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Abstract

This study explores the adoption of laser-induced breakdown spectroscopy (LIBS) for the analysis of lateral-flow immunoassays
(LFIAs). Gold (Au) nanoparticles are standard biomolecular labels among LFIAs, typically detected via colorimetric means. A
wide diversity of lanthanide-complexed polymers (LCPs) are also used as immunoassay labels but are inapt for LFIAs due to lab-
bound detection instrumentation. This is the first study to show the capability of LIBS to transition LCPs into the realm of LFIAs,
and one of the few to apply LIBS to biomolecular label detection in complete immunoassays. Initially, an in-house LIBS system
was optimized to detect an Au standard through a process of line selection across acquisition delay times, followed by deter-
mining limit of detection (LOD). The optimized LIBS system was applied to Au-labeled Escherichia coli detection on a
commercial LFIA; comparison with colorimetric detection yielded similar LODs (1.03E4 and 8.890E3 CFU/mL respectively).
Optimization was repeated with lanthanide standards to determine if they were viable alternatives to Au labels. It was found that
europium (Eu) and ytterbium (Yb) may be more favorable biomolecular labels than Au. To test whether Eu-complexed polymers
conjugated to antibodies could be used as labels in LFIAs, the conjugates were successfully applied to E. coli detection in a
modified commercial LFIA. The results suggest interesting opportunities for creating highly multiplexed LFIAs. Multiplexed,
sensitive, portable, and rapid LIBS detection of biomolecules concentrated and labeled on LFIAs is highly relevant for applica-
tions like food safety, where in-field food contaminant detection is critical.
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down spectroscopy (LIBS) for analysis of standard lateral-
flow immunoassay (LFIA) platforms, and LFIA platforms
modified with lanthanide biomolecular labels. The combina-
tion of these technologies primarily offers advantages for rap-
id, portable and multiplexed biomolecular detection. Such a
detection modality is particularly useful in food inspection and
forensics, where rapid in-field identification of food contami-
nants such as Escherichia. coli has wide-spread public health
impacts.
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LFIAs have become popular field-deployable diagnostic
tools because they are simple, portable, and low cost [1-3].
LFIAs are well described in scientific literature [3, 4]. A com-
mon example is the pregnancy test strip, which utilizes gold
nanoparticles (GNPs) coated in antibodies for colorimetric
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detection of human chorionic gonadotropin hormone.
Configurations of LFIAs vary greatly, but a common ap-
proach is to use a two-step lateral-flow assay design [5]. In
this design, an antigen-containing suspension is mixed in a
tube with an antigen label. The solution is introduced to one
end of a nitrocellulose strip, and capillary forces wick the
labeled antigen along the strip. A defined area downstream
of the sample introduction zone displays antibodies that im-
mobilize the labeled antigen, but not the background material,
which is removed as it continues to travel downstream. The
label that is not bound to a target is captured downstream at the
control line. The concentrated label at the test and control lines
are then detectable, typically through colorimetric means.
Similar designs are common in commercial products, many
of which have applications in food science, such as bacterial,
allergen, and toxin detection [4]. While commercial LFIAs are
not a stand-alone assessments of analyte presence, ongoing
advancements and the advantages of LFIAs in portability
and cost suggest a promising future, especially for in-the-
field detection.

Increasing the sensitivity and quantitative multiplexing ca-
pability of LFIAs is a key aspect of improving LFIA perfor-
mance. [2, 4] Multiplexed LFIAs for food-contamination de-
tection are uncommon because of sample complexity, limited
number of antigen labels (e.g., gold, silver, latex), reagent
chemistry on the paper substrate, and spatial design [2]. A
common multiplexing approach is to spatially differentiate
each antigen across a test cartridge. However, the footprint
of the test cartridge increases and becomes more cumbersome
as the multiplexing capability increases [2, 3]. An alternative
is to use unique labels to differentiate each antigen while
maintaining the size of the footprint. This approach would
permit a smaller test cartridge design and smaller sample
volumes.

