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Lateral flow immunochromatographic assays (LFIAs) are analytical devices used to detect the presence of
one or more target analytes in a liquid sample. While LFIAs are one of the simplest and inexpensive types
of immunoassays, they consist of multiple components (sample pad, conjugate pad, membrane, absor-
bent pad, backing card) and materials, requiring time-consuming device assembly. Here, we report a
unique lateral flow immunochromatographic assay constructed from a single piece of cellulose paper,
which is fabricated via laser cutting. Compared with conventional lateral flow immunochromatographic
devices, this single-layer immunoassay enables simpler and faster fabrication, while minimizing material
consumption and overall device costs. For proof-of-concept, this device was used to detect Plasmodium
falciparum histidine-rich protein 2 (PfHRP2), a biomarker for malaria infection, which could be detected
at concentrations as low as 4 ng mL™" by the naked eye with no cross reactivity with other common
Plasmodium protein biomarkers. While offering similar speed and ease-of-use as conventional LFIAs with
a higher detection sensitivity than existing LFIAs for PfHRP2 detection, this single-layer lateral flow
immunoassay has the potential to improve malaria testing, as well as the detection of other important
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Introduction

Lateral flow immunochromatographic assays (LFIAs) are one of
the simplest and most widely used biosensors for analytical
detection. Compared with other types of immunoassays (enzyme-
linked immunosorbent assay (ELISA), western blot), LFIAs are
portable, inexpensive, provide rapid results (<20 minutes), and do
not require complicated sample processing or the use of equip-
ment." Furthermore, LFIAs are compatible with a wide variety of
biological matrices, including saliva,” urine,” semen,® serum™®
and whole blood.*” For these reasons, LFIAs are commonly used
for point-of-care diagnostic applications, such as home pregnancy
testing and disease detection/screening.® Many rapid diagnostic
tests (RDTs) for infectious diseases, including malaria,” HIV,"
tuberculosis'* and influenza,'? are also based on LFIA architec-
ture. In addition to medical testing, LFIAs are also widely used in
veterinary medicine,"*'* environmental monitoring,"® food safety
testing’® and biological agent detection.'”"®

LFIAs are comprised of several components, including a
sample pad, conjugate release pad, membrane, absorbent pad
and backing card.'® Typically, each of these components is
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protein biomarkers for point-of-care testing.

made from a different material; cellulose fiber for the sample
and adsorbent pads, glass fiber for the conjugate pad, nitrocel-
lulose for the membrane, and polyvinyl chloride for the
backing card.’® Immunochromatographic test strips are
assembled by overlapping the sample, conjugate and absor-
bent pads with the membrane in a sequential fashion, and
mounting the entire assembly onto the backing card.*' Most
LFIAs are also enclosed in plastic cassettes to protect the test
strip and provide visual indicators on the device to facilitate
the testing process. While conventional LFIA architecture pro-
vides an effective means for simplified sample processing and
rapid analyte detection, the use of multiple materials for the
different components, and their assembly increases the time
and costs associated with device fabrication. To simplify the
fabrication of lateral flow immunochromatographic devices,
Abe et al. reported an inkjet printing method to pattern micro-
fluidic channels and immobilize capture antibodies on filter
paper.>* While this assay can be fabricated on a single piece of
paper substrate, the inkjet patterning process requires several
chemical treatment steps, and the limited resolution of the
printed features hinders the analytical performance.

In this work, we demonstrate a unique strategy for fabricat-
ing a lateral flow immunochromatographic assay on a single
piece of cellulose paper via laser cutting. All of the com-
ponents of a traditional LFIA, such as the sample, conjugate
and absorbent pads and membrane, are integrated on a cell-
ulose paper assay card. The test strip geometry, composition of
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the blocking solution, optical density (OD) of gold nano-
particles (AuNPs) and amount of AuNP-antibody conjugates
were optimized to minimize nonspecific binding of AuNPs
conjugates for enhanced detection sensitivity. The functional-
ity of this immunoassay was validated by using it to detect
Plasmodium falciparum histidine-rich protein 2 (PfHRP2), a bio-
marker for malaria infection, which could be detected at con-
centrations as low as 4 ng mL ™" by the naked eye with excellent
specificity. Based on this approach, the time, labor and
material costs associated with LFIA fabrication can be greatly
reduced, minimizing overall device costs and making LFIA
development more accessible to researchers in academia and
industry.

