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Abstract

Lateral flow assay (LFA) color signal quantification methods were developed by utilizing both International Commission
on [llumination (CIE) LAB (CIELAB) color space and grayscale intensity differences. The CIELAB image processing
procedure included calibration, test, control band detection, and color difference calculation, which can minimize the noise
from the background. The LFA platform showcases its ability to accurately discern relevant colorimetric signals. The rising
occurrence of infectious outbreaks from foodborne pathogens like Salmonella typhimurium presents significant economic,
healthcare, and public health risks. The study introduces an aptamer-based lateral flow (ABLF) platform by using inkjet
printing for specially detecting S. typhimurium. The ABLF utilized gold-decorated polystyrene microparticles, functionalized
with specific S. typhimurium aptamers (Ps-AuNPs-ssDNA). The platform demonstrates a detection limit of 10> CFU mL™! in
buffer solutions and 10° CFU mL~! in romaine lettuce tests. Furthermore, it sustained performance for over 8 weeks at room
temperature. The ABLF platform and analysis methods are expected to effectively resolve the low-sensitivity problems of
the former LFA systems and to bridge the gap between lab-scale platforms to market-ready solutions by offering a simple,

cost-effective, and consistent approach to detecting foodborne pathogens in real samples.
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Introduction

Traditional lateral flow assays (LFAs) are highly useful
and are applied in various fields, but face significant
challenges such as limited sensitivity, which hinder their
practical application, particularly in the rapid detection of
foodborne pathogens. The introduction of advanced LFA
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image analysis and quantification methods that utilize both
International Commission on Illumination (CIE) LAB
(CIELAB) color space and grayscale intensity differences to
enhance sensitivity offer a potential solution for enhancing
the performance of these assays [1]. These methods allow
for distinguishing signals that are difficult to resolve by
the naked eye, thus expanding system sensitivity. The
image processing procedures, including calibration, test,
control band detection, and color difference calculation,
minimize background noise and accurately discern relevant
colorimetric signals.

The global burden of foodborne infectious outbreaks
remains a significant public health concern, affecting
over 48 million people annually with a mortality rate of
6.25% [2]. According to the World Health Organization
(WHO), foodborne pathogens are responsible for 600
million cases and 420,000 deaths worldwide each year
[3]. Pathogens such as Escherichia coli, Salmonella spp.,
Staphylococcus aureus, Listeria spp., Campylobacter spp.,
Shigella spp., and Bacillus cereus pose a major challenge
to both public health and the food industry, resulting in
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significant economic losses [2]. Among these foodborne
pathogens, Salmonella spp., which is predominantly
transmitted through fresh-cut vegetables and dairy, is
estimated to be responsible for approximately 85% of
worldwide foodborne diseases. Salmonella contamination
posed a major public health concern around the globe and
led to over 100,000 deaths and substantial economic costs
annually [4].

Lateral flow assays (LFAs) are recognized as point-
of-care devices that meet the Affordable, Sensitive,
Specific, User-friendly, Rapid/Robust, Equipment-free,
and Deliverable (ASSURED) criteria [5]. It makes them
effective for on-site analyte detection with quick qualitative
or semi-quantitative results [5]. Recently, aptamers have
gained a lot of attention as a biorecognition molecular
substitute for antibodies. Aptamers possess the ability
to adopt three-dimensional structures characterized by
high thermodynamic stability, enabling specific binding
to desired targets through van der Waals forces, hydrogen
bonding, and electrostatic interactions [6]. From a
manufacturing perspective, aptamers offer advantages such
as low-cost production, ease of synthesis and modification
at high scales under controlled conditions, and better shelf
life [7]. Consequently, aptamer-based lateral flow (ABLF)
assays have become an increasingly researched area, with
several studies focusing on pathogens. For instance, one
study successfully developed an aptasensing platform
for the detection of E. coli O157:H7 and S. typhimurium
using microfluidic paper-based devices [8]. Furthermore,
various reports have utilized aptasensors specific to certain
bacteria, enabling direct interaction with the cell surface for
whole-cell bacteria detection without complex preparation
procedures [9-12].

Inkjet printing has been instrumental in advancing the
development of paper-based bio-analytical devices (PBDs).
This technology enhances the production of ABLF assays for
detecting foodborne pathogens, offering benefits in terms of
accuracy, cost-effectiveness, and sensitivity across various
manufacturing scales [9, 13]. Recently, research is focusing
on using antibodies, catalytic proteins, and aptamers as
bioactive inks. Drop-on-demand (DOD) printing precisely
deposits ink droplets at required locations, eliminating
runoff. To protect thermally sensitive inks, piezoelectric
inkjet printing is employed to avoid ink damage, providing
precise printing accuracy and excellent compatibility for
bioink applications.

Furthermore, the efficacy of the ABLF platform in
detecting S. typhimurium was additionally evaluated with
a color space image processing method to validate the
bacteria detection from the visual perceptual perspective,
while still providing a quantitative assessment. Compared
to grayscale intensity difference, the CIELAB trichromatic
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color difference metric is closer to human perception and
is widely used as a standard measurement [14]. Also,
different from measuring the grayscale difference in a
horizontal line, this method cropped the entire test band
and control band region out and compared the color
difference in CIELAB color space [15-17]. Employing
these two distinct image analysis methodologies, the ABLF
platform further demonstrates its ability to distinguish
relevant colorimetric signals.