Labels typically used among commercial LFIAs are gold,
silver, and latex beads, which visually contrast the background
of the assay substrate and biological matrix by localized sur-
face plasmon resonance [2]. In immunochemistry, fluoro-
chromes are widely used labels because of their specificity
and excellent signal-to-noise capacity [6] [7, 8]. However,
multiplexing either fluorochromes or gold, silver, or latex par-
ticles is challenging for most detection modalities owing to
overlapping emission or color profiles, short lifetimes, and
background effects [8—11]. These features make it challenging
to develop detection modalities that are portable and highly
multiplexed.

This study proposes a method to overcome the challenges
of multiplexed LFIAs by introducing a new detection modal-
ity, LIBS—a multi-analyte detection tool [12, 13]. The large
number of available labels for LFIAs creates opportunities for
highly multiplexed assays that can be used as field-deployable
or bench-based diagnostic tools. Existing labels that lend
themselves to LIBS analysis are polymer-complexed metals,
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mostly lanthanides (e.g. europium, ytterbium, praseodymium,
and neodymium), which have been developed in the last sev-
eral years for use in immunoassays analyzed by mass cytom-
etry for discoveries primarily in the field of hematology [11,
14]. The diversity of metal labels and the bandwidth of mass
cytometry permits highly multiplexed immunoassays [9, 15,
16]. To date, metal-complexed polymers have not been ap-
plied to LFIAs, possibly because the size, cost, and sample
preparation requirements of mass spectrometry precludes their
transition into the field of low-cost or portable diagnostics
[17]. With the rapid advancements being made in laser and
optical sensor technologies, LIBS is becoming increasingly
portable [13]. It has potential to become a portable analytical
tool for highly multiplexed LFIAs that use polymer-
complexed metals for antigen labeling.

LIBS is a technique for simultaneous multi-element iden-
tification that relies on the generation and spectral analysis of a
laser-induced plasma [12]. While it originated as a bench-top
instrument, it has recently been developed into a hand-held
commercial product, predominantly applied to characteriza-
tion of soils, rocks, and scrap metal [13, 18]. Significant effort
has been undertaken to apply LIBS to biological applications
such as microbial identification and toxin detection [13,
19-22]. In a few instances, portable LIBS systems were de-
signed for bio-contaminant detection [19, 23]. Some studies
apply LIBS to analysis of clinical samples, where analytes are
labeled with metal tags [24-26]. These studies primarily apply
gold, iron, titanium, and silicon micro- and nanoparticles as
bio-labels detected with LIBS on a porous membrane-like
paper.

This is the first study that reports the use of LIBS to detect
antigens on a LFIA, and the first to introduce metal-
complexed polymers to LFIAs. Our approach was LIBS de-
tection of E. coli using a gram-negative bacteria detection kit
commercialized by Silver Lake Research (Irwindale, CA,
USA) for water quality assessment. The kit comprises lyoph-
ilized gold nanoparticles that bind to E. coli in solution,
followed by introduction to a lateral-flow strip that immobi-
lizes the labeled E. coli at the detection zone. Conventional
analysis of the strip involves visual or image-based analysis of
the pink nanoparticles clustered at the test line. We apply and
compare image analysis and LIBS.

A bench-based LIBS system was built in-house and opti-
mized for the detection of gold, the label used in the gram-
negative bacteria detection kit. A dilution series of E. coli was
applied to the LFIAs and the intensity of the Au signal at the
test line vs. adjacent area (Fig. 1) was compared using LIBS
and image analysis. Throughout the study, the control line
only served as a visual assessment of proper assay function.
To determine if metals used for metal-complexed polymer
labels would offer more sensitive detection, the LIBS system
was also optimized for detection of europium (Eu), neodym-
ium (Nd), praseodymium (Pr), and ytterbium (Yb). LODs for
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Fig. 1 Design of a conventional
lateral-flow immunoassay. In this
example, a suspension of E. coli
labeled with Au nanoparticles is
concentrated at the test line. As
the sample continues to flow
down the strip, gold nanoparticles
also bind to the control line

.

a. Gold nanoparticle

e. Test line

b. Antibody targeting bacteria f. Area adjacent to

c. E. coli

test line

d. Antibody targeting antibody g. Control line

each lanthanide and Au were then compared. Eu-conjugated
antibodies were then used for E. coli detection on a modified
commercial LFIA.

