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Lateral flow immunoassays (LFIAs) are widely used for the simple and rapid detection of various targets at
the point of need. However, LFIAs enabling the simultaneous detection of multiple analytes and the
possibility for naked-eye semi-quantitative analysis are facing various challenges, including the
requirement of large sample volumes, low efficiency, and accuracy. This is particularly the case for the
competitive immunoassay format targeting the detection of low molecular weight compounds, such as,
for example, drugs. Due to limited space for multiple reaction zones on a single planar nitrocellulose
membrane, conducting multiplexed tests requires the addition of more test strips, which consequently
increases the size of the whole device. To overcome these spatial constraints, two 3D-printed devices
fitting eight assay lanes of both backed and unbacked nitrocellulose membranes have been designed.
For proof of concept, 8-OHdG, caffeine, and acetaminophen were used as model analytes. Inkjet
printing was applied to deposit capture reagents in the form of text symbols while controlling the
concentration thresholds for text readability to achieve an intuitive result expression. A comparably small
sample volume of 350 plL was sufficient to simultaneously visually distinguish 4 concentration levels of
caffeine (0, 4, 10, 175 ng mL™Y) and acetaminophen (0, 4, 8, 12 ng mL™%) in mixed solutions without
crosstalk. This study demonstrates the potential of 3D-printed LFIA devices for multiplex and semi-

rsc.li/methods quantitative analyte detection.

Introduction

Lateral flow immunoassays (LFIA) are paper-based analytical
devices relying on antigen-antibody interactions. They are
widely used in clinical diagnostics,* agriculture,”> food safety
control,® or forensic sciences* due to their rapidity and simple
single-step assay operation. Typically, all the required reagents
are pre-immobilized in advance on a nitrocellulose membrane,
and other fibrous paper-like materials that are part of the
devices. In most cases, colorimetric labels such as gold nano-
particles (AuNPs) or colored latex beads are used to create
a signal, allowing untrained users to observe a naked-eye
readable result within 5-20 minutes of the sample
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application. Compared to most instrument-based analytical
methods, LFIAs have the potential to realize out of laboratory
onsite analysis.

With increasing demands for medical diagnostics or drug of
abuse screening in the field, it becomes increasingly important
to detect multiple substances simultaneously from a single
sample, which is beneficial in terms of cost reduction and
improved efficiency.

The most straightforward strategy is to increase the number
of test lines on a conventional LFIA strip, which requires nearly
no alterations from the standard design. However, due to its
small observable detection area, the commercialized LFIA
design only allows the simultaneous detection of a limited
number of analytes. Some specific analytes, such as identifying
different strains of tuberculosis infections or antibiotics with
similar core structures, can be detected by optimizing the
production process of antibodies appropriate for binding with
multiplex binding sites.”” Although a single test enables the
detection of multiple analytes for these cases, the complicated
processes for antibody production and the limited analytical
target range to one specific class of compound pose difficulties
for widespread application.

Typical examples of LFIAs targeting multiple analytes are, for
example, able to simultaneously detect two or three venom

This journal is © The Royal Society of Chemistry 2025
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proteins,® antibiotics,'® allergens,"* pesticides,”> bacteria,"
viruses™ or toxins.'>'® In addition, some examples of devices,
enabling the simultaneous detection of 4-8 analytes have been
reported.””" However, in all these cases, the well-known
general plastic cassette-type device housing concept has been
sacrificed, so that the bare nitrocellulose strip's robustness
would need to be improved for commercial use. In addition,
a sample flowing to multiple test lines located at different
downstream positions of the nitrocellulose membrane proceeds
with decreasing flow speed over time, which may cause varia-
tions in the binding rate of antigens and antibodies, finally
affecting the assay accuracy. A strategy alternative to multiple
test lines is to replace the line display with dots in the form of
a microarray spotted with numerous reactants.”»** However,
this results in a partial sacrifice of assay robustness, since the
signal of the smaller detection sites is more easily affected by
inhomogeneous sample liquid flow. Another alternative
method for achieving simultaneous multi-analyte detection
with LFIAs is to arrange multiple individual assay strips into
a single device.>*?® This approach increases the available reac-
tion area, allowing various test lines for multiplex testing while
avoiding reciprocal interference. However, the requirement of
a significantly larger sample volume can be a drawback.