To date, several reports have focused on ABLF assays
for detecting foodborne pathogens [9, 10, 18]. In Lu’s study
[10], ABLF detected E. coli O157:H7, S. typhimurium,
and Staphylococcus aureus using primary and secondary
aptamer as a sandwich-type format to capture the target
pathogen. Although they achieved a limit of detection
(LOD) of 10* CFU mL™! for S. typhimurium in various
food samples, leafy greens were not among them.
Moreover, there were no selectivity studies, recovery rates,
or manufacturing insights in this particular report. On the
other hand, Wu’s group [19] evaluated the LFA assay in
the milk sample, which is a relatively simpler sample for
detection. As for Bhandari’s work [20], although a low
limit of detection of 0.9 log CFU g~! of S. typhimurium
was reached in romaine lettuce, this platform required
the separation of flagellin from the S. typhimurium for all
experiments, which is not practical in the real applications.

In this investigation, we took advantage of the versatility,
cost-effectiveness, and stability of ssDNA-based aptamers.
These were combined with gold nanoparticles on
polystyrene microparticles (Ps-AuNPs) to create an inkjet-
printed aptamer-based lateral flow assay for detecting S.
typhimurium, as shown in Scheme 1. Additionally, we
utilized grayscale intensity difference and the CIELAB
trichromatic color difference metric for visual validation
of bacteria detection and quantitative assessment. To the
best of our knowledge, this study introduces the first ABLF
platform for specificity testing in romaine lettuce samples.
Incorporating comprehensive recovery studies and long-term
stability under room-temperature storage conditions, our
platform aims to bridge the gap between laboratory research
and practical applications.

Experimental section
Reagents and materials

The following reagents were procured: 0.01 M phosphate
buffer solution (pH 7.4 at 25 °C), poly-styrene latex beads
(0.46-pm average diameter), gold (IIT) chloride trihydrate
(99.9%), bovine serum albumin (BSA), trisodium citrate
dihydrate, nuclease-free water for molecular biology,
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Scheme 1 Graphical illustration of the ABLF construction for S.
typhimurium detection. a The synthesis process of Ps-AuNPs con-
jugated with aptamer and sample preparation. b The schematic of

and TWEEN® 20 from Sigma-Aldrich. Streptavidin
was obtained from Thermo Scientific. Laminated cards
(60 mm) with FF80 HP nitrocellulose membrane (25
mm NC membrane), Whatman CF1, and Whatman CF5
dipstick pads were acquired from Cytiva. Tris—EDTA
buffer (pH 7.5 and 8.0) was sourced from Integrated DNA
Technology (IDT). All single-stranded DNA (ssDNA)
sequences, normalized to 100 uM in IDTE buffer (pH 8.0),
were purchased from Integrated DNA Technology (IDT,
Coralville, IA, USA). Below are the modified aptameric
sequences used herein, modified from the literature
[21]. The aptamer’s secondary structure is displayed in
Fig. A.1(b) [21].

e Thiolated-ssDNA (Thiol-ssDNA): /5ThioMC6-D/TTT
TTT TTT TAC TAT CGC GGA GAC AGC GCG GGA
GGC ACC GGG GA

e Biotinylated-ssDNA (B-ssDNA): /5Biosg/TTT TTT
TTT TAC TAT CGC GGA GAC AGC GCG GGA GGC
ACC GGG GA

e Biotinylated-complementary-ssDNA (B-C-ssDNA):
/5Biosg/TTT TTT TTT TCC CCG GTG CCT CCC
GCG CTG TCT CCG CGA TAG TAA AAA AA

All glassware was cleaned using Aqua regia solution
(a mix of concentrated nitric acid and hydrochloric acid
in a 1:3 ratio), thoroughly rinsed with deionized (DI)
water, and dried with nitrogen before use. All chemicals
employed were of analytical grade.

- . - CIE L*a*b* Color Space
Particles conjugation P

+L =100 white

-L=0black

ABLF detecting pathogens. ¢ Test interpretation by two image analy-
sis methods. (Created with BioRender.com)

Characterization of Ps-AuNPs-ssDNA microparticles
and nitrocellulose membrane

Bright-field transmission electron microscopy (TEM),
specifically the Tecnai G2 20 (operating at 200 kV with
a LaB6 filament, Oxford Instruments), was utilized to
image the Ps and Ps-AuNPs microparticles. UV-Visible
spectra were obtained using a Spectra Max Plus 384
spectrophotometer (Molecular Devices, Sunnyvale, CA,
USA). Zeta potential measurements were performed with a
Zetasizer Nano Z (Malvern Instruments Ltd., Westborough,
MA, USA). The surface morphology and microstructure
of the nitrocellulose membrane, particularly for capturing
the Ps-AuNPs and bacteria, were examined using scanning
electron microscopy (SEM; S-4800, Hitachi).