Materials and methods
Materials

Monoclonal mouse anti-Plasmodium falciparum HRP2 IgG and
monoclonal mouse anti-Plasmodium falciparum HRP2 IgM
were purchased from ICL (Portland, OR). Polyclonal rabbit
anti-mouse IgG H&L was purchased from Abcam (Cambridge,
United Kingdom). Recombinant PfHRP2, Pan-Plasmodium
aldolase and Plasmodium falciparum lactate dehydrogenase
(PLDH) were purchased from CTK Biotech (Poway, CA). De-
identified plasma from healthy human volunteers was pur-
chased from BioIVT (Westbury, NY). All experimental methods
involving plasma samples were in accordance with relevant
human subjects protection and biosafety guidelines and regu-
lations. Phosphate buffer saline (PBS), sucrose, Tween-20 and
bovine serum albumin (BSA) were purchased from Sigma-
Aldrich (St Louis, MO). StabilBlock® immunoassay stabilizer
was purchased from Surmodics (Eden Prairie, MN). 40 nm OD
10 colloid gold nanoparticle solution (9 x 10" particles per
mL) was purchased from Expedeon (San Diego, CA).
Whatman™ 3MM Chr chromatography paper was purchased
from GE Healthcare (Chicago, IL). Medical grade adhesive tape
was purchased from Adhesives Research, Inc. (Glen Rock, PA).
Deionized (DI) water was generated using a Smart2Pure water
purification system (Barnstead, Van Nuys, CA). Candle-Lite®
candle wax was purchased from a local vendor.

Preparation of AuNP-IgG conjugates

12 pg of mouse anti-PfHRP2 IgG at a stock concentration
9.28 mg mL ™" was added to 200 pL of 40 nm OD 10 colloid
gold nanoparticle solution, vortexed for 30 seconds, agitated at
300 rpm for 30 minutes using an orbital shaker and incubated
at room temperature for 20 minutes. 8 mg of BSA powder was
added to the AuNP-IgG conjugate solution, which was agitated
at 300 rpm for 30 minutes using an orbital shaker and incu-
bated at room temperature for 20 minutes. The mixture was
centrifuged at 6500g for 15 minutes, the supernatant was
removed, and the precipitate was resuspended in 200 pL of
20% sucrose diluted in StabilBlock® immunoassay stabilizer
with 0.25% Tween-20 (the AuNP-IgG conjugate solution had a
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final AuNP OD of OD 10). The AuNP-IgG conjugate solution
was stored at 4 °C prior to use.

Device fabrication

The geometry of the assay card was designed using Autodesk
AutoCAD software and transferred to 3MM Chr chromato-
graphy paper using a Universal Laser System CO, laser cutter.
The sample and conjugate release regions were treated with a
blocking solution to prevent nonspecific binding of AuNP-anti-
body conjugates. Briefly, 15 pL of blocking solution was drop-
casted 15 mm above the lower edge of the assay card, followed
by drying at 37 °C for 15 minutes. This process was repeated
four times. We observed that even if the blocking solution was
applied slightly higher or lower on the strip, this assay still
exhibited good reproducibility as long as the blocking solution
did not spread to the test and control line region. 5 pL of
AuNP-IgG conjugate solution was dispensed on the blocking
solution-treated conjugate release region and dried at 37 °C for
1 hour. Mouse anti-PfHRP2 IgM at 4 mg mL ™" and rabbit anti-
mouse H&L IgG at 1 mg mL~" were used for the test and
control lines, respectively. Lines were hand drawn on the test
strip using a fine tip (size 10/0) paintbrush at a velocity of
~20 mm s and subsequently dried at 37 °C for 1 hour. The
wax barrier was applied to the assay card by dipping the
bottom edge of the card in molten wax (heated to 85 °C) to a
depth of 4 mm, quickly removing it and allowing the wax to
solidify.