Although for many cases of currently used LFIAs, a “yes or
no” signaling strategy indicating either the absence or presence
of an analyte is sufficient, other circumstances require a more
quantitative approach. In forensic applications, for example,
the intake of different amounts of hard drugs can result in
varying levels of legal liability. In the case of a toxicologic
emergency, the appropriate treatment will need to be adapted
for different degrees of poisoning. Quantitative interpretation
of LFIAs based on labels like quantum dots, magnetic nano-
particles, and enzymes requires the readout of fluorescence
intensity, tunnelling magnetoresistance, or an electrochemical
signal with a specific reader.””* Also, for the standard colori-
metric signal typified by AuNPs, quantitative signaling requires
using particular imaging tools®*>*! in contrast to the naked eye
interpretable qualitative assays. Hence, the development of
naked-eye semiquantitative readout systems is highly important
for user-friendly point-of-care testing.

One previously reported strategy for semiquantitative signal
interpretation is to prepare multiple test lines targeting the
same analyte with optimized capture and signaling reagent
concentrations, realizing the appearance or disappearance of
lines at different threshold analyte concentrations.** Typically,
the results are determined by counting the number of visible
lines and the threshold ranges can be refined to 3-4 concen-
tration levels.**** However, arranging multiple test lines for
a single target to occupy the limited reaction area of a nitrocel-
lulose strip prevents the detection of various analytes. In addi-
tion, counting the number of test lines is often not intuitive,
particularly in the case of competitive immunoassays charac-
terized by an increasing number of disappearing lines with
increasing target analyte concentration.

Recently, 3D printing technology has become widely used to
develop bioanalytical devices for point-of-care testing. Whether
microfluidic devices or scaffolds, 3D printing provides an
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excellent opportunity to flexibly create complex structures.*” In
the field of LFIAs, 3D printing technologies have been employed
to fabricate various sorts of accessories, which, for example,
meet the demands for electrochemical analysis, quantitative
detection, or user-friendly smartphone-based readout.****

In this study, a 3D-printed device has been developed, which
can compactly embed 8 LFIA lanes to detect maximal 8 different
analytes, or semi-quantitatively detect multistage concentration
levels, using multiple lanes per analyte. Compared to existing
concepts, a lower sample volume will be required. In addition,
the text-based naked eye result display previously introduced by
our group has been adopted instead of the line counting
approach, which allows a more intuitive readout by the naked
eye.* For proof-of-concept, three low-molecular-weight model
analytes related to human health have been selected. 8-Hydroxy-
2'-deoxyguanosine (8-OHdG) represents an oxidative stress
biomarker, while caffeine and acetaminophen represent drugs,
which may lead to addiction. The features of the developed
devices have been evaluated through competitive immunoas-
says targeting these compounds.