Synthesis of Ps-AuNPs

To produce gold-based microparticles, 100 uL of polystyrene
beads (Ps) with an average diameter of approximately 0.46
um from the original stock solution was mixed with 20 mL
of DI water and stirred at 300 rpm for 10 min. Subsequently,
26 mL of DI water and 60 puL of 254 mM gold (II) chloride
trihydrate (HAuCl, - 3H,0,>99.9%) in DI water were added
to the Ps solution and stirred for 5 min at room temperature
(RT). The mixture was stirred for 30 min, at a temperature
near the boiling point, with the hot plate temperature being set
to 190 °C. Subsequently, 55 mg of trisodium citrate dihydrate
was added to the solution, resulting in final concentrations
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of 0.33 mM and 4.08 mM for gold (IIT) chloride trihydrate
and trisodium citrate dihydrate, respectively. Heterogeneous
nucleation occurred as a result of the lower energy barrier
provided by the polystyrene beads, leading to the formation
of gold nanoparticles on the surface of polystyrene. The
solution was stirred for an additional 20 min. The formation
of gold nanoparticle-decorated polystyrene microparticles
(Ps-AuNPs) was indicated by the solution turning pink.
After synthesis, the solution was cooled in ice and stored at
4 °C. Excess reactants were removed via centrifugation (4000
rpm, 35 min) at 4 °C, and the Ps-AuNPs pellets were then
resuspended in DI water by vortexing.

Aptamer functionalization

Thiol-ssDNA was functionalized on the Ps-AuNPs based
on the previously reported method with some modifica-
tions [22]. Initially, thiol-ssDNA aliquots were removed
from 4 °C and heated at 95 °C for 3 min in a heat block,
and then quickly cooled. Following this, 420 pL of thiol-
ssDNA was activated by mixing it with 420 pL of freshly
prepared 10 mM TCEP, and the mixture was incubated at
room temperature for 1 h. Twenty-one milliliters of concen-
trated Ps-AuNPs solution was mixed with this solution and
stirred at 150 rpm, covered with an opaque box, at room
temperature for 16 h. To enhance aptamer loading on the
AuNPs surface, 105 uL of 1 M NaCl and 420 pL of 500
mM Tris—acetate buffer (pH 8.2) were gradually added, and
the mixture was stirred for an additional 24 h. The particles
were then centrifuged at 4000 rpm for 35 min to remove
unbound ssDNA. The resulting red pellet was resuspended
in rinsing buffer (20 mM Na;PO,, 5% BSA, 0.25% Tween-
20, and 10% sucrose) to an optical density (OD) of 2.4 and
stored at 4 °C until use.

Bioink preparation and lateral flow test strip
assembly

For bioink preparation, 300 uL of 2 mg mL™! streptavidin
was mixed with 150 pL of either biotinylated capture probe
(B-ssDNA) or biotinylated control probe (B-C-ssDNA), both
at 100 uM in IDTE pH 8.0. This mixture was incubated at
room temperature for 1 h. Subsequently, 3 mL of PBS was
added, and excess aptamer was removed via ultrafiltration
(30 kDa) by centrifuging at 10,000 rcf for 10 min at 4 °C.
This filtration step was repeated twice, after which the con-
jugates in the filter were collected through centrifugation.
The conjugates were then diluted to 600 pL with PBS and
stored at 4 °C for later use in inkjet printing. Lateral flow test
strips were assembled with a 3-mm overlap between each
layer to facilitate sample flow from the sample pad to the
absorbent pad. The strips were cut to 60 mm in length and
3 mm in width. Preliminary tests showed that the FF§0 HP
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nitrocellulose membrane provided better fluid transport than
the HF 120 solution, without any trapping effect, leading to
its selection for subsequent experiments.

Inkjet printing for aptamer-based lateral flow test
strip

Piezoelectric drop-on-demand inkjet printing was employed
to apply control and test lines onto the NC membrane using a
PipeJet® nanodispenser and a Biofluidix controller (Bioflui-
dix, Freiburg, Germany). After optimizing the print settings
for this specific ink, the nanodispenser was adjusted to an
80% piston stroke, a piston velocity of 100 yum s~!, and a
frequency of 100 Hz, with the nozzle positioned 1 mm above
the nitrocellulose membrane, as shown in Fig. A.1(a). Each
deposition site received a single ink droplet. The pixel pitch,
the distance between adjacent droplets, was set at 0.25 mm
for both control and test solutions. For both lines, spaced 5
mm apart, multiple layers were deposited to ensure adequate
signal strength. Each layer was printed and dried with a hot
air gun before adding the next. Lines were fully printed and
dried before the next line’s printing began, ensuring even
drying. After printing, the ABLF sheet was dried at 37 °C
for 2 h, cut into 3-mm wide strips, and stored at 4 °C.

Bacteria culture preparation

Microorganisms, including E. coli O157:H7, E. coli K12,
Salmonella typhimurium ATCC 14028, and Listeria mono-
cytogenes, were obtained from frozen stocks at Purdue
University’s Food Science Department. Fresh cultures
were first plated on agar and incubated overnight. A single
colony from each plate was then transferred to 30 mL of
sterile Luria—Bertani (LB) media or Brain Heart Infusion
(BHI) media (BD Difco™) and cultured in a temperature-
controlled orbital shaker at 35 °C and 160 rpm for 20 h.
The fully grown bacteria were centrifuged three times (6000
rpm, 5 min) and resuspended in 30 mL of 0.1M PBS buffer
solution (pH 7.0). Bacterial concentrations in the stock cul-
ture were determined by selective plating on MacConkey
Sorbitol Agar, XLT-4 agar, and Modified Oxford agar (all
BD Difco™) for specific growth of the respective E. coli
strains, S. typhimurium, and L. monocytogenes.