Assay optimization

Experiments to optimize the blocking solution were carried
out using solutions containing 20% (w/v) sucrose, 0.25% (W/v)
Tween-20 and varying concentrations (1%, 2%, 3% or 4% w/v)
of BSA in PBS. Test strips treated with these blocking solutions
were used for measurements of PAHRP2 at 0 ng mL ™", 32 ng
mL™" and 1024 ng mL™" in PBS. Experiments to optimize the
width of the test strip were carried out by testing samples con-
taining 32 ng mL™" of PAHRP2 in PBS using assay cards with
varying strip widths (2 mm, 3 mm, 4 mm and 5 mm) treated
with the optimized blocking solution (20% (w/v) sucrose,
0.25% (w/v) Tween-20 and 2% (w/v) BSA in PBS). Optimization
of the AuNP-IgG conjugate amount was carried out by deposit-
ing varying volumes (3 pL, 5 pL, 8 pL or 10 pL) of AuNP-IgG
conjugate solution on test strips treated with the optimized
blocking solution, and performing measurements of samples
containing P/HRP2 at 16 ng mL~"' and 1024 ng mL ™" in PBS.
Experiments were also performed to optimize the OD of
AuNPs by testing PBS samples containing PHRP2 at 0 ng
mL~", 16 ng mL~" and 1024 ng mL~" using assay cards con-
taining AuNP-IgG conjugates with AuNP ODs of OD 3, OD 5,
OD 8 or OD 10. For all assay optimization measurements,
45 pL of sample was dispensed on the sample region of the
assay card, followed by 60 pL of PBS. The buffer solution was
dispensed after the sample flowed through the test strip.
Images of the assay cards after measurements were obtained
using a Cannon CanoScan 9000F scanner.
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PfHRP2 immunoassay sensitivity and selectivity
measurements

The sensitivity of the immunochromatographic assay was eval-
uated by testing plasma samples with increasing concen-
trations of PfHRP2 from 0 to 1024 ng mL™'. Recombinant
PfHRP2 was serially diluted in plasma and used for measure-
ments without further processing. We evaluated the specificity
of this assay by performing measurements of plasma samples
containing PfHRP2, Pan-Plasmodium aldolase (Pan) or
P. falciparum lactate dehydrogenase (PfLDH). Non-spiked
human plasma was also tested as a blank control. For each
measurement, 45 pL of sample was dispensed on the sample
region, followed by 60 pL of PBS after the sample flowed
through the test strip. Images of the assay cards after measure-
ments were obtained using a Cannon CanoScan 9000F
scanner.

Data analysis

Mean gray values were obtained from scanned images of assay
cards as described in Khan et al.>’ Briefly, average gray values
were calculated from RGB (red-green-blue) images using
Image] software, and RGB gray values were converted to CMY
(cyan-magenta-yellow) gray values using the formula: CMY gray
value = 255 — RGB gray value. Therefore, gray values reported
in this article are CMY gray values and higher gray values rep-
resent a darker color, indicating a higher concentration of
AuNP conjugates. The mean gray value of the background
color of the test strips was measured using a cropped area of
5 mm by 2 mm above and below test line, and the mean gray
value of the test line was measured using a cropped area of
5 mm by 1 mm within the line.

Results and discussion
Selection of the paper substrate

We considered several different types of paper, including nitro-
cellulose membrane (Whatman FF120HP), cellulose chromato-
graphy paper (Whatman Grade 1 Chr and Whatman Grade
3MM Chr) and Fusion 5 membrane, for the development of
the single-layer immunochromatographic device. The para-
meters that were considered during the selection process were
the protein binding capability, capillary flow rate, paper thick-
ness and material cost. A side-by-side comparison of these
parameters for the four substrate materials considered for this
device is presented in Table S1 in ESI{ In regards to lateral
flow functionality, two important aspects of the substrate are
the protein binding capability and blocking performance.**
Nitrocellulose membrane and cellulose chromatography paper
both offer excellent protein binding capabilities, enabling
straightforward antibody immobilization via contact or non-
contact dispensing/printing. In contrast, untreated Fusion
5 membrane exhibits poor protein binding and requires
chemical treatment (e.g. pH modification) or the use of carrier
beads for antibody immobilization.”> Due to the excellent
protein binding capability of nitrocellulose membrane and

1086 | Analyst, 2021, 146, 1084-1090

View Article Online

Analyst

cellulose paper, a blocking step is required to passivate the
test strip to minimize non-specific binding, whereas Fusion
5 membrane does not require a blocking step. While passiva-
tion of nitrocellulose membrane or cellulose paper using a
blocking solution is a well-established and straightforward
process,>* antibody immobilization on Fusion 5 membrane
requires the antibodies to be treated in an acidic solution or
labeled using polystyrene beads, which can decrease antibody-
antigen binding®®*” and complicate device fabrication.
Compared with cellulose paper, nitrocellulose membrane is
more fragile and can crack if improperly handled, resulting in
poor blocking performance and/or nonuniform liquid trans-
port through the strip.*® Therefore, cellulose paper offers a
number of advantages over Fusion 5 membrane and nitrocellu-
lose membrane in regards to simpler device fabrication and
enhanced robustness.