Experimental section
Materials and instruments

Gold nanoparticles (AuNPs, 20 nm diameter, optical density (OD)
= 1, reactant free) and 8-OHdG were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Bovine serum albumin (BSA), poly-
vinylpyrrolidone K25 (PVP K25), and polyethylene glycol 20 000
(PEG 20 000) were purchased from FUJIFILM Wako Pure Chem-
ical Cooperation (Osaka, Japan). The 8-OHdG-BSA conjugate and
the anti-8-OHdG monoclonal antibody (mAb) produced in rats
were received from TechnoMedica Co., Ltd (Kanagawa, Japan).
Caffeine and acetaminophen were purchased from Nacalai Tes-
que, Inc. (Kyoto, Japan). The following nitrocellulose (NC)
membranes were used: Unisart® CN 140 Backed NC
(1UN14ER100025NT) from Sartorius (Goettingen, Germany) and
IAB-135 from Advantec (Tokyo, Japan). Anti-caffeine mAb and
caffeine-BSA conjugate were purchased from MyBioSource, Inc.
(San Diego, CA, USA). In contrast, anti-acetaminophen mAb and
acetaminophen-BSA conjugate were acquired from Medix Bio-
chemica (Espoo, Finland). All solutions were prepared using
ultrapure water (18.2 MQ c¢cm) produced by a PURELAB flex water
purification system (ELGA, Veolia Water, Marlow, UK). Cellulose
fiber (CFSP203000) and glass fiber (GFDX203000) were purchased
from Millipore (Billerica, MA, USA). Low VOC double-sided
adhesive tape (4511-50) was purchased from 3 M (St. Paul, MN,
USA). A Biospec-nano Life Science Spectrophotometer (SHI-
MADZU, Kyoto, Japan) was used to determine the OD when
preparing the AuNP-labeled antibody conjugates Au-8-OHdG
mAb, Au-caffeine mAb, and Au-acetaminophen mAb. A ther-
mally actuated Canon PIXUS TS203 inkjet printer (Canon, Tokyo,
Japan) deposited the antigen-BSA conjugates onto nitrocellulose
membranes. A CanoScan 9000F Mark II scanner (Canon, Tokyo,
Japan) was used to acquire color images of the nitrocellulose
membranes. Quantitative colorimetric data analysis was per-
formed using the Image J software (NIH, Bethesda, MD, USA). A
Silhouette CAMEO3 electronic cutting tool from Silhouette Inc.

Anal. Methods, 2025, 17, 1206-1213 | 1207


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ay02009j

Open Access Article. Published on 15 January 2025. Downloaded on 10/30/2025 11:03:56 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Analytical Methods

(Lindon, USA) was applied to cut nitrocellulose membranes,
cellulose, and glass fiber pads. An Objet30 Prime 3D printer with
VeroClear resin from Stratasys (Eden Prairie, MN, USA) was used
to fabricate 3D-printed parts.

Design of 3D-printed device components

The CAD files for the 3D printing of device components were
created with Shapr3D (Budapest, Hungary). Device type P
(Fig. 1) was designed to accommodate plain non-backed NC
membranes, while device type B (Fig. S11) was designed for NC
membranes with a transparent backing, commonly used for
conventional LFIA devices. The complete device consists of
alid, a container, and a cap, able to hold a cellulose sample pad,
adhesive tape, 8 sets of glass fiber conjugate pads and NC
membranes, and an absorbent pad, all placed at fixed positions.
In addition, transfer pads (TP) are used in device type B to
support flow path completion.

Labelling of mAbs with AuNPs

The antibody-AuNPs conjugates were prepared through non-
directional and noncovalent immobilization by physical
adsorption*® following the steps of a previously reported
approach.*® AuNP solution (1 mL in PBS) was mixed with the
respective mAb solution (100 pL) and stirred at 500 rpm for
30 min. The mAb solution concentration was 40 pg mL " in the
case of 8-OHdG, while caffeine and acetaminophen mAbs varied
according to experiments as described in the text. Next, 100 pL
of 10% (w/v) BSA solution and 50 uL of 1% (w/v) PEG 20 000
solution were added, followed by an additional 10 min of stir-
ring. Then, 450 pL of 20 mM Tris-HCI buffer (pH = 8.2) con-
taining 0.05% (w/v) PEG 20,000, 150 mM sodium chloride, 1%
(w/v) BSA, and 0.1% (w/v) sodium azide was added, followed by
centrifuging at 4 °C and 6500 rcf. Finally, the precipitate was
resuspended in 15 mM Tris-HCI buffer (pH = 8.2) containing
2.5% (w/v) sucrose, 0.25% (w/v) BSA, 0.04% (w/v) PEG 20,000,
0.025% (w/v) sodium azide, and 110 mM sodium chloride, and
adjusted to OD = 1.5 to be used as labeled mAb solutions for
deposition onto conjugate pads.