Optical detection assay

The S. typhimurium culture underwent serial dilution in
PBS buffer, resulting in known concentrations ranging
from 10" to 10’ CFU mL~". Subsequently, 30 uL of the Ps-
AuNPs-ssDNA solution was mixed with 10 pL of the bac-
terial solution and incubated at 37 °C for 20 min. The 3:1
ratio between Ps-AuNPs-ssDNA and the bacterial solution
was determined by the preliminary test, and it showed the
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highest signal with optimum aptamer amount conjugating
with bacteria. After incubation, the mixture was applied to
the sample pad of each test strip, which was then allowed to
dry for 10 min before proceeding with image acquisition and
analysis. To assess the platform’s specificity, this process
was repeated using potential high-concentration interferents
(bacterial interferents at 10° CFU mL ™). PBS buffer served
as a negative control (0 CFU mL™"). To assess the repro-
ducibility of the detection in solution, three replicates were
compared per condition.

Real sample testing

Romaine lettuce, sourced from the Walmart store in West
Lafayette, IN, USA, served as the matrix for food sample
testing. Non-organic lettuce was purchased without pretreat-
ment and stored at 4 °C for up to 2 days before experiments.
To prevent interference from pesticides and soil, the outer
two to three leaves were removed. Two to three inner leaves
were then selected and weighed to 25 g per sample. These
lettuce samples were spiked and inoculated with 1 mL of
107 CFU mL™! bacterial suspension. The spiked samples
were cultured in a biosafety cabinet at room temperature
for 2 h, followed by homogenization in 225 mL of sterile
PBS buffer (pH 7.0) using the blending method. The homog-
enized samples were then placed in sterile stomacher bags
(710 mL, Whirl-Pak® Homogenizer Blender Filter Bag)
to remove fibers and debris. Serial dilutions of the filtered
solution were used to create various target concentrations
ranging from 107 to 10> CFU mL~! for ABLF assays and
spike-recovery tests. All experiments were conducted in
triplicate in real sample tests.

Image acquisition and grayscale difference analysis

To control illumination conditions, ABLF strips were placed
in a photo booth for image capture. Images were acquired
within 10 min of each measurement using a Nikon Z fc
camera with a Z DX 18-140mm zoom lens (1/250 s, 70
mm F5.3, ISO 160). The images were then processed with
Imagel] software, converting them into 8-bit grayscale. The
intensity values of the test and control lines were determined
by plotting their profiles. To quantify the grayscale values
across different strips, background values from each strip
were subtracted from the original values to eliminate noise
effects. The intensities of the test and control lines were
recorded, with all tests run in triplicate. Spectral and inten-
sity data were analyzed using OriginLab 2022 (Northamp-
ton, MA, USA). All the Error bars presented in this study are
the standard deviation based on at least three independent
measurements. The limit of detection (LOD) was calculated
by where the signal exceeds the average of the blank signal
plus three times the standard deviation of the blank.

CIELAB color space analysis

The procedure of CIELAB image processing included cali-
bration, test and control band detection, and color difference
calculation. The calibration step aligned the test strips hori-
zontally based on Hough Line detection [23]. We plotted the
average grayscale color in the horizontal direction from the
aligned test image, the local valleys were locations of the
test band and control band, as shown in Fig. A.2. According
to the size of the ABLF platform, the width of the test band
and control band is one-third of the height. The extracted
test region and control region are between green lines. The
background color was extracted from the middle of the test
band and control band, which is the region between the red
lines in Fig. A.2.
The CIELAB color difference metric is shown below:

AE(I’,]) = \/(L(l’.]) - Luvg)2 + (A(l’.]) - Aavg)z + (B(l’.]) - Buvg)z

The L, A, and B,,,, are the average LAB colors of the
background region. L(i,j), A(i,j), and B(i,j) are the pixel-
wise L, A, and B channel colors of the test and control band
image. The metric output AE is an image representing the
color difference between background and test and control
band. The “DeltaE” value indicates the average intensity of

the AE image of the test band.

