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ABSTRACT

Lateral Flow Assays (LFAs) have been extensively used on-site to rapidly detect analytes, possibly in
complex media. However, standard gold nanoparticle-based LFAs lack sensitivity and cannot provide
quantitative measurements with high accuracy. To overcome these limitations, we image lanthanide-
doped nanoparticles (YVO4:Eu 40%) as new luminescent LFA probes, using a homemade reader coupled
to a smartphone and propose an original image analysis allowing strip quantification regardless of the
shape of the test band signal. This method is demonstrated for the detection of staphylococcal enterotoxins
SEA, SEG, SEH, and SEI. A systematic comparison to state-of-the-art gold nanoparticle-based LFA re-
vealed an analytical sensitivity enhancement of at least one order of magnitude. We furthermore provided
measurements of absolute toxin concentration over two orders of magnitude and demonstrated simulta-
neous quantitative detection of multiple toxins with unaltered sensitivity. In particular, we reached con-
centrations 100 times lower than the ones reported in the literature for on-site multiplexed LFA targeting

enterotoxins. Altogether, these results highlight that our luminescent nanoparticle-based method provides



a powerful and versatile on-site framework to detect multiple biomolecules with sensitivity approaching
that obtained by ELISA. This paves the way to a change of paradigm in the field of analytical immuno-

assays by providing fast in situ quantitative high sensitivity detection of biomarkers or pathogens.

Key words: Lateral Flow Assay (LFA), europium-doped nanoparticles, luminescent particles, gold nano-

particles, staphylococcal enterotoxin, multiplex.

INTRODUCTION

The on-site detection of biomarkers and pathogens is indispensable for resource-constrained areas. In this
context, the World Health Organization established the ASSURED criteria (Affordable, Sensitive, Spe-
cific, User-friendly, Rapid and robust, Equipment-free and Deliverable to end-users) to identify the most
appropriate diagnostic tests'. However, assays performed on-site are usually not sensitive enough and
only semi-quantitative.

The Lateral Flow Assay (LFA), also known as immunochromatographic strip, is a powerful membrane-
based platform used to detect targeted analytes in complex samples within 5 — 30 min (Figure 1a). It has
gained interest in many areas (like point-of-care diagnostics, food safety, drug testing, forensic analysis,
environmental monitoring) because of its simplicity, rapidity, specificity, portability and user-friendly for-
mat®3, making it the only rapid diagnostic assay that meets most of the ASSURED criteria'. Examples of
consumer use are pregnancy tests sold in pharmacies and antigen tests for the detection of COVID-19. In
LFA, the sample flows along the membrane by capillarity (Figure la and b). In a format designed for a
single analyte detection, a positive sample is indicated by the appearance of two lines (test and control)

while only one line (control) is observed for a negative one.
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Figure 1 : a) Strip constitution for a simplex assay. b) Principle of a multiplexed LFA run in a dipstick format (the
process is similar for simplex LFA but with only one toxin, one test line and one type of labeled NP). During sample
migration along the strip, if the antigen of interest (toxin) is present, it first interacts with the detection antibodies
labeled by a reporter. The obtained complexes then migrate along the strip and interact with the capture antibodies
deposited onto the test line. Finally, the sample and the particles flow through the control line, consisting of a
secondary antibody which captures the remaining reporter-labeled antibodies. c¢) Portable reader coupled to a
smartphone for the LFA image capture. d) LFA quantitative analysis (example of a strip labeled with europium-
doped NPs). The raw data are in blue (signal profile averaged along the width of the strip as a function of the
position across the test line inside the Region Of Interest (ROI) also shown in blue in the strip image), the data
convoluted by a Gaussian function are in orange and the Gaussian fit of the convoluted data and the background
are in red and grey respectively. At and Agg represent the amplitudes of the test line and the background respec-
tively. The inset illustrates the position of the green and blue ROIs around the control and test lines respectively on

the corresponding strip.

