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ABSTRACT
Background: Lateral flow immunoassay (LFIA) is a well-known method because of its extensive
application in many fields, such as medical, food safety, and environmental analysis. LFIA is also
under development for pathogen or protein detection, where rapid detection is essential. How-
ever, there are few studies on the optimal process for LFIA production. Methods: This study aimed
to evaluate the roles of the different materials that make up the LFIA strip, consisting of the sam-
ple pad, conjugate pad, nitrocellulose membrane, and absorbent pad. Different membranes and
pads were evaluate regarding membrane permeability, generation of the test line, capillary flow
time, and result visibility. Results: The results indicated that the optimized LFIA strip is composed
of four membranes and pads, including the CF3 sample pad, FF170HP nitrocellulose membrane
immobilized with 1 µg of antibody, Standard 17 conjugate pad, and CF6 absorbent pad. The re-
sult was visually detectable within 15 minutes. Conclusion: This optimization protocol could be a
reference for the development of new test strips.
Key words: lateral flow immunoassay, nitrocellulose membrane, absorbent pad, conjugate pad,
sample pad

INTRODUCTION
The premise behind the lateral flow immunoassay
(LFIA) or quick test is the latex agglutination test that
was developed in 1956 by Plotz and Singer1. Al-
though there are several variations of this technology,
such as the radioimmunoassay (RIA) and enzyme im-
munoassay (EIA), they all function on the principle of
antigen-antibody reaction. LFIA technology contin-
ued to develop and was expanded in the pregnancy
test market in the 1980s. The LFIA test was the pri-
mary test used to detect HCG2. Since then, LFIA tests
have been used in various fields, including medical,
pharmaceutical, food safety, and environmental anal-
ysis. LFIA is a powerful and suitable test when applied
to an expanded range of point-of-care (POC) or field
applications1 due to its merits of straightforwardness,
rate, low-cost, portable devices, ease of use, and no
prerequisite of apparatus or specialized skills3–5.
In general, the LFIA has four elemental constituents
comprising a sample pad, a conjugate pad, a nitro-
cellulose membrane (NCM), and an absorbent (wick)
pad. Thesematerials are overlapped at the rear surface
and fixed to a backing card. The optimal properties
of the pads and NCM are a steady wicking rate and
low nonspecific binding1,5,6. There are three types of
pads, including sample pads, conjugate pads, and ab-

sorbent pads, and they are made from porous mate-
rials. Cellulosic material is used for the sample and
absorbent pads, while glass fiber is used for the con-
jugate pad5,6. The sample pad is selected based on
the sample type and sample volume. Certain prop-
erties of the conjugate pad, including thickness and
nonspecific binding, can affect the release of the la-
beled conjugate and the sensitivity of the assay. NCMs
are the key component of LFIAs because of their use-
fulness, low cost, and high affinity for proteins and
biomolecules3,5–7. The material characteristics of the
NCM, such as thickness and capillary flow rate, influ-
ence the sensitivity of the LFIA1,6.
The principle of LFIA can be described as follows.
First, a sample is added to the LFIA strip and enters
the sample pad. Second, the sample reaches the con-
jugate pad, which releases the colloidal gold antibody
conjugate, and there is an interaction between the an-
alytes in the sample and the labeled antibody. Then,
the sample travels to the NCM, where the target-
specific antibody at the test line and the anti-target-
specific IgG antibody at the control line are immobi-
lized. The color appearance of both the test and con-
trol lines demonstrates a positive result; if only one
colored line appears in the control area, the analyte is
absent from the sample. Finally, the sample enters the
absorbent pad, which provides sufficient bed volume
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for the total flow of the test (Figure 1). The function of
the LFIA depends on capillary forces provided by the
absorbent pad to facilitate the movement of the sam-
ple along a test strip, and a signal is generated after a
brief period. However, it is difficult to establish a gen-
eral LFIA protocol for all applications because of the
target-specific characteristics of the assay. Therefore,
the purpose of this study was to describe the basic
protocol for optimizing themembrane components of
LFIAs on a laboratory scale.
Proteins serve as biomarkers for the detection of sev-
eral diseases, and the analysis of these proteins plays
a key role in clinical diagnosis. Most lateral flow test
strips are designed based on antigen-antibody inter-
actions; proteins in the sample react with specific an-
tibodies immobilized on the membrane. Therefore,
LFIA can be applied to detect specific targets if spe-
cific antibodies to those targets are available. In the
present study, the optimization protocol of LFIA for
shrimp acute hepatopancreatic necrosis disease (AH-
PND) was used as an example. AHPND in shrimp
is caused by two secretory toxins from Vibrio para-
haemolyticus, PirAvp and PirBvp, with approximate
molecular weights of 16 kDa and 50 kDa, respec-
tively 8. Therefore, two test lines were immobilized
with anti-PirAvp and anti-PirBvp polyclonal antibod-
ies in the LFIA. Certain parameters must be consid-
ered in the optimization of LFIA: NCMs were evalu-
ated for their ability to produce target lines, absorbent
pads were evaluated for their capillary flow time, con-
jugated pads were evaluated for membrane perme-
ability and the generation of the test line, and sample
pads were evaluated for their ability to draw the sam-
ple along the test strip.