Results and discussion
Detection mechanism

This study utilized the stability of biocapture molecules,
biotinylated aptamer (B-ssDNA), and complementary
biotinylated aptamer (B-C-ssDNA), and explored their inte-
gration as “bioinks” in a noncontact inkjet printing tech-
nique. The aptamer-based lateral flow (ABLF) developed
herein utilized a well-established sandwich mechanism to
detect foodborne pathogens in such paper-based devices
and focused on Salmonella typhimurium. The bacteria-
containing sample was first conjugated with gold-decorated
polystyrene microparticles (Ps-AuNPs) functionalized with
thiolated-ssDNA aptamers specific to Salmonella typhimu-
rium (Scheme 1a). These aptamers bind to the target bacte-
ria, forming an aptamer-bacteria complex. This sample was
then applied to the sample pad of the ABLF and migrated
through the strip in a uniform flow. As this sample contin-
ued to migrate along the nitrocellulose membrane (NC), this
aptamer-bacteria complex reached the test line (Scheme 1b).
Here, biotinylated-ssDNA (B-ssDNA) had been immobi-
lized, capturing the complex through a biotin-streptavidin
interaction and forming a sandwich structure. Any unbound
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Ps-AuNPs-ssDNA complexes continued to migrate to the
control line, where complementary biotinylated-ssDNA
(B-C-ssDNA) had been immobilized, capturing excess
conjugates and serving as an internal control to confirm the
assay’s proper function. The presence of Salmonella typh-
imurium is indicated by the appearance of colored lines at
both the test and control regions. The intensity of the test
line correlates with the concentration of the target bacte-
ria, while the control line provides a qualitative check for
assay validity. The process concluded with image capture
and analysis of the dried sample, using a Nikon Z fc cam-
era (Scheme Ic). In a lateral flow assay (LFA) like the one
presented here, the aptamer immobilized on the nitrocel-
lulose (NC) membrane captures bacteria from the sample
as it migrates through the test strip. This immobilization
ensures that the bacteria are localized in a specific region,
leading to the formation of a clear sandwich complex with
the test line aptamer.

Materials characterization

Although AuNPs have played a crucial role in biosensing
and diagnostics due to their straightforward synthesis, facile
functionalization, and signal amplification capabilities [24,
25], they exhibited lower stability in real-sample detection,
impacting sensitivity and colorimetric quantification abil-
ity [26]. To address this, core—shell composites through the
in situ synthesis of AuNPs on polystyrene beads (Ps), as
shown in Fig. 1a, were applied in this study to achieve con-
trolled AuNP size and precise colorimetric detection. This
approach was intended to mitigate the limitations of bare
AuNPs, offering improved stability and selectivity in bio-
sensing applications [8, 9, 27, 28]. The study validated the
monodispersity and controlled growth of AuNPs using trans-
mission electron microscopy (TEM), as shown in Fig. 1b,
offering insights into the self-assembly of AuNP-decorated
Ps beads. Analysis with Imagel software revealed that the
average size of Ps beads was 397.89 nm with a standard
deviation (SD) of +9.55 and a relative standard deviation
(RSD) of 2.40%. For AuNPs, the average size was 12.32 nm
with an SD of +1.83 and an RSD of 14.85%.

Histograms of the Ps and Ps-AuNP sizes in Fig. A.3
demonstrated that the uniform size of AuNPs on Ps beads
provided a consistent space for thiolated-ssDNA function-
alization. Moreover, the monodispersity of AuNPs on Ps
beads ensured similar aptamer immobilization on each Ps-
AuNP microparticle, leading to reproducible detection per-
formance. These findings align with other literature reports
where gold-decorated polystyrene particles were used in
biosensors for pathogen or cardiac troponin T detection
[27, 28].

To further validate the aptamer immobilization on Ps-
AuNPs microparticles, UV—vis spectra of Ps-AuNPs and
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Ps-AuNPs-ssDNA were collected (Fig. 1c). The absorb-
ance—wavelength peak for Ps-AuNPs was centered at a 4,
of approximately 520 nm (Fig. 1c, red line), exhibiting a
localized surface plasmon resonance (LSPR) band. Follow-
ing aptamer immobilization, the Ps-AuNPs-ssDNA curve
exhibited a red shift with a 4, of 530 nm (Fig. Ic, blue
line), attributed to the alteration in particle size dispersion
induced by the immobilized oligonucleotides. These results
are consistent with observations reported in prior literature
reports [8, 27, 28].

Zeta potential measurements were conducted to assess
surface charge and colloidal stability at various stages of
microparticle synthesis, as shown in Fig. 1d. Initially, bare
Ps microparticles presented a negatively charged surface,
with a potential of —52.63 +0.85 mV, due to sulfate groups
attached to the Ps’s surface during polymerization, which
served as an electrostatic stabilizer [29]. The incorpora-
tion of AuNPs into Ps resulted in a minor decrease in the
zeta potential to —61.40+ 1.11 mV, indicating the exist-
ence of negatively charged citrate ions on the surfaces of
the AuNPs. The immobilization of thiolated aptamer on the
AuNPs’ surface further decreased the negative zeta potential
to—46.66+1.71 mV, as the aptamers partially covered the
citrate-capped surface of the AuNPs. The introduction of
steric stabilization among the microparticles contributed to
enhanced colloidal stability. Importantly, all zeta potential
values remained above +30 mV, indicating a high level of
colloidal stability in the resulting microparticle solution.

Optimization of assay conditions

In the optimization of the aptamer-based lateral flow assay
for S. typhimurium detection, the concentration of the micro-
particle solution was assessed by testing various optical den-
sities (OD), as measured by the UV-vis spectra depicted in
Fig. A.4(a). Microparticle solutions with OD values ranging
from 0.3 to 3.0 were applied to the sample pad and trans-
ported to the absorbent pad. The optimal concentration for
efficient ABLF flow, determined through profile analysis
shown in Fig. A.4(b), was found to be OD =2.4 and was
used in subsequent experiments.