The results suggest that LOD for Au-labeled E. coli detec-
tion is comparable between LIBS and image analysis. While
Au is the conventional biomolecular label among LFIAs, cer-
tain lanthanides like Eu and Yb may be a more favorable
alternative when detected with LIBS because they offer lower
LODs. A proof of concept study shows that Eu-complexed
polymers can be used in a LFIA for labeling E. coli followed
by LIBS detection, setting the stage for future studies that
explore the LOD of microbial detection using this labeling
scheme.

In summary, the study suggests ways in which LIBS can be
used as a detection modality to improve LFIA sensitivity and
multiplexing capability, two aspects deemed important for the
success of LFIAs [2, 4]. LFIAs have promise across a wide
diversity of fields that require rapid and portable detection of
analytes. Enhancing LFIA capabilities using LIBS is particu-
larly relevant to food inspection and forensics, where porta-
bility, speed, and accuracy are critical.

Materials and methods
Instrumentation

The LIBS system, described in detail in Gondhalekar et al.
2019 [27], consisted of a 1064-nm 4-ns pulsed laser (Nano
SG 150-10, Litron Lasers, Bozeman, MT, USA) with a 150-
mJ maximum laser pulse and 10-Hz maximum repetition rate.
For experimentation, 35 mJ of pulse energy and a spot size of
~700 um were used. A spectrometer and ICCD from Andor
Technologies (SR-5001-B1 and DH320T-18F-E3) were used
to measure spectra and control integration time, which was

maintained at 500 ns throughout the study. Ablations took
place in a chamber fitted with a vacuum pump and air filter
to remove hazardous aerosols. Pressure inside the chamber
was maintained at 1 atm. The chamber was supported by a
XYZ stage (TPA0348B-00, The Precision Alliance, Fort Mill,
SC, USA) that permitted pre-programmed and automated
movement of samples. Coupling the timing between laser
pulses (10 Hz) and automated stage movement allowed for
rapid sampling.

Peak identification

Peaks for Au, Eu, Nd, Pr, and Yb were identified by first
acquiring a high-resolution (0.1 nm) broad spectrum (200—
600 nm) for 2 pg of each metal on nitrocellulose. Each metal
is originally in an oxidized form dissolved in 2% HNO; or 5%
HCI at a stock concentration of 1000 mg/L (05779-100ML,
39,956,41,695, 59,947, and 38,168, Sigma Aldrich, St. Louis,
MO, USA). Ten mciroliters of 200 mg/L solutions for each
metal were added to 6 X 6 mm nitrocellulose squares and
dried. While some studies use spectrographs that cover a
broad spectral range, the system used here collected a relative-
ly narrow (~30 nm) range. Therefore, to obtain the 200—
600 nm spectra, multiple 30 nm increments of the spectrum
were acquired and then stitched together. Each increment
consisted of an average of 25 shots, one shot per location on
the square (one square per 25 shots). The process was repeated
for delay times 0.5, 1, 2, 3, and 4 us. Integration time was
500 ns for all treatments. Emission lines from the metals of
interest were cross-checked using the NIST Atomic Spectra
Database [28]. Three peaks per metal element were selected to
determine LOD based on the following criteria: high intensity
(after signal standardization), low interference with nitrocellu-
lose background, and positive match to the NIST database
[28].
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Limit of detection of other metals

LOD was determined for Au, Eu, Yb, Nd, and Pr at the wave-
lengths and delay times determined in the peak identification
portion of the study (Table 1). Au, Eu, Yb, and Nd standards
were diluted to 100, 50, 25, 12.5, 6.25, and 3.125 mg/L using
either 2% HNOj; or 5% HCI as the diluent. For Pr, the con-
centrations 369, 290, 230, 183, 145, and 115 mg/mL were
used. Ten microliters of each dilution step was added to 6 x
6 mm nitrocellulose squares and dried. As a negative control,
10 uL of 2% HNO; or 5% HCI was added to nitrocellulose
squares. Each treatment consisted of 3 replicates/squares.
Each nitrocellulose square was shot 25 times, 1 shot per
location.