METHODS
Materials
The backing card (MIBA-020-60 mm) and colloidal
gold solution (CG-020) were obtained from DCNo-
vations, USA. Membranes and pads were purchased
from Cytiva Life Sciences, Sweden. Three types of
NCMs were obtained: Whatman FF80HP, FF120HP,
and FF170HP, with capillary flow rates of 60–100 s/4
cm, 90–150 s/4 cm, and 140–200 s/4 cm, respectively.
Sample pads included Whatman CF1 and CF3, with
thicknesses of 176 µm and 322 µm, respectively, and
capillary flow rates of 207.3 s/4 cm and 174.3 s/4 cm,
respectively.
Conjugate pads included Fusion 5, Whatman Stan-
dard 17, and Standard 14, with thicknesses of 370 µm,
370 µm, and 355 µm, respectively, and capillary flow
rates of 38 s/4 cm, 34.5 s/4 cm, and 23.1 s/4 cm, re-
spectively.

Absorbent pads included Whatman CF5, CF6, and
CF7, with thicknesses of 594 µm, 1450 µm, and 1873
µm, respectively, and capillary flow rates of 63.3 s/4
cm, 65 s/4 cm, and 35 s/4 cm, respectively.
Other chemicals were of analytical grade.

Optimization of the nitrocellulose mem-
brane

Three types of membranes, including Whatman
FF80HP, FF120HP, and FF170HP (Cytiva Life Sci-
ences), were evaluated for membrane permeabil-
ity and generation of the test line. Antibodies
were sprayed onto the membranes using an Auto-
mated Lateral Flow Reagent Dispenser (Claremont-
Bio, USA), and the membranes were cut into 5-mm-
wide strips by a programmable strip cutter (Shanghai
Kinbio Tech, China). After spraying, the formed anti-
body lines were assessed for membrane permeability
with the naked eye. The types of test strip membranes
were then evaluated for their ability to create target
lines. The antigen and the colloidal gold-labeled anti-
body were mixed and applied onto the membranes.

Optimization of the absorbent pad

Whatman CF5, CF6, and CF7 absorbent pads were
mounted onto the adhesive plastic backing card that
already contained an optimized NCM.The absorbent
pad overlappedwith theNCM for a length of approxi-
mately 3mmandwas cut into 5-mm-wide strips using
a programmable strip cutter (Shanghai Kinbio Tech,
China).

Optimization of conjugate pad

Fusion 5, Whatman Standard 17, and Standard 14
conjugate pads were mounted onto the adhesive plas-
tic backing card that already contained an optimized
NCM and absorbent pad. The conjugate pad over-
lapped with the NCM for a length of approximately
3 mm and was cut into 5-mm-wide strips using a
programmable strip cutter (Shanghai Kinbio Tech,
China).

