Springer-Verlag Berlin Heidelberg. (c
Schematic representation of a Portable Raman/SERS reader. Reproduce
with permission from reference [159]
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for sensitive detection in-field and at point-of-care environment
may be the tendency of the future LFBs. Under certain circum-
stance, sample flow in the membranes or some microfluidic
arrays, get purified and continue to be detected at the detection
region. By this way, the detection is extremely simplified as the
result and diagnose information can be obtained by just a drop
of samples such as blood or urine in minutes free from
interference.

Conclusions and future perspectives

Lateral flow biosensors (LFBs) have proven to be rapid, sen-
sitive, cost-effective methods for point-of-care and in-field
diagnosis in resource-limited areas such as developing coun-
tries and rural areas. This essay has reviewed the recent de-
velopment and breakthroughs of the LFBs studies including
detection format, sample pretreatment, flow control and reli-
ability. Accordingly, latest research indicate that there is still
plenty of room to develop the LFBs with smaller demand
volume, shorter analysis time and the absence of hook effect,
and higher accuracy and sensitivity.

Even though booming development of the LFBs has been
witnessed in the last decade, there are still some
implementing issues to be resolved before LFBs are made
into mature commercial products. First of all, the sample
volume is demanded to be smaller. A drop of liquid such as
blood or tissue fluid is strongly suggested. Secondly, for the
purpose of commercial use, sensitivity of LFBs is supposed
to be high enough to reach the market requirement. Most
importantly, the substance in blood or tissue fluid should
not interfere the signal. Facing these problems, first of all,
appropriate materials for sample pretreatment and signal la-
bels need to be developed. Secondly, detection format like
cotton- and VFA-based LFBs need to be improved to make
the detection volume smaller and quicker with high reliabil-
ity. Thirdly, flow control strategy like cross-flow, delayed
release, controlled release strategy should be improved in
terms of simplification, convenience and multiplex. Lastly
foreseeable, to make the detection systems of the LFB porta-
ble, energy-free, cost-effective and easy for mass production
is a challenge to be resolved. Conclude from above, we still
have a long way to go before the next generation of the LFBs
goes as we expected.
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