Modification of NC membranes by inkjet printing

The standard cartridges (BC-345 Black and BC-346 Color) orig-
inally supplied with the printer were cut open. The sponge and

-=

Fig. 1 Design of device type P with 8 LFIA lanes for plain non-backed
nitrocellulose membranes; blue arrows represent the sample liquid
flow path on the example of a single LFIA lane.

Sample Pad
Container
Conjugate Pad
Adhesive Tape

= Nitrocellulose (NC)

Absorbent pad
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film were removed, followed by washing with ultra-pure water.
The BC-345 cartridge was blocked with a 0.01% (w/v) BSA
solution to prevent the nonspecific adsorption of proteins onto
the inner wall of the plastic cartridge.

Target antigen-BSA conjugate solutions were diluted to
0.1 mg mL™' by pure water and loaded into the BC-345
cartridge. These solutions deposited onto NC
membranes as a pattern designed in the Adobe Illustrator CC
software. As mentioned in our previous report, the amount of
deposited solution was controlled by the number of printing
cycles.* A hairdryer blew cold air for 2 min between repeated
printing runs. After the deposition, the NC membranes were
dried at 37 °C for 2 h and stored in a desiccator (<25% humidity)
until use.

were

Fabrication of 3D devices

Cellulose fiber used for absorbent pads was cut into a regular
hexagon shape. Glass fiber used for sample, conjugate, and
transfer pads was cut into circle, pentagon, and square shapes,
respectively. The scale details for each type of pads are shown in
Fig. S2.1 The sample pad was treated with 50 pL of 0.2 M Tris—
HCI buffer (pH = 8.5) containing 5% (w/v) PVP K25, and the
conjugate pad was prepared by applying 35 pL of Au-mAb
conjugate solution. Then, both sample pads and conjugate
pads were dried at 37 °C for 2 hours. These prepared pads were
mounted on the fixed positions of the 3D-printed container and
cap. The double-sided adhesive film was used to seal conjugate
pad channels and attach NC membranes to the conjugate pads.
The completed devices were stored in a desiccator at room
temperature (<20% humidity). The detailed design and
dimensions of the devices are shown in Fig. S3 and S4.}

Characterization of multiplex analyte detecting devices

The essential characteristics of both device types, P and B, were
evaluated using the combination of Au-anti-8-OHdG applied
onto conjugate pads and 8-OHdG-BSA deposited on NC
membranes. Ultrapure water was used for the preparation of 8-
OHAG standard solutions. In addition, for semiquantitative
target detection, the sample volume for device type P was
optimized. The concentrations of labeled mAbs were optimized
following the steps reported in previous work,*” with 70 ug mL ™"
of 8-OHdG mAb, 160 pg mL ™" of caffeine mAb, and acetamin-
ophen mAb finally used. Different amounts of 8-OHdG,
caffeine, and acetaminophen were dissolved in ultrapure water
for further investigations to obtain a concentration-dependent
signal. 20 minutes after applying the sample to the 3D device,
images of the surface of NC membranes were captured with the
scanner after removing the device cap. The colorimetric inten-
sity of test lines was extracted as a “Agray value” by the Image]
software, as shown in Fig. S5.f

Characterization of text-displaying semiquantitative detection
device

Device type P adapted for non-backed NC membranes was used.
140, 80, 60 pg mL ™" of caffeine mAb and 140, 120, 80, 60 pug
mL ™" of acetaminophen mAb were used for labeling with AuNPs

This journal is © The Royal Society of Chemistry 2025
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for semiquantitative detection in combination with different
numbers of printing cycles (5, 10, 15, 20 times) of caffeine- or
acetaminophen-BSA conjugate. Artificial urine samples were
prepared following a description by Brooks and Keevil (Table
S1t).** Assays were conducted by adding 350 pL of artificial
urine samples containing different concentrations of caffeine
and acetaminophen, followed by selecting the lowest level of
text symbol recognizable by the naked eye among all the lanes to
represent the approximate range of the analyte concentration.