Optimization of the sample pad

Whatman CF1 and CF3 sample pads were mounted
onto the adhesive plastic backing card that already
contained an optimized NCM, absorbent pad, and
conjugate pad. The sample pad overlapped with the
conjugate pad for approximately 3 mm of the con-
jugate pad and was cut into 5-mm-wide strips using
a programmable strip cutter (Shanghai Kinbio Tech,
China).
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Figure 1: Graphic lateral flow immunoassay strip.

Optimizationof theamountofantibody im-
mobilized in the test line
After the selection of the optimized membranes and
pads, these components were fixed to the adhesive
backing card. The parts were placed on one side with
3 mm of overlap with each another. The LFIA was
cut into 5-mm-wide strips and placed in a desiccator
container at 4 ◦C. Different amounts of anti-target
antibodies (0.5, 1, and 2 µg/strip) were immobilized
onto the NCMs. A mixture of the purified target pro-
teins in the running buffer was spiked at 500 ng/ml,
and 100 µL was loaded into the test strip. A negative
sample of the running buffer was added at the same
time to another test strip. The result was observed af-
ter 15 minutes with the naked eye. The appearance of
red lines at the test line and control line indicated the
presence of the analyte in the sample. Only one col-
ored line in the control area indicated the absence of
an analyte from the sample.

Statistical analysis
Data were analyzed and compared using GraphPad
Prism 7 software. The data from three independent
repeats are reported as the mean ± standard devia-
tion (SD) and were compared using one-way analysis
of variance (ANOVA). The differences were consid-
ered significant if p < 0.05.

RESULTS

Optimization of the nitrocellulose mem-
brane
After spraying, the formed antibody lines were ob-
served. For the FF120HP and FF170HP membranes,
the proteins formed continuous lines (Figure 2 A,
samples 2 and 3). The FF80HP membrane produced
dashed lines with many small dots (Figure 2 A, sam-
ple 1) therefore, the colored signal was also gener-
ated in dots, with smearing and even a lost signal
(Figure 2 B, sample 1). The signals on the FF120HP
and FF170HP membranes were concentrated; how-
ever, there was smearing on the FF120HP mem-
brane (Figure 2 B, sample 2, lower line). The results
demonstrated the relationship between membrane
permeability and the generation of the test line. The
FF170HP membrane was selected for further study.

Optimization of the absorbent pad
Three types of absorbent pads with different thick-
nesses were mounted onto the adhesive plastic back-
ing card that already contained an FF170HP mem-
brane and was cut into test strips. During the cutting
process, the CF5 and CF6 pads were easier to cut than
the CF7 pad (data not shown). Because the CF7 pad
was too thick, it was difficult to insert into the cutter
and slide on the surface of the device, which caused
tearing at the edge of themembrane (Figure 3A, sam-
ple 3). All three pads guided the entire sample vol-
ume through the strip. For the CF6 and CF7 pads,
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Figure 2: Protein lines on the membranes after spraying (A) and the visually colored test line on the membranes
(B) 1. FF80HP membrane, 2. FF120HP membrane, 3. FF170HP membrane. Data present three independent ex-
periments.

Figure 3: Shape of absorbent pads after cutting (A) and shape of the capillary flow (B). 1. CF5 pad, 2. CF6 pad, 3.
CF7 pad. Data present three independent experiments.
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Figure 4: Conjugate pads after loaded with the gold labelled antibody and dried (A) and the generation of test
lines (B). 1. Standard 14, 2. Standard 17, 3. Fusion 5. Data present three independent experiments.

the sample was pulled at the same rate, and the time
for the entire sample solution to reach the membrane
was 8 minutes, while the CF5 pad took 13 minutes
(Table 1). Moreover, the CF6 pad generated a reg-
ular flow front without lamination defects (Figure 3
B, sample 2), while the CF5 and CF7 pads did not
(Figure 3A, samples 1 and 3). Therefore, the CF6 pad
was selected for further study.