Another important parameter that was considered was the
capillary flow rate. Based on the manufacturers’ specifications,
the capillary flow rate in Whatman 1 Chr and 3MM Chr papers
is ~0.07 mm s, whereas the flow rates in Whatman FF120HP
nitrocellulose membrane and Fusion 5 membrane are ~4-6x
and ~14x faster, respectively. Prior work by Rivas et al. showed
that slower flow rates in gold nanoparticle-based lateral flow
assays could lead to enhanced immunocomplex formation at
the beginning of the strip and at the test and control lines,
resulting in higher detection sensitivity.”> Therefore,
Whatman chromatography paper appears to be more suitable
for high sensitivity detection compared with nitrocellulose
membrane or Fusion 5 membrane due to its slower capillary
flow rate. Material cost was also considered during the selec-
tion process. Whatman 3MM Chr and Whatman 1 Chr are the
most cost effective materials, costing ~$16 per m?, which is
11x and 7x less expensive than Whatman FF120HP nitrocellu-
lose membrane and Fusion 5 membrane, respectively. Of the
two cellulose papers, Whatman 3MM Chr is nearly twice as
thick as Whatman 1 Chr, which enables more liquid to be
absorbed for the same surface area, resulting in a smaller
device. Therefore, Whatman 3MM Chr is preferred over
Whatman 1 Chr for creating a more portable device with less
material usage.

Design of the single-layer immunochromatographic assay

Unlike conventional lateral flow immunochromatographic
assays that are comprised of multiple components fabricated
from different materials (cellulose fiber, glass fiber, nitrocellu-
lose membrane and polyvinyl chloride), this immunochroma-
tographic assay is fabricated from a single piece of cellulose
paper, which greatly simplifies device fabrication and mini-
mizes overall costs. As shown in Fig. 1, the device consists of
an assay card encapsulated between two pieces of self-adhesive
plastic film to protect it from the environment and minimize
hazards associated with device handling. The assay card
(Fig. 1B) consists of a sample region, a conjugate release
region, a test strip containing test and control lines and an
absorbent region. The conjugate release region contains anti-
PfHRP2 1gG antibodies labeled with AuNPs, and the test strip
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Fig. 1

(A) Exploded view of the single-layer lateral flow immunochromatographic assay. The assay card is encapsulated between two pieces of self-

adhesive plastic film. Images of the immunochromatographic device without (B) and with (C) the plastic film.

contains immobilized anti-P/HRP2 IgM antibodies and anti-
mouse IgG H&L antibodies representing the test line and
control line, respectively. The bottom of the test strip is con-
nected to the outer structure of the assay card, allowing the
sample, test and control line indicators to be incorporated
directly on the paper card, while also facilitating alignment of
the self-adhesive plastic film. The bottom of the card contains
a hydrophobic wax barrier to prevent liquid backflow toward
the outer structure of the card rather than toward the test and
control lines, which could diminish the performance of the
assay. The top plastic film contains cutouts for the sample dis-
pensing port, test and control line indicators, and the result
window (Fig. 1C).