Different aptameric DNA sequences were tested for
specificity to foodborne pathogens, including E. coli O157:H7,
S. typhimurium, and L. monocytogenes, and one aptamer
(Fig. A.1(b)) was eventually selected based on its performance
towards S. typhimurium detection. In literature [30], polyT
(20 bases) consisting of 20 thymine nucleotides is frequently
employed as a spacer in aptamer design because it serves as
a flexible and unstructured linker, preventing steric hindrance
and unwanted interactions. As the polyT is attached to the
Au surface, the available room for the lengthy DNA chains
diminishes, prompting them to orient into a more upright
conformation [31]. Therefore, the 5’ end of the selected aptamer
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Fig.1 TEM images of a Ps and b Ps-AuNPs microparticles. ¢ UV—
Vis spectra Ps-AuNPs and Ps-AuNPs-ssDNA. d Zeta-potentials of Ps,
Ps-AuNPs, and Ps-AuNPs-ssDNA. TEM images for aptamer affinity
examination showed e Ps-AuNPs-ssDNA microparticles incubated
with S. typhimurium. The labeled area indicated the contour of S.
typhimurium which was surrounded by the microparticles. Com-
pared with no-target pathogens f E. coli O157:H7 and g L. monocy-
togenes, aptamer on the microparticles showed lower affinity to cover

was attached with polyT (20) and functionalized with the
thiol group for its immobilization on AuNPs. However, due
to the conformational changes resulting from the polyT, we
speculate that its secondary structure may have been altered
in such a way that the affinity to bacteria changed, which
resulted in its specificity towards S. typhimurium rather than L.
monocytogenes, for which it had originally been designed [27].
In the preliminary results, by using the drop-casting method
to prepare the control line and test line, the microparticle
solution was mixed with three bacteria with 10’ CFU mL™!
concentration. The results show that S. typhimurium exhibited
the highest affinity with thiol-ssDNA, as illustrated in Fig. A.5.

To further confirm the aptamer affinity to S. typhimu-
rium, the Ps-AuNPs-ssDNA microparticle solution was
mixed with 10’ CFU mL~! of E. coli O157:H7, S. typh-
imurium, and L. monocytogenes in a 3:1 ratio, and then

T T T T T T
450 500 550 600 Ps Ps-AuNPs Ps-AuNPs-ssDNA

Wavelength (nm)

L. Monocytogenes

the bacterium surface. Next, selective top-view of SEM images of h
Ps-AuNPs-ssDNA microparticles on the control line. i The zoom-
in image of the marked area in h, and the red arrow pointed out the
captured microparticles. j Original NC membrane morphology. k
After the sample flowed through the ABLF strip, S. typhimurium was
caught by the microparticles and aptamer on the NC membrane. The
red arrows pointed out the captured S. typhimurium

incubated for 20 min. A volume of 3 uL of the mixing
solution was deposited on the TEM grids and dried. The
aptamer affinity binding with S. typhimurium was observed
in the TEM images, as shown in Fig. le and f. Compared
with the other two bacteria, S. typhimurium demonstrated
the best coverage around the bacterial cell, and flagellin
also exhibited high attraction to be captured by micropar-
ticles. As for E. coli O157:H7 and L. monocytogenes, a
few microparticles were attached to the surface probably
because of the hydrogen bonding between aptamer and
bacteria surface, as depicted in Fig. 1g and h [6].

Inkjet printing platform

The printing media’s viscosity was uniformly measured before
printing, registering at approximately 1.35 mPa-s for both test
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and control solutions. Despite the suggested viscosity range
of 3-30 mPa-s, [13], the bioink demonstrated effective func-
tionality throughout the printing process. To minimize vari-
ation and maximize biocapture molecule immobilization, a
multilayered and overlapped pattern was employed, facilitating
the immobilization of streptavidin and biotin-functionalized
aptamer conjugates, as depicted in Fig. A.6(a). The number of
printed layers was optimized by comparing the color intensity
response of strips with a fixed S. typhimurium concentration
(10 CFU mL™). Tests ranging from 4 to 12 layers for test
lines, and a fixed 8 layers for control lines, indicated that ten
layers provided an optimal signal, as evidenced in Fig. A.6(b).
This increased the availability of biocapture molecules,
enhancing detection success. However, when exceeding this
optimum 10-layer count, the “crowding effect” might hinder
aptamer conformational changes, potentially suppressing sig-
nal response and resulting in high variation [9]. Initially, each
deposition location received two ink droplets, resulting in a
close distance between test and control lines. In subsequent
experiments, only one droplet was deposited at each location.

Morphology and microstructure analysis

Top-view SEM imaging was performed to observe the cap-
ture of S. typhimurium and the flow of microparticles within
the ABLEF strips. After the standard preparation procedures,
the ABLEF strips underwent a 10-min drying period for SEM
examination. The surface morphology and microstructure of
the NC membrane, both with and without S. typhimurium, are
depicted in Fig. 1. These micrographs illustrated the entrapment
of microparticles by the complementary aptamer, as shown in
Fig. 1h and i, which confirm proper liquid flow through the strip
and the functionality of biocapture molecules on the control line.