LOD values are reported as ppm, defined as milligrams of
metal per kilogram of nitrocellulose. The average weight of
nitrocellulose per 6 x 6 mm laser-cut section was 1 mg.

Gold-nanoparticle paper-based assay preparation
and testing

WaterSafe® bacteria test strips (Silver Lake Research, Azusa,
CA, USA) use Au to label gram-negative bacteria like E. coli.
While the strips are typically interpreted visually or with im-
age analysis, we attempt to compare this modality to a LIBS
system optimized for gold detection.

A colony of E. coli K12 was selected from a tryptic soy
agar culture plate and suspended in phosphate-buffered saline
(PBS), from which a dilution series was prepared. The number
of colony-forming units (CFU)/mL of the stock was deter-
mined by plating the last 4 dilution steps and colony counting
after a 24-h incubation period at 37 °C. One hundred

microliters of E. coli suspensions with a concentration of
3.50E6, 3.50E5, 1.75ES, 3.51E4, 7.35E3, 4.23E3, 9.43E2,
0 CFU/mL were mixed with 100 uL of gold nanoparticles
from WaterSafe® Bacterial test kits suspended in purified wa-
ter (optical density (OD)=0.4) for 5 min. WaterSafe®
Bacterial test strips from the kit were introduced to the solu-
tions (3 replicates per dilution) for 10 min. A pink color at the
control line developed on each strip, indicating that the assay
was functioning properly. A pink coloration at the test lines
was also observed to form; the intensity of the pink line de-
creased with decreasing E. coli concentration.

The nitrocellulose portion of the test strip was separated
from the conjugate and waste pad, and air-dried for 2 h. The
membranes were then imaged using a stereomicroscope.
Images were then used for analysis.

LIBS was performed after imaging. The parameters deter-
mined to be optimal for Au detection were applied to LIBS
detection of Au-labeled E. coli on a LFIA. Of the three wave-
lengths identified for Au, 242.795 nm and 267.595 nm lines
were selected because they had the best LODs and fit within
the same 30 nm acquisition window. The test line and area
adjacent to the test line were each shot 6 times in 6 locations
per strip.

Europium-complexed polymer and gold-nanoparticle
paper-based assay preparation and testing

While Au nanoparticle labels are common among LFIAs, an
exploratory study was performed to determine whether
lanthanide-complexed polymers conjugated to antibodies
could be used as an alternative.

Table 1 Element emission lines

listed in order of smallest to Element Ionization Emission  Delay =~ SNR at R? Slope Y- LOD(ppm)

greatest LOD. LOD data were line (us) maximum- intercept

acquired from a dilution series, concentration

whose slope, y-intercept, SNR of

the first dilution step, and R? Eu I 420.504 2.000  499.208 0976 0.640 1.476 1.052

values and delay time are listedin ~ Yb 1l 369.419 0.500  622.379 098 0746 1.338 1.577

the table Yb i 328937 0500 1512346 0959 0519 2179 1684
Eu I 412.973 2.000  434.058 0976 0.604 1.485 3.200
Eu I 397.197 3.000 235437 0981 0.648 1.131 15.309
Au I 242.795 0.500 180.703 0992 0.807 0.683 15.968
Au I 267.595 0.500  266.706 0.995 0.570  1.302 34.371
Nd I 401.224 2.000 75.952 0991 0.828 0.238 152.826
Yb I 265.375 0.500  216.096 0988 0.997 0.247 168.742
Nd I 406.108 3.000 56.504 0.980 0.791  0.209 205.522
Au I 312.295 0.500  32.993 0957 1.701 —1.755 528.340
Pr I 411.846 3.000  70.971 0977 0316 —22.707 1528.197
Pr I 440.882 3.000 60910 0974 0.194 —8.295 1766.937
Pr I 414311 3.000  92.022 0973 0230 -—14.041 2145.206
Nd I 430.777 3.000 24.583 0542 0.132  1.037 NA