Optimization of assay parameters

Several parameters, including the composition of the blocking
solution, geometry of the test strip, OD of AuNPs and amount
of AuNP-IgG conjugates applied to the conjugate release
region, were optimized to enhance the sensitivity of this assay
for PHRP2 detection. We first optimized the blocking solution
by performing measurements of PBS samples containing
varying concentrations of P/HPR2 using assay cards that were
treated with different blocking solutions. As shown in Fig. 2B-D,
test strips treated with blocking solutions containing >2%
(w/v) BSA generated test lines with similar color intensity at all
PfHRP2 concentrations. In contrast, the test lines of strips
treated with the blocking solution containing 1% (w/v) BSA
were noticeable lighter, particularly at 32 ng mL™" (Fig. 2A).
Mean gray values of the test strips confirm that those treated
with the 2% (w/v) BSA blocking solution generated the lowest
background signal, whereas strips treated with blocking solu-
tions containing higher amounts of BSA generated higher
background signals (Fig. 2E). Signal-to-background ratios
(SBRs) calculated from mean gray values also reveal that test
strips treated with the 2% (w/v) BSA blocking solution exhibit
the highest SBRs at all antigen concentrations compared with
strips treated with the other blocking solutions (Fig. 2F).
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Fig. 2 Test results of samples containing 0 ng mL™, 32 ng mL™ and
1024 ng mL™* of PfHRP2 in PBS using assay cards treated with blocking
solution containing (A) 1% (w/v), (B) 2% (w/v), (C) 3% (w/v) or (D) 4%
(w/v) of BSA. The plastic film is removed from the card for improved
visualization of the test strip. (E) Mean gray values of the background
color of test strips treated with different blocking solutions. (F) SBRs
generated from mean gray values of the test line and background color
of the test strips. Each bar represents the mean + standard deviation
(SD) of three measurements.

We investigated the influence of the test strip geometry on
the detection sensitivity by performing measurements of PBS
samples containing 32 ng mL ™" of P/HRP2 using assay cards
with varying strip widths. As shown in Fig. S1A,f the back-
ground color of the strips (which corresponds to the amount
of AuNP-IgG conjugates remaining on the paper after dispen-
sing the PBS flushing solution) is correlated with the width of
the strip, where the narrower 2 mm- and 3 mm-wide strips
exhibit dark background colors making the test line nearly
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undetectable. In contrast, the background color of the 4 mm-
and 5 mm-wide strips is significantly lighter, making the test
line clearly observable. The narrower test strips exhibit a
higher background color because the dried blocking and
AuNP-IgG conjugate solutions act as a dissolvable barrier,
which has been shown to increase the flow resistance and
reduce the fluid flow speed in narrow paper strips.*® Since the
same amount of blocking and AuNP-IgG conjugate solutions
are applied to all of the test strips, the narrower strips have a
larger (i.e. longer) dissolvable barrier compared to wider strips.
As a result, we observed that the liquid sample required a
longer time to saturate the conjugate region on the narrower
strips compared with the wider strips. Therefore, for the nar-
rower strips, the sample tended to flow around the conjugate
region due to the higher wettability of the untreated areas of
the paper strip, causing a large amount of AuNP conjugates to
remain on the strip thereby resulting a high background
signal. In contrast, the liquid sample quickly saturated the
conjugate region in the wider strips, enabling the AuNP-IgG
conjugates to be readily transported to the absorbent region,
resulting in a low background signal. Mean gray values of the
test strips support the qualitative results shown in Fig. S1A,f
where the 2 mm- and 3 mm-wide strips exhibit 3-5x higher
background signals compared with the 4 mm- and 5 mm-wide
strips (Fig. S1Bt). The mean gray values of the test line were
also obtained and used to calculate the SBR, which revealed
that the 5 mm-wide strip generated the highest SBR (Fig. S1C¥)
of all the test strips, making it the optimal width.

Experiments were also carried out to optimize the amount
of AuNP-IgG conjugates deposited on the assay card. Test
strips with larger amounts (>5 pL) of AuNP-IgG conjugates pro-
duced more background color compared with those containing
a smaller amount (<8 pL) of AuNP-IgG conjugates, particularity
at lower (16 ng mL™") antigen concentrations (Fig. 3A). At
higher (1024 ng mL™") antigen concentrations, the intensity of
the test lines are dark and comparable for all test strips (Fig. 3B).
Mean gray values show that the test strips containing 5 pL of
AuNP-IgG conjugate solution generated the highest SBR for
PfHPR2 detection at 16 ng mL " (Fig. 3C) and at 1024 ng mL ™"
(Fig. 3D). Based on these results, 5 uL was selected as the optimal
AuNP-IgG conjugate solution volume, which provides the best
analytical performance at both low and high concentrations of
the target antigen. The last parameter that was optimized was the
AuNP OD for AuNP-IgG conjugates. As shown in Fig. S2A-D,¥
assay cards containing AuUNP-IgG conjugates with higher AuNP
ODs generated darker test and control lines compared with those
containing AuNP-IgG conjugates with lower AuNP ODs with no
noticeable difference in the background color of the test strip.
Mean gray values of the test line (Fig. S2Et) and SBRs calculated
from mean gray values (Fig. S2F}) were also highest for assay
cards containing AuNP-IgG conjugates with AuNP OD 10, which
was selected as the optimal OD.