Moreover, a comparison of the test region on the NC
membrane before and after sample addition to the strips
revealed significant morphological differences. In the
absence of S. typhimurium, the original morphology of NC
membrane appeared smooth surface in Fig. 1j. In contrast,
the introduction of bacteria to the strips caused large
aggregates to be trapped on the fibers of the NC membrane,
creating a rough surface with numerous microparticles
attached to the bacterial cells, as seen in Fig. 1k. Energy-
dispersive X-ray spectroscopy (EDS) spectra were used to
confirm the deposition of Ps-AuNPs-ssDNA, with six points
selected for averaging in the provided figure, indicating
98.79 atomic percent (at%) of carbon (C) and 1.21 at% of
gold (Au), as illustrated in Fig. A.7.

Specificity and sensitivity of the aptamer-based
lateral flow test strip

To evaluate the specificity of the ABLF strip developed in
this study, five different microorganisms were examined as

@ Springer

potential bacterial interferents: E. coli O157:H7, E. coli K12,
S. typhimurium, L. monocytogenes, and L. innocua with 10°
CFU mL~! concentration in PBS. The qualitative detection
of targets was based on visual judgment and quantified color
intensity response at the test line. Pictures were captured
after a 10-min drying period, as shown in Fig. 2a, displaying
grayscale images of ABLF strips. S. typhimurium showed a
distinct positive result. Profile images of different bacteria
in Fig. A.8(a) revealed a notable peak for S. typhimurium,
suggesting the strongest response. Further analysis indicated
that S. typhimurium exhibited the highest grayscale intensity
after background subtraction, as quantified in Fig. 2b with
triplicates. By using CIELAB color space analysis as shown
in Fig. 2c, S. typhimurium outperformed the control group
and all the other bacteria samples.

The sensitivity of the ABLF assay was evaluated using S.
typhimurium at concentrations ranging from 0 to 10’ CFU
mL~! by serial dilution. In Fig. 2d, image analysis showed
a strong linear relationship between grayscale intensity and
concentrations from 102 to 10° CFU mL~!, with a corre-
lation coefficient of 0.978. Thus, the established LOD in
PBS was 10> CFU mL™!, aligning with existing literature
[10], with saturation noted at concentrations above 10° CFU
mL~!. In CIELAB analysis, the sensitivity test with a range
from 0 to 10’ CFU mL ™, DeltaE results validated the previ-
ous conclusions from Fig. 2d, which presented linearity from
10% to 10® CFU mL~! concentrations as shown in Fig. 2e.

Determination of foodborne pathogens in complex
food samples

To demonstrate the real-world application of our ABLF
platform for detecting S. typhimurium in real complex food
samples, romaine lettuce was analyzed using our paper-
based microfluidic device. S. typhimurium concentrations
were tested from 1.95X 10% to 1.95x 10° CFU mL™". The
images in Fig. 3a indicated visible detection at 1.95 x 10
CFU mL~!. Quantitative analysis showed high variability at
this concentration level, as displayed in Fig. 3b, establishing
the LOD in real sample detection at 10> CFU mL~!. Despite
lower sensitivity compared to the PBS environment, due to
sample interferences, the platform successfully detected
S. typhimurium in complex samples with linearity from
1.95x 10% to 1.95% 10° CFU mL"", as confirmed by a corre-
lation coefficient of 0.9582, though more background noise
was observed in real-sample testing, shown in Fig. A.9(a).
The color space image processing method was applied to
the same pictures from Fig. 3a. The sensitivity results in
Fig. 3¢ observed a similar trend from 107 to 10° CFU mL ™!
as in Fig. 3b.

In past literature, few studies addressed the specificity of
lateral flow devices in real-sample scenarios, especially for
S. typhimurium in complex samples such as romaine lettuce
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Fig.2 Specificity and sensitiv-
ity test in PBS. a All interfer-
ent bacteria were tested at

10 CFU mL™!. The error bars
show the standard deviation
from the mean value. The quan-
titative results of the specificity
test by b gray intensity differ-
ence and ¢ CIELAB color space
analysis. Correlation plot based
on d gray intensity analysis and
e CIELAB color space analysis
results. The control group was
tested in PBS

S. Typhimurium

Specificity Test

Control

E. coli O157:H7

E. coliK12

L. Monocytogenes

L. Innocua

(c) DeltaE for bacteria
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w

I
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(e) DeltaE for S. Typhimurium samples

Intensity (a.u.)

4.5 1

2.04

log [S. Typhimurium] CFU/ml

[12, 19, 32]. To demonstrate the specificity of our developed
ABLF assays in real samples, E. coli O157:H7, S. typhimu-
rium, and L. monocytogenes were tested. Utilizing 10* CFU
mL~! for each bacterium, Fig. 3d illustrated a positive test
result for S. typhimurium with the most prominent peak,
indicating its suppression of the other bacteria. In the gray
intensity profile, the highest peak confirmed the detection of
S. typhimurium, as shown in Fig. A.9(b). Quantitative colori-
metric data, adjusted for background noise and presented in
Fig. 3e, indicated a positive correlation with these observa-
tions. CIELAB color space image analysis showed the large

1072 10"3 1074 10"5 1076 107
concentration (CFU/mL)

1070 1071

gap of DeltaE between S. typhimurium and other bacteria
samples confirming the specificity, as shown in Fig. 3f.