Gold nanoparticles (Au NPs) are the most common reporters used in LFAs due to their low production
cost, stability, and simple read-out* (observation of a reddish colour due to the surface plasmon resonance
phenomenon®). They however present several limitations. In particular, they have a low analytical sensi-

tivity compared to the laboratory-based techniques like ELISA or LC-MS*, except when sophisticated

3



gold-based nanomaterials are used®. Second, even if this is not an inherent limitation of gold NPs but
rather the price to pay for ease of use, strips are usually analyzed by naked-eye inspection, providing a
user dependent “yes/no” result’.

Different strategies have been explored to improve LFA test sensitivity by using novel revelation methods
or by enhancing the read-out process. In particular, alternative luminescent nanomaterial reporters have
been explored such as quantum dots and silica or polymeric nanoparticles doped by organic dyes**. The
advantage of fluorescence-based assays is that the signal is detected in almost background-free conditions.
However, organic dyes photobleach while quantum dots are complex to transfer to aqueous solvents and
to functionalize and present blinking and colloidal stability issues?. In this context, lanthanide-ion based
reporters have been identified as promising luminescent probes because of their remarkable optical prop-
erties (narrow photoluminescence spectra, large Stokes shift, absence of blinking or photobleaching, high
effective absorption cross section in the UV for certain matrix materials like YVO4 and long luminescence
lifetime)*®. First, chelates of lanthanide ions were considered. Since each chelate contains only a single
luminescent ion, it constrains de facto the achievable sensitivity by limiting the emitting ion number per
targeted molecule. Second, chelates of lanthanide ions were embedded in organic (e.g. latex) or inorganic
(e.g. silica) nanoparticles. Although this provides significant increase in emission signals and thus in LFA
sensitivity®!?, the maximum number of lanthanide ions per nanoparticle is limited by the size of the or-
ganic chelator (between 0.02 and 0.3 lanthanide ions per nm® of nanoparticle volume as calculated from
literature data)®!'"'? and/or by the complexity of the reporter synthesis'®!!. Third, up-conversion nanopar-
ticles, which can emit visible light when irradiated in the infra-red (IR) and diminish autofluorescence,
were shown to improve the sensitivity by one to two orders of magnitude when used in LFA>!*!4. How-
ever, their excitation requires powerful laser diodes and focusing - rendering multiplexing more complex
- to compensate their low quantum yield*. Nevertheless, recent progress in near-IR lasers and in synthesis

of higher quantum-yield materials of different emission colours'® render this alternative promising.



Fourth, persistent luminescence nanoparticles, which are known to not require excitation at the same time
as the detection, have been shown to improve LFA sensitivity'®. Nevertheless, their phosphorescence life-
time on the time scale of minutes implies that long acquisitions (>10 min) are required to analyse a single
strip, even though further recent optimizations allowed to reduce the reading time!”'® Meanwhile, the use
of luminescent reporters implies the development of affordable and portable readers for luminescence
excitation, detection and quantification, which is still an open issue!®!’.

Instrument-based read out was developed to provide quantitative and objective signal interpretation of the
data and to automatically archive and transmit the results®?°. Nevertheless, most commercial readers are
expensive and can be used only in combination with the test systems from the same manufacturer, which
substantially limits the scope of quantitative immunochromatography use®’. For these reasons, numerous
smartphone-based tools have been developed, in order to provide a LFA quantitative read-out and to ob-
jectively discriminate between positive and negative samples or implement quantitative detection?* %2, A
notable example is the use of a smartphone camera flash for excitation and of a simple and cheap
smartphone adaptor for the rapid detection of persistent luminescence nanoparticle probes!”!8. However,
regardless of the reader type, analysis is thorny for strips labeled by Au NPs and subject to errors due to
the time evolution of Au NPs based signals after LFA completion if the inspection is not performed during
the time interval indicated by the manufacturer. Indeed, gold nanoparticles tend to aggregate on the test
and control lines after their capture, leading to a shift of the plasmon resonance to longer wavelengths®>.

The LFA architecture is particularly suited to multiplexing since it enables the presence of more than one
test line in a single device?** (Figure 1b). However, the multiplexed LFAs (xLFAs) often lose sensitivity
due to cross-reactivity?*?°, In addition, visual interpretation becomes complicated when increasing the

number of test lines, particularly in the case of low positive signals and high-throughput multiplexed

assays, for which the use of a reader seems mandatory to provide reliable results®*.