Results and discussion

Multiple configurations of nitrocellulose membranes are
commercially available. Since plain nitrocellulose membranes
are brittle and fragile, the most widely used configuration
typically applied in commercial LFIA devices is produced on
plastic backing support for stabilization. This work developed
two types of devices, device P (accommodating plain NC
membranes) and device B (accommodating plastic-backed NC
membranes), to demonstrate maximum flexibility in design and
application.

Plastic-backed NC membranes can be more easily manu-
factured, transported, and handled due to their enhanced
robustness. However, this NC membrane is limited to two-
dimensional flow since liquids cannot pass vertically through
the substrate. For this reason, sample liquid application and
signal detection are restricted to one side of the membrane,
reducing device design flexibility in the context of multiplexed
analyte detection. To overcome this limitation, a so-called
“transfer pad” (TP) was introduced in the device of design B
to build a three-dimensional flow channel. However, the TP
increases the device complexity and requires a larger sample
liquid volume for assay operation. The device of type P enables
working with plain NC membranes, directly providing three-
dimensional flow options.

Design and working principle for 3D-device type B

This eight-lane LFIA device was designed to accommodate
plastic-backed nitrocellulose membranes. A circular concave
area on the top face of the container was used to hold a single
central sample pad, while eight concave channels on the back
side were designed to hold individual conjugate pads. A double-
sided adhesive tape was cut to a hexagon shape to attach the NC
membranes and transfer pads (TP) to the back side of the
conjugate pad. The cap was designed to be combined with the
container at a fixed position to keep all pads in place. Eight
rectangular windows corresponding to the eight LFIA lanes
were arranged on the container to observe the detection signals
from the bottom of the device. A small concave area in the
center of the cap accommodates a single absorbent pad
common to all lanes. A schematic cross-section of layer
arrangement and sample liquid flow in a 3D device of type B is
shown in Fig. 2. Details on the design of the cap sections with
support protrusions serving the purpose of pressing the TPs
onto the conjugate pads to guarantee reproducible liquid
transfer are shown in Fig. S4.7 After sample application into the
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Diagram

» Sample pad
e Conivetepad
1 = Jlape

k,,EQ Plastic backing

j\ NC membrane
Transfer pad Absorbent Pad

Fig. 2 Schematic diagram showing sample liquid flow path through
a single assay lane of LFIA device type B.

lid, the liquid is absorbed by the sample pad in a short moment
and equally distributed to the 8 conjugate pads via capillary
forces. The sample solution redissolves the pre-deposited
labeled antibodies, wicks horizontally to the outer edge, and
transfers to the NC membrane through the TP (Fig. 2). The TP is
necessary due to liquid impermeable plastic-backed NC
membranes. The antigen-BSA conjugate is pre-deposited on the
NC membranes as test lines. When the sample solution
migrates to the position with deposited antigen-BSA conjugates,
the labeled antibodies competitively bind either to the target
antigens present in the sample or the inkjet-deposited antigen-
BSA conjugates on the NC membrane. Finally, the results are
displayed in the eight observation windows simultaneously. The
central absorbent pad absorbs the remaining sample solution.
The design of this device allows users to realize eight analytical
tests within a short time with a single sample application.

Basic characterization of 3D-device type B

8-OHdG was used as a low molecular weight model analyte in
a competitive immunoassay format to characterize device type B
performance. Pure water was used to evaluate the equivalence of
the eight LFIA lanes. The average Agray value and its standard
deviation were 38.15 £ 1.53. Therefore, similar signal intensi-
ties were confirmed in each lane of the device (Fig. 3), indicating
that the centrally applied sample liquid is equally distributed
into the conjugate pads and the nitrocellulose membrane
strips.