Optimization of the conjugate pad
Fusion 5, Whatman Standard 17, and Standard 14
conjugate pads were loaded with the colloidal gold
polyclonal antibody conjugate and dried at 37 ◦C for
15 minutes. After drying, the Standard 17 and Fusion
5 padswere almost completely dry, while the Standard
14 pad was still wet, which affected pad attachment to
the test strip (Figure 4).
When the sample was loaded onto the test strip, most
of the gold-labeled antibody conjugatemigrated com-
pletely onto the NCM for the Fusion 5 and Standard
17 pads, while a large amount of sample remained in
the conjugate pad for the Standard 14. Moreover, the
Standard 14 pad test line was smeared (Figure 4 B,
sample 1). Although the Standard 17 and Fusion 5
pads produced the same degree of permeability, the
color intensity at the test line of the Fusion 5 pad was
weaker than that of the Standard 17 pad (Figure 4 B,
samples 2 and 3). Therefore, the Standard 17 pad was
selected for further study.

Optimization of the sample pad

Whatman CF1 and CF3 sample pads were mounted
onto the adhesive plastic backing card that already
contained an FF170HP membrane, CF6 pad, and
Standard 17 pad, and they were cut into 5-mm-wide
strips. Both pads generated the same capillary force;
however, the CF3 pad was chosen for the next step
because its thickness facilitated the maintenance of a
relatively constant flow rate of solution on the mem-
brane (Figure 5). Moreover, the CF3 pad was more
efficient than the CF1 pad due to its thickness. The
thicker CF3 pad resulted in a higher buffering capac-
ity andmore stable flow 5. In addition, the flow rate of
the CF3 pad (174.3 s/4 cm) was slower than that of the
CF1 pad (207.3 s/4 cm), which increased the sensitiv-
ity of the test strip due to the prolonged interaction
between the target and the gold-particle conjugate.

Optimizationof theamountofantibody im-
mobilized to the test lines

LFIA strips with different amounts of immobilized
anti-PirAvp and anti-PirBvp polyclonal antibodies
were used to evaluate the test line intensity. The signal
intensity was observed to be identical for 1 and 2 µg of
antibody but was higher than that of 0.5 µg antibody
(Figure 6). Therefore, 1 µg of antibody was chosen to
be immobilized onto the NCM, which would be eco-
nomical while still ensuring the detection of toxins.
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Figure 5: Flow rate of sample across CF1 pad (left) and CF3 (right).

Table 1: Capillary flow time of absorbent pads

Groups Count Average Variance

CF5 3 13.500a 0.250

CF6 3 8.233b 0.063

CF7 3 8.333c 0.123

Different letters indicate statistically significant differences.

In summary, the optimized LFIA was a combination
of the CF3 sample pad, the Standard 17 conjugate pad,
the FF170HP NCM immobilized with 1 µg of anti-
body, and the CF6 absorbent pad.

DISCUSSION
Lateral flow immunoassays are composed of predeter-
mined components, including a sample pad, conju-
gate pad, NCM, and absorbent (wick) pad. To ensure
proper operation of the test strip, the assembly must
be consistent so that the flow front is regular and uni-

form in all strips otherwise, a lamination defect can
occur. A lamination defect can be caused by mate-
rial incompatibility, overcompression of the assem-
bly elements, or material characteristics. During the
development of the LFIA, the most effort is concen-
trated on selecting the optimal antibody; however, it
is necessary to consider the basic materials that com-
prise the sample pad, conjugate pad, absorbent pad,
and NCM to ensure a high-quality and uniform test
strip9. The sample pad is the starting point of the test
strip where the sample is loaded; it plays a key role
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Figure 6: Line of immobilized antibodies content at (1) 0.5 µg, (2) 1 µg, (3) 2 µg. Data present three independent
experiments.