@ Springer



Detection of E. coli labeled with metal-conjugated antibodies using lateral-flow assay and laser-induced...

A total of 120 uL of an E. coli stock solution (OD 0.014,
roughly 5E7 CFU/mL) was mixed with gold nanoparticles
from the Watersafe® kit (OD 0.4). After a 5-min incubation,
30 uL of 0.5 mg/mL anti-mouse antibody conjugated to Eu-
complexed polymers using Fluidigm’s metal conjugation kit
(Fluidigm, 201151A, San Francisco, CA) were added to the
solution. After a 1-h incubation, 150 uL of the mixture was
introduced to the WaterSafe® test strip for 10 min. The nitro-
cellulose portion of the test strip was separated from the con-
jugate and waste pad, and air-dried for 2 h. Two types of
negative controls were used: the first underwent the same
treatment as the experimental group, but 120 pL PBS was
used instead of 120 pL E. coli suspension; the second type
of negative control was treated similarly to the experimental
group, except that 30 ul PBS was used instead of 30 pL anti-
mouse antibody conjugated to Eu.

For LIBS detection of the Eu-labeled E. coli on the strip,
the parameters determined to be optimal for Eu emission de-
tection (Table 1) were applied. The test line and area adjacent
to the control line were each shot 8 times in 8§ locations per
strip.

Data analysis

LIBS spectra were analyzed using a custom-developed proce-
dure written in R language for statistical computing [29]. A
sliding median filter estimated the background across the
wavelength range and was subtracted from the raw data. To
determine signal-to-noise ratio (SNR), the data were then stan-
dardized by dividing by the standard deviation of the noise,
estimated using a second median filter. This process was re-
peated for every spectrum acquired with LIBS.

Limit of detection was determined by applying the follow-
ing formula to a dilution series of the metal standard:

LOD = ((3.3*SDy + j)—b)/m

Where SD, is the standard deviation of the SNR in the area
adjacent to the test line, j19 is the mean SNR of the emission
line in the negative control, b is the y-intercept of the regres-
sion line, and m is the slope of the regression line. The regres-
sion line equation was derived from a linear fit of the SNR vs.
concentration data for each analyte. To obtain a linear fit for
the lanthanide dilution series, both axes were log-transformed.
To obtain a linear fit for the E. coli dilution series, only SNR
was log-transformed.

Image analysis of WaterSafe® strips utilized ImagelJ [30] to
first perform background subtraction followed by image in-
version. “Background” was considered the area adjacent to the
test line in the treatment with 0 CFU/mL E. coli. Integrated
density, or the product of area and mean gray value, was
determined for each test line and area adjacent to the test line.