In addition, a series of 8-OHdG samples at seven concen-
tration levels was tested using seven independently fabricated
devices (Fig. 4a). As expected from the known response behavior
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o ° ° o
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- 3 —
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©
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Fig. 3 Signal intensities recorded for each individual LFIA lane in
a single device of type B after application of a blank sample.
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Fig. 4 (A) 8-OHdG concentration-dependent response of assays performed with device type B (8-OHdG = 0.1, 1, 10, 30, 50, 70, 100 ng mL™}),

and (B) color scans of corresponding devices; error bars represent one
LFIA lane with irregular flow behavior.

of the competitive LFIA format, the color intensities of all test
lines weakened at concentrations above 10 ng mL ™, until
completely disappearing at high analyte concentrations. The
observed concentration response range was similar to the one
observed in our previous work.** The results shown in Fig. 4b
revealed that one out of the total of 56 LFIA lanes (7 devices x 8
lanes) involved in this experiment exhibited a strong back-
ground signal (8-OHdG concentration of 70 ng mL '). This
irregularity was attributed to insufficient contact and overlap
between the NC membrane and the absorbent pad, resulting in
incomplete liquid transport and hence, insufficient washing out
of unbound signaling antibody. It should be noted that all
devices have been individually manually assembled. The
reproducible results obtained on 55 of the totals of 56 assay
lanes indicate the satisfactory performance of the LFIA devices.

Detection of multiplex samples with 3D-device type P

Plain NC without plastic backing was applied for 3D-device type
P, and the schematic liquid flow path through an LFIA lane is
shown in Fig. 5. Due to the absence of the plastic backing, the
sample flow is directly transferred from the conjugate pad to the
back side of the NC without the requirement for a TP. To
accommodate the different types of NC, the device cap was
modified, as shown in Fig. S3c.t Four pieces of each conjugate
pad loaded with pre-deposited Au-anti-caffeine or Au-anti-
acetaminophen were placed into the eight channels. To force
the sample flow through the entire conjugate pad and to gain
sufficient time for the immunocomplex formation, the double-
sided adhesive tape here served as a flow control film to prevent
the sample liquid from directly penetrating through the
conjugate pad into the back side of the NC membrane. The
caffeine/acetaminophen-BSA conjugates were printed on the NC
membrane as test lines to capture free AuNP-labelled anti-
caffeine or anti-acetaminophen antibodies. Finally, the results
are interpreted through the eight windows.

First, one disadvantage of working with multiplexed LFIA
devices with a multi-channel design is the generally larger
sample volume required. Different volumes (300, 350, 400 uL) of
blank samples were applied to devices with eight caffeine-
targeting LFIA lanes to identify the minimally necessary
amount of sample for the device designed in this work. The

1210 | Anal. Methodss, 2025, 17, 1206-1213
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Diagram
 Sample pad
—_— Conjugate pad
T Tape
NC membrane
Absorbent Pad

Fig. 5 Schematic diagram showing sample liquid flow path through
a single assay lane of LFIA device type P.

Agray values averaged over all eight lanes in a single device are
shown in (Fig. 6). Although 300 pL was sufficient to operate the
device, 350 pL was selected as the optimal minimally required
sample liquid volume because it showed a higher signal
intensity.

To demonstrate the working of this device and, importantly,
to verify that there is no crosstalk between the LFIA lanes tar-
geting different analytes, samples containing only a single

analyte or a mixture thereof were analyzed. The results are
shown in Fig. 7. Data analysis revealed no significant
100
> - Y .
90 | ©300uL oS P v BBt oy gt
g0 | A350ML \/ e PR
0 L D400 i d = | s
= 1 <0.05 n=8
FRCN: AL .
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S s0 t
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0 . . A
250 300 350 400 450

Sample Volume (L)

Fig. 6 Signal intensities observed for blank samples (caffeine LFIA)
after application of various sample volumes to LFIA device type P; the
inset shows the actually observed test lines on devices after application
of 300, 350 and 400 uL of sample liquid; error bars represent one
standard deviation from the mean (n = 8; signal acquired from 8 lanes
of a single device).