PfHRP2 detection sensitivity and specificity

To evaluate the sensitivity (i.e. lower limit of detection, LOD) of
this immunochromatographic assay, measurements were per-
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the mean + SD of three measurements.

formed using human plasma samples spiked with PfHRP2
from 0 to 1024 ng mL™". As shown in Fig. 4A, the intensity of
the test line is correlated with the PAHRP2 concentration where
samples containing lower amounts of antigen generated
lighter test lines. All of the measurements generated a dark
control line, validating the test results. Based on visual
readout of the test results by the naked eye, this assay exhibits
a LOD of 4 ng mL™", which is at least 2.5x lower than the LOD
of previously reported lateral flow immunoassays for the detec-
tion of PAHRP2 in plasma (10 ng mL™"'-31.2 ng mL™").*"*> The
improved detection sensitivity of our immunochromatographic
device is likely due to the utilization of multiple optimized
assay parameters, such as a wider strip width and higher AuNP
OD for AuNP-IgG conjugates, compared with existing lateral
flow immunoassays>>*'**7*> which utilize smaller strip widths
and/or lower AuNP ODs. Mean gray values of the test line
(Fig. 4B) and SBRs calculated from mean gray values (Fig. 4C)
also show a positive correlation between the test line intensity
and the PfHRP2 concentration, where the lowest detectable
concentration is 4 ng mL™". Prior clinical studies have shown
that P/HRP2 levels in plasma of individuals with malaria infec-
tion range from 1 ng mL™'-56 818 ng mL ™', where the mean
PfHRP2 concentration in asymptomatic individuals is 19 ng

This journal is © The Royal Society of Chemistry 2021
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mL~".*° Therefore, the sensitivity of this assay makes it useful

for detecting individuals with all severities of malaria disease,
including asymptomatic infection, which cannot be achieved
using commercial malaria RDTs due to their lower sensitivities
(7-28 ng mL™").*”

The specificity of the assay was assessed by evaluating its
response to other common biomarkers of P. falciparum infec-
tion, including Pan-Plasmodium aldolase (Pan) and
P. falciparum lactate dehydrogenase (PLDH). A non-spiked
plasma sample was also tested and used as a blank control. As
shown in Fig. 5A, only the PfHRP2-containing sample gener-
ated dark test and control lines, denoting a “positive” test
result. In contrast, only the control line was generated for
samples containing the irrelevant proteins, similar with the
non-spiked sample, denoting a “negative” result. These results
demonstrate that this single-layer immunochromatographic
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T ] 7’ d |
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‘ o e
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Fig. 5 (A) Test results of human plasma samples containing 1024 ng
mL~! of PFHRP2, PfLDH or pan-aldolase (Pan), and non-spiked human
plasma. (B) Mean gray values of the test line obtained from images in
panel A. Each bar represents the mean + SD of three measurements.

This journal is © The Royal Society of Chemistry 2021

assay does not cross react with other common Plasmodium
protein biomarkers in human samples, enabling highly
specific detection of malaria infection.

Conclusions

We present a unique lateral flow immunochromatographic
assay fabricated from a single piece of cellulose paper via laser
cutting. This assay offers all of the advantages of lateral flow
immunochromatographic technology while being simpler to
assemble, less expensive, and offering higher detection sensi-
tivity. Various assay parameters, including the test strip geo-
metry, blocking solution composition, AuNP OD and amount
of AuNP-antibody conjugates, were optimized to enhance the
sensitivity of this single-layer immunochromatographic plat-
form. Device characterization and testing revealed that this
assay exhibits a lower detection limit of 4 ng mL™" in human
plasma, which is at least 1.75x more sensitive than commercial
malaria RDTs, while exhibiting no cross-reactivity with other
P falciparum proteins. Furthermore, this analytical platform
can be readily adapted to detect other biomarkers, making it a
promising tool for point-of-care testing.
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