Results

Peak identification and limit of detection for Au, Eu,
Nd, Yb, and Pr

A high-resolution 200-600 nm spectrum was acquired for Au,
Eu, Nd, Pr, and Yb standards on nitrocellulose at different delay
times to identify strong emission lines. Figure 2 displays the
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Fig. 2 From top to bottom are the 200—600 nm spectra of nitrocellulose
(background), followed by the background-subtracted spectra of Au, Eu,
Nd, Pr, and Yb standards. Au, Eu, and Yb display intense, low-density
emission lines. Nd and Pr display weaker high-density emission lines
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high-resolution spectra and the negative control. Data for Au, Eu,
and Yb show these elements to have a few low-density, intense
emission lines. On the other hand, Nd and Pr have multiple high-
density, low-SNR emission lines. The results matched the atomic
emission lines reported by the NIST database [28]. Each emis-
sion line was observed to have a delay time at which it was most
intense. While Au and Yb tended to have strong emission lines
early in plasma formation (0.5- and 1-us delay), other elements
tended to peak later (Fig. 3). Optimum delay times for select
emission lines for each element are summarized in Table 1.
The line selection was based on high SNR, low interference with
the nitrocellulose background, and close proximity to other ele-
ment lines. Overall, the Eu line at 420.504 nm had the greatest
SNR at a delay of 2 us, followed by Yb 269.44 nm at 1 ps, Au
267.639 nm at 0.5 ps, Nd 430.271 nm at 3 us, and Pr

200

I
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Delay time (ns)

—e—Pr (I) 414311 nm Pr (1I) 440.882 nm
—o—Pr (I) 411.846 nm
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Eu (II) 412.973 nm

411.846 nm. Three selected emission lines per metal (listed in
Table 1) and their corresponding delay times were used to deter-
mine the LOD of each metal.

The measured LODs (Table 1) were compared to determine
which metal would be the best candidate as a biomolecular label
in a LFIA analyzed with LIBS. A positive non-linear relationship
was observed between metal concentration and SNR for the
selected lines for each metal. A log transformation of both
SNR and concentration yielded a linear fit between R*=0.96
and 0.99 for all emission lines except Nd 430.77 nm (Table 1).
Nd 430.77 nm did not show a linear relationship potentially
attributed to the interfering line originating from the nitrocellu-
lose. The slope of the relationship between SNR and log-
transformed concentration (ppm) depended on the emission
line—YDb 265.375 nm had the greatest rate of decrease, Nd

0 L
0 1000 2000 3000 4000 5000
Delay time (ns)
—&— Nd (II) 430.777 nm Nd (IT) 401.224 nm
—0—Nd (II) 406.108 nm
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Fig.3 Response in SNR upon changing delay in acquisition time for Au, Eu, Nd, Pr, and Yb standards on nitrocellulose. Each line is observed to peak at
specific delay times. The delay time that yielded the highest SNR was used to acquire LOD data
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430.777 nm the least (Table 1). SNR vs. concentration for each
line is represented in Fig. 4. The Eu 420.504-nm line offered the
best LOD at 1.05 ppm. For Au, the best emission line was found
to be 242.795 nm with an LOD of 15.97 ppm. LODs for other
metals and their select lines can be found in Table 1.
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E. coli detection using gold nanoparticles: LIBS vs.
image analysis

WaterSafe® detection strips use gold nanoparticles to label
gram-negative bacteria, in this case E. coli. The LOD of

1800
1500

0 0.5 1 1.5 2 2.5 3
Concentration (log(ppm))

Yb (I1) 265.375 nm —e— Yb (IT) 328.937 nm
—e— Yb (II) 369.419 nm

100
80
60

SNR

40

20 I—
0
0 0.5 1 1.5 2 2.5 3
Concentration (log(ppm))

Nd (IT) 401.224 nm —e— Nd (IT) 430.777 nm
—e—Nd (II) 406.108 nm

Fig. 4 Dilution series of Au, Eu, Nd, Pr, and Yb standards on nitrocellulose. Response in SNR of three selected lines per metal were used to find the

LIBS system LOD for the metal
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colorimetric detection was compared to that of LIBS detection
of Au. Image analysis of the diagnostic strips showed a pos-
itive linear relationship between integrated density and log-
transformed E. coli concentration (R> = 0.99). LOD using im-
age analysis was determined to be 8.890E3 CFU/mL. LIBS
analysis of the Au 242.795 nm line also showed a positive
linear relationship but with a worse linear fit (R*=0.93).LOD
using LIBS was 1.03E4 CFU/mL, comparable to that of im-
age analysis.

E. coli detection using Eu-complexed polymers

The standard protocol for WaterSafe® detection strips was
modified to use Eu-complexed polymers to label E. coli.