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ay02009j

Open Access Article. Published on 15 January 2025. Downloaded on 10/30/2025 11:03:56 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

*p>0.1
m Caffeine

@ Acetaminophen

AGray Value
S &

[y
w
T

Both

Caffeine only

Acetaminophen only

Fig. 7 Signal intensities observed for samples containing a single
target (200 ng mL™! of caffeine or acetaminophen) or a mixture
(caffeine = 200 ng mL™* and acetaminophen = 200 ng mL™%) on LFIA
device type P; error bars represent one standard deviation from the
mean (n = 4; signal acquired from 4 lanes of a single device).
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Fig. 8 Analyte concentration-dependent response of assays per-
formed with device type P for mixed samples containing both caffeine
and acetaminophen (caffeine = 0, 0.1, 1, 10, 30, 50, 70, 100, 120, 150,
1000 ng mL™, acetaminophen = 0, 0.1, 0.5, 1, 10, 30, 50, 70, 100, 120,
150 ng mL™Y); error bars represent one standard deviation from the
mean (n = 4; signal acquired from 4 lanes of a single device).

differences between the positive signals obtained with samples
containing a single analyte or mixed samples. Finally,
concentration-dependent response curves were recorded with

A 50 n=3 © Ab Conc.: 140 pg/mL Ag: 20 cycles
45 |+ 4 Ab Conc.: 80 pg/mL Ag: 15 cycles
0 Ab Conc.: 60 pg/mL Ag: 10 cycles
40 | © Ab Conc.: 60 pg/mL Ag: 5 cycles
T3t #
S30 0 ?
o ® a
225 | -
3 o
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(U] :
®
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]
I . o
°
0 —-Jf al . A 2 Bn o
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Concentration of Caffeine (ug/mL)
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11 mixed samples, including caffeine and acetaminophen
(Fig. 8).

Principle of semi-quantitative signal detection

In competitive lateral flow immunoassays, quantitative information
gained in test line color intensities strongly depends on the ratio of
reagents deposited in the conjugate pad (labeled detection anti-
bodies) and the NC membrane (capture reagents). Adjusting these
amounts during LFIA device optimization enables tuning concen-
tration threshold values that lead to weakening and finally disap-
pearance of test lines as a function of target analyte concentration.
In a conventional approach, results are judged by counting the
number of disappeared test lines made with different concentra-
tions of capture reagents deposited.*” In this work, we aimed at
using the modulation of the ratio of labeled detection antibodies
pre-deposited on the conjugate pads to the antigen-BSA conjugates
inkjet deposited as capture reagents in line or text form on the NC
membranes to enable semi-quantitative judgment of approximate
target analyte concentration ranges by the naked-eye reading of the
visible results. Based on the equilibrium equation of antibody-
antigen interactions (eqn (S1)f), the level of immunocomplex
formed can be controlled by changing the initial concentrations of
antibody or antigen. In other words, to achieve different test line or
text symbol intensities at a constant concentration of target
antigen, it is adequate to change the density of AuNP-labeled
antibodies on the conjugate pad or the amount of BSA-conjugates
inkjet-printed on the NC membrane. Based on these consider-
ations, a single eight-lane LFIA device of type P was prepared with
eight different AuUNP-mAb to BSA-conjugate ratio conditions for
both caffeine and acetaminophen detection. The level of BSA-
conjugate on the NC membrane was readily modified by varying
the number of repeated printing cycles, as already done in our
previously reported work.® The target antigen concentration-
dependent response curves for caffeine and acetaminophen are
shown in Fig. 9. Four response curves with different AuUNP-mAb to
BSA-conjugate ratios have been prepared for both analytes. By
variations in this ratio, tuning the amount of immunocomplex
formed at the test line is possible. Therefore, by tuning the
threshold value for complete test line disappearance to different