in evenly distributing and directing the sample to the
conjugate pad. In addition, it eliminates confound-
ing components from samples3,5,6. In this study, the
Whatman CF3 pad was more effective than the CF1
pad due to its increased thickness. The thickness of
the pad influenced both the bed volume and flow. A
thicker pad increases the buffering capacity and sta-
bility of the flow rate5; a slower flow increases the sen-
sitivity of the test strip and prolongs the interaction
between the analyte and the labeled conjugate.
The NCM is the most important material component
because it determines the total flow rate of the system
and the time required to obtain a signal7. The physic-
ochemical properties of the membrane influence the
capillary flow, which is related to sample migration,
sensitivity, specificity, and test line consistency 5. The
capillary flow rates of NCMs are exceptionally chal-
lenging determining precisely as the rate decreases ex-
ponentially as the solution passes through the mem-
brane6. Therefore, membrane lateral flow is assessed
on the premise of capillary flow time, which is the
time required for the solution to permeate and fully

cover a 4-cm-long strip of the membrane1,5,6. A
higher capillary flow rate prolongs the reaction be-
tween the toxins and the gold-labeled antibody, in-
creasing the sensitivity of the strip test. However,
a high capillary flow rate also increases the nonspe-
cific interaction5. In this study, NCMs with distinc-
tive capillary flow rates, includingWhatman FF80HP
(60–100 s/4 cm), Whatman FF120HP (90–150 s/4
cm), andWhatman FF170HP (140–200 s/4 cm), were
evaluated; Whatman FF170HP generated the highest
intensity.
The amount of immobilized antibody in the test and
control lines also plays a key role in the interaction
between antigen and antibody and influences the gen-
eration of sensitive and reproducible assays. A weak
signal is caused by a low amount of antibody bind-
ing to themembrane7; however, if toomuch antibody
is immobilized onto the membrane, it will be uneco-
nomical and lead to an increase in cost. Therefore, 1
µg of antibodywas chosen to be immobilized onto the
NCM because it is economical while still ensuring the
detection of toxins.
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The conjugate pad is where the gold-labeled anti-
bodies are preserved upon drying and released upon
rewetting. Preparation of the conjugate pad is one of
the critical steps during the manufacturing of the test
strip5,6,10. After drying, the conjugate pad must re-
lease the conjugates sufficiently and stably 1.
The absorbent pad is the final material in the LFIA.
It acts as a sink to extend the total volume of sample
that passes through the strip. The thickness of the ab-
sorbent pad provides sufficient bed volume to wash
nonspecific components away from the test and con-
trol lines, thereby reducing the noise signal and in-
creasing the assay sensitivity 5,6. If the absorbent pad
is too thick, it is difficult to insert into the cutter and
slide on the surface of the device, which can cause
tearing at the edge of the membrane.
The lamination process of the membrane and pads
is the final stage in the production of the LFIA. The
NCM is fixed onto the adhesive plastic backing card,
and the absorbent pad, conjugate pad, and sample
pad are placed. Thesematerials must overlap properly
to ensure that the sample flow moves homogenously
from the sample pad to the absorbent pad and to en-
sure batch-to-batch reproducibility 1,5.
AHPND is a dangerous emerging disease in shrimp
that has caused significant economic losses. Early dis-
ease detection is essential to control and treat infected
shrimp11. Therefore, test strips were developed in
several studies for the rapid detection of the causative
pathogens of AHPND. The test detects either PirAvp

protein or PirBvp protein; for example, a polyclonal
antibody is used to detect PirAvp or a monoclonal
antibody is used to detect PirBvp 12 . Our study used
polyclonal antibodies to simultaneously detect both
PirAvp and PirBvp proteins, which facilitated rapid
screening for AHPND pathogens at the pondsite.

CONCLUSIONS
In summary, we developed and optimized an LFIA
strip for the rapid simultaneous detection of both
PirAvp and PirBvp proteins on a laboratory scale. The
LFIA strip was applied for the early detection of AH-
PND at the pond site. However, the design and opti-
mization of LFIAs remain challenging. Multiple pa-
rameters, such as the types of nanoparticles and fluid
dispensing, and drying conditions, need to be stan-
dardized among all strips to ensure batch-to-batch re-
producibility.

ABBREVIATIONS
AHPND: acute hepatopancreatic necrosis disease,
EIA: enzyme immunoassay, LFIA: lateral flow
immunoassay, POC: point-of-care, RIA: radioim-
munoassay
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