The spike-and-recovery assessment depicted in Fig. 3g veri-
fied our platform’s efficacy, comparing favorably to traditional
plate counting methods. With pathogen concentrations ranging
from 10% to 10° CFU mL™!, recovery efficiency ranged from
92.8 to 97.4%. This validation underscored the inkjet print-
ing system’s ability to pattern aptameric ink on nitrocellulose
membranes, while preserving the aptamers’ molecular func-
tionality, thus maintaining stable interaction with the target and
mitigating interference from the food matrix.
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Fig.3 Real sample detection in romaine lettuce. In the sensitivity
test, a images of S. ryphimurium from 10 to 10° CFU mL™! com-
pared with the control group. The quantitative results by b gray inten-
sity difference analysis and ¢ CIELAB color analysis with triplicates.
In the specificity sensitivity test, d images of three different bacteria

Upon thorough examination of the platform’s efficacy, it
exhibited improved performance in real sample conditions
compared to previously reported chromatographic detection
strategies for S. typhimurium, as outlined in Table 1. In the table,
we list the probe signal and the LOD in both PBS and real sample
conditions. Compared to other studies, our work demonstrated a
low LOD of 10* CFU mL™" in PBS and 10° CFU mL™" in real
samples. Additionally, while other works either use less complex
samples, or a lower LOD for complex samples, our study is one
of the few to report a low detection limit and high selectivity
within the complex matrix of romaine lettuce.
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with 10* CFU mL™!. The quantitative results by e gray intensity dif-
ference and f CIELAB color analysis to detect target bacteria in real
samples. g Recovery performance of the proposed platform for detec-
tion of S. typhimurium from 10? to 10> CFU mL™.!

Stability test

Ensuring the ABLF assays’ stability at room temperature is
crucial, especially for field use in developing countries to avoid
cold chain logistics. The ABLF strips, inkjet-printed and dried
at 37 °C for 2 h, were stored at 4 °C and room temperature. They
were tested for S. fyphimurium detection (107 CFU mL™") over
1, 14, 28, and 56 days. In each time, triplicates were performed
to ensure the repeatability. The assays maintained over 91% of
their activity after 56 days under both storage conditions, as
shown in Fig. 4a and quantified in Fig. 4b.
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Table 1 Comparison of presented work with other reported lateral flow assays detection of S. typhimurium

Analytical method Probe signal LOD in PBS LOD in real Selectivity inreal ~ Real sample Ref
buffer (CFU sample (CFU sample (CFU
mL™") mL™") mL™")
Colorimetric LFA AuNPs 10° Not reported Not reported Cooked food, chicken [10]
Colorimetric LFA “Au/MNCs  Not reported 103 10° Milk [32]
Colorimetric-fluorescent-magnetic ~ *°CEMNs 3.75%10° Not reported Not reported Milk, blood [33]
FLA
Up-converting phosphor LFA ‘UCPs 104 Not reported Not reported Various foods [34]
Colorimetric LFA Ps-AuNPs  10° 1.95x10° 10° Romaine lettuce This work
2Au/MNCs, Gold-coated magnetic nanoparticle clusters
®CFMNS, Colorimetric-fluorescent-magnetic nanospheres
“UCP, Up-converting phosphor particles
Data in bold emphasis indicates the results of this work
Fig.4 Stability test. a Gray- . b
scale images for 1, 14, 28, and Stability test (b)
56 days. b The ABLF strips 4°C
exhibit consistent performance 10
after 56 days under both refrig- —m—4°C
eration at 4 °C and at room —e—RT
temperature s
S
8
2
)
c
2 4
£
24
0 T T T T
1 14 28 56
Time (Days)
Conclusion Our results indicate a detection limit of 10> CFU mL"!

This study successfully introduced an inkjet-printed
aptamer-based lateral flow platform for the detection
of Salmonella typhimurium, which demonstrated good
sensitivity and specificity. Utilizing grayscale intensity
variation and CIELAB color space image processing, we
achieved consistent and linear sensitivity in both buffer and
real sample detection configurations. The strong affinity of
the modified aptamer for S. typhimurium was confirmed
through a host of quantitative analysis methods, including
colorimetric assessments, TEM, and SEM imaging.

in PBS and 10° CFU mL~! in romaine lettuce samples.
These results demonstrated the platform’s high specificity
and ability to distinguish pathogens in complex matrices.
Additionally, the lateral flow device exhibited high
selectivity for S. typhimurium, significantly outperforming
other foodborne pathogens commonly tested. These findings
underscore the robustness, low detection limit, extended
stability, and high recovery rate of the ABLF platform, thus
showing its potential for on-site food safety applications.
The insights obtained from this study will guide
future optimization efforts. By exploring novel aptamer
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configurations and alternative functionalization techniques,
we aim to further enhance the selectivity and detection
performance of the sensor. These improvements are expected
to expand the application scope of the sensor, increasing its
utility in diverse food safety diagnostics.
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