B 40
n=3 ©ADb Conc.: 140 pg/mL Ag: 20 cycles
35 AADb Conc.: 120 pg/mL Ag: 15 cycles
0 Ab Conc.: 80 pug/mL Ag: 10 cycles
1 © Ab Conc.: 60 L Ag: 5 cycl
30 + & onc. ug/mL Ag: 5 cycles
- % o
— | 4 p
g 25 1
< 2 s
> L] o
g .
< : )
10 | ¢ P A
5 a .
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0 f X 8.4 oun
0 0.01 01 1 10 100

Concentration of Acetaminophen (ug/mL)

Fig. 9 Different dynamic response ranges for target analytes in artificial urine matrix: caffeine (A), acetaminophen (B) achieved by adjusting the

amount of labeled antibody deposited on conjugate pads and inkjet
represent one standard deviation from the mean (n = 3).
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Fig. 10 Text-displaying results for the semi-quantitative detection of
(A) caffeine = 0, 4, 10, 175 ng mL™, (B) acetaminophen = 0, 2, 4, 12 ng
mL~1 in artificial urine samples. The figure shows a zoom-in to each
LFIA lane on a single device; brightness, contrast and saturation have
been modified to improve visibility; the unmodified originals of overall
devices are shown in Fig. S6.}

target concentrations, users can identify the approximate analyte
concentration range for an unknown sample with the naked eye.

Text-displaying semi-quantitative signal detection

Based on the results discussed in the previous section, capture
reagents (BSA-conjugates) have been inkjet printed on the NC
membranes in text form with the optimized number of printing
cycles for controlling the visibility or disappearance of text. For each
analyte, the lowest level of readable text (levels 1-4) represents the
approximate range of the target analyte concentration. Four sets of
artificial urine samples with caffeine and acetaminophen mixtures
have been applied to verify different concentration levels. The actual
applied concentrations and the visual text appearance in the single
LFIA lanes are shown in Fig. 10, while the results have been
summarized in Table 1. Pictures of the entire devices are shown in
Fig. S6.1 The green blocks indicate the text is visible at the specific
analyte concentrations, while the red blocks indicate that the text is
invisible. With increasing analyte concentrations, the text disap-
pears, starting with the one pointing to the lowest concentration.
Therefore, the developed eightlane LFIA device enabled the
simultaneous semi-quantitative naked-eye detection of two

Table1l Naked eye judgement of visible results related to each analyte

Targets Caffeine Acetaminophen
Conc. Lv. Lv. Lv. Lv. Lv. Lv. Lv. Lv.
(ng/mL) 1 2 3 4 1 2 3 4
C.=0A.=0
C.=4A=4
C.=10 A.=8
C.=175A.=12

Visible: [ Invisible: ]

1212 | Anal Methods, 2025, 17, 1206-1213
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analytical targets at 4 concentration levels in the competitive
immunoassay format.

Conclusions

In this work, two 3D-printed devices integrating eight LFIA lanes
have been designed to realize a competitive immunoassay format,
demonstrating the potential for simultaneous multiplex target
detection or naked eye semi-quantitative analyte detection through
single application of a comparably low sample volume. Focus was
set on a compact but flexible design to accommodate multiple flow
paths with a central sample inlet. The equivalence of the eight LFIA
lanes allows multiplexed and semi-quantitative analyte detection
free of crosstalk, while maintaining all advantages of the well-
known conventional LFIA strips. The device design enables the
use of both plastic backed and bare nitrocellulose membranes,
coping with the recently limited market availability of specific NC
membrane materials. Naked eye semi-quantitative signal detection
was achieved by adjusting the amount of AuNP-conjugated
detection antibodies in the conjugate pads and inkjet printed
capture reagents on the NC membranes, resulting in gradually
disappearing text symbols with increasing analyte concentrations.
The use of inkjet printed text symbols provides the possibility of
tuning text disappearance concentration thresholds and enables
intuitive signal readout. The performance of devices has been
evaluated for several model analytes, demonstrating the detection
of 8-OHdG, caffeine and acetaminophen. The developed concept
thus paves the way for further applications to either multiplexed or
semi-quantitative target antigen analysis.
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