The treatment containing E. coli and Eu-complexed anti-
bodies (experimental treatment) displayed a Eu signal 63
times stronger at the test line compared to the area adjacent
to the test line (P < 0.0001; 95% C1 30.40 to 44.10), indicating
the presence of E. coli. The difference is similar between the
test line of the experimental treatment and areas adjacent to the
test line in the negative controls.

In the negative control treatment where Eu-labels are absent
(E. coli is present), there is little to no difference in Eu signal
between the test lines and adjacent areas (P=0.1317; 95% CI
—0.85 to 5.85). In the negative control treatment where E. coli
is absent (Eu label is present), there is some difference in Eu
signal between the test lines and adjacent areas (P =0.4815,
95% CI— 6.634 to 3.29). This difference may be attributed to a
low degree of residual or nonspecifically bound Eu-labeled
antibody at the test line (Fig. 5).

Discussion

Au is a transition metal with many applications in electronics,
jewelry, medicine, and biomolecular detection. LIBS publica-
tions on Au detection primarily address the mining industry
[31, 32] and analysis of ores, but also the jewelry trade [33],
archeology [34], and detection of biomolecules with gold la-
bels [26]. Au nanoparticles are often used for conjugation to
biomolecules owing to their stability and chemical surface
properties. These properties make them excellent for use in
paper immunoassays, where biomolecules can be detected
based on the pink coloration of Au nanoparticles. While
LFIAs are analyzed primarily with imaging, our goal in this
study was to explore LIBS as a potentially portable, more
sensitive, and multiplexed alternative.

While the LIBS LOD for Au reported in the literature is
0.8-2.6 ppm in ores, few if any studies refer to the LOD of Au
on nitrocellulose paper [26]. Since many LFIAs use nitrocel-
lulose paper as a platform on which to concentrate and label
analytes, it is important to determine the optimal parameters
for gold detection on this material. After optimization, we
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Fig. 5 LIBS analysis of the test line (light gray) and area adjacent to the
test line (dark gray) of a lateral-flow assay for gram-negative bacteria
detection. Three treatments are displayed: the experimental sample
consisting of E. coli labeled with Eu-conjugated antibodies (Eu-Abs)
and gold-nanoparticle-conjugated antibodies (GNP-Abs); a negative con-
trol consisting of Eu-Abs and GNP-Abs, but no E. coli; and a second
negative control consisting of E. coli and GNP-Abs but not Eu-
conjugated antibodies. The Eu signal was highest in the test line for the
treatment consisting of E. coli and Eu-conjugated antibodies. The adja-
cent area in this treatment showed significantly lower Eu signal, indicat-
ing that labeled E. coli was aggregated at the test line

achieve a limit of detection of 16.0 ppm. This serves as a
benchmark for comparing other metal labels to determine
which offers the best LOD.

A LIBS system with low LOD is particularly important
when attempting to detect rare analytes. Food contaminants
can be extremely hazardous even in minute quantities, and
therefore detection modalities must be sensitive and fast.
E. coli is a common food and water contaminant, and accept-
able concentrations of E. coli in drinking water and food vary
according to strain. As an example, for generic E. coli detec-
tion, the U.S. Department of Agriculture states that chicken
rinsate containing > 1000 CFU/mL during industrial process-
ing is unacceptable. [35] Concentrations below this value are
considered either acceptable or marginally acceptable.

The present study utilized WaterSafe® Bacteria Detection
strips to detect gram-negative bacteria, in this case E. coli,
using Au labels. The LOD reported by the manufacturer for
these strips is 1000 CFU/mL, enough to potentially distin-
guish between acceptable and unacceptable concentrations
of E. coli in chicken rinsate. Strips were introduced to a dilu-
tion series of E. coli. As with many LFIAs that use gold, latex,
or silver labels, the results were assessed by detecting the label
at the detection zone with image analysis. LOD with image
analysis was found to be 8.890E3 CFU/mL, on the same order
as the manufacturer’s reported LOD. To determine if LIBS
could achieve a better LOD, the pink detection zones were
analyzed for the presence of Au using an optimized system.
The resulting LOD was comparable to image analysis (1.03E4
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CFU/mL). There is significant potential for improving LIBS
limit of E. coli detection by using a label that produces a more
intense signal than Au. Lanthanides are good candidates be-
cause they are already widely used in the field of immuno-
chemistry for antigen labeling.

Literature regarding detection of lanthanides with LIBS
often refers to the area of nuclear fuel quality assessment
and industrial waste, given their importance in uranium ex-
traction and as magnets for commercial electronics [36]. LIBS
publications on lanthanides were not found to refer to their use
as biomolecular labels [37] despite their extensive use in bio-
medical sciences and immunoassays. In LIBS articles that
refer to detection of the lanthanides Pr, Yb, Eu, and Nd, the
matrices and instrument parameters such as laser energy and
wavelength, diffraction grating, and detector vary significant-
ly [38, 39]. The variation among these factors led the authors
of those studies to choose, out of the many emissions pro-
duced by lanthanides, those that will yield the best LOD. To
select appropriate emission lines for this study, the 200—
600 nm spectrum of five lanthanides on paper were collected
at different delay times. While Eu, Au, and Yb had simple
spectra, Nd and Pr had many closely spaced emission lines.
The literature suggests similar findings of certain lanthanides
having multiple high-density emission lines [40]. Two or three
intense lines that had high SNR, little interference with the
nitrocellulose background, and in proximity of other lines be-
longing to the same element were selected for further exami-
nation at their optimal delay time. Reported LIBS detection
limits for Eu are 1-209 ppm, Nd 11-500 ppm, Pr 3—40 ppm,
and Yb 1-156 ppm, depending on the material, acquisition
parameters, and data analysis approach [38, 41-44]. We find
that our best LODs were 1.1, 1.5, 152.8, and 1528.2 ppm for
Eu, Yb, Nd, and Pr respectively. The data show that different
emission lines for the same metal have different rates of decay
across the dilution series, indicating that the most intense
emission line at high concentrations does not necessarily mean
the best LOD.

When comparing the LOD of lanthanides to gold, it is
found that Eu and Yb have LODs 10 orders of magnitude less
than Au. Therefore, LFIAs analyzed with LIBS may be able to
achieve more sensitive detection of the bio-analyte when it is
labeled with Eu and Yb rather than the same quantity of Au.

While many LIBS studies involving lanthanide detection
use standards applied to substrates such as paper, this study
goes further by demonstrating the practical application of a
lanthanide label for microbial detection. We demonstrated
E. coli 1abeled with Eu and captured on a lateral-flow device
was clearly detectable with LIBS. While this proof-of-concept
experiment shows great potential in the combined use of
LIBS, LFIAs, and lanthanide labels, a large body of work is
needed to compare the LOD of different labels and to compare
LIBS to conventional analytical methods. Future work also
involves determining if different labels can be simultaneously

detected on the same test line. Doing so would permit detec-
tion of multiple types of microbial food contaminants in a
single test line.

While the potential for multi-analyte detection on a single
test strip without compromising assay footprint is promising,
application to in-field detection also requires a portable LIBS
system. While the LIBS system used in this study is bench-
based, future work involves applying the optimized parame-
ters for detection of Au, Eu, Yb, Pr, and Nd to a handheld
device.

Conclusion

This study introduces LIBS as a functional and innovative
detection modality for biomolecules concentrated and labeled
on LFIAs. It is the first to explore LIBS as an approach for
making LFIAs more sensitive and multiplexed. Like LFIAs,
LIBS can also be designed as a portable unit, making the
pairing of these two technologies applicable to rapid in-field
detection of biomolecules. While current and future work fo-
cuses on designing this system for food-contamination detec-
tion, the function of this tool can expand to detection of chem-
ical and biological warfare agents.
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