The rapid and portable detection of staphylococcal enterotoxins (SEs) in water or food matrices is of
capital importance but has remained limited so far?’. SEs, secreted by the pathogen Staphylococcus au-
reus, are thought to be responsible for numerous human diseases including foodborne illnesses (one of
the world’s leading health issues), sepsis-related infections, toxic shock syndrome and immune system
failures®. In addition, SEs are resistant to denaturing conditions, such as low pH, high temperatures and
proteolytic digestion, toxic at minute quantities, making them potential biological weapons>®. Numerous
techniques like liquid chromatography coupled to mass spectroscopy (LC-MS), immunoassays (ex:
ELISA), surface plasmon resonance (SPR), surface-enhanced Raman spectroscopy (SERS) and quartz
crystal microbalance assays (QCM) have been employed to detect SEs*’. Despite their sensitivity and
specificity, the cost and time to obtain the results and the requirement for specific lab equipment and
trained operators limit drastically their use in the field’.

In this work, we propose, as new highly efficient LFA probes, metal oxide nanoparticles YVO4:Eu (40%),
where lanthanide ions (Eu**) directly replace the Y** ions in the crystalline matrix, allowing a high doping
rate by luminescent ions to overcome current limitations (12 Eu** per nm’, that is 40 to 600 times more
than what is described in the literature for nanoparticles doped with europium chelates). Thanks to their
excellent optical properties and low cytotoxicity, we previously demonstrated that our europium-doped
nanoparticles (Eu NPs) could be efficiently detected at the single particle level with a standard epifluo-
rescence microscope in different biological environments for various applications?® 2.

We used these novel LFA probes to detect four of the SEs toxins (SEA, SEG, SEH and SEI). Strips were
then analyzed by a homemade portable reader coupled to a smartphone. Our system enables the robust
and quantitative detection of all four SEs for concentrations of few pg.mL"!, demonstrating a substantial
sensitivity gain (1-2 orders of magnitude) compared to the gold NP-detection standard. Finally, we de-

vised a multiplexed assay in which three enterotoxins were detected with a 100 sensitivity enhancement™,



thus approaching or surpassing the ELISA sensitivity. Our system can be easily adapted to a vast range of

analytes for on-site, fast, ultra-sensitive and versatile immunoassays.

MATERIAL AND METHODS

Chemicals

The origin of chemicals and salts is detailed in the Supplementary Information S1.1. All products were

used without further purification. Water was deionized with a Millipore Milli-Q Water system (Merck).

Materials

Antibodies and antigens. To date, 19 different Staphylococcal Enterotoxins (SEs) have been shown to
induce staphylococcal food poisoning*. We selected for this work the toxin SEA because it is the most
common SE toxin involved in foodborne illnesses**. In addition, we considered the toxins SEG, SEH, and
SEI because they are less studied since their discovery is more recent while they are probably as dangerous
as the other SEs™*.

Monoclonal antibodies (Abs) were raised in Biozzi mice by immunization with recombinant staphylococ-
cal enterotoxins SEA (molecular weight Mw = 28.3 kDa), SEG (Mw = 28.2 kDa), SEH (Mw = 26.3 kDa)
or SEI (Mw = 26.1 kDa) that were expressed in E. coli, purified as detailed in S1.2** and fully character-
ized by bottom-up mass spectrometry>>. Antibodies were produced, purified by protein A affinity chro-
matography and characterized as described in previous work (isotyping, kinetic parameters, complemen-

tarity binding study, use in ELISA and LFA immunoassays)**.

Nanoparticles. Spherical gold nanoparticles of 41 nm, which is in the classical NP size range considered

in LFA, were purchased from BBI Solution (reference HD.GC40.0D10). The YVO4:Eu (40 %) NPs were
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synthesized by salt co-precipitation and silicated, aminated and finally carboxylated as described in our
previous work*®3? and in Supplementary Information S2.1. In our conditions, 40 % of Y** ions constitut-
ing the YVO4matrix are replaced by luminescent Eu®* ions. Both Au and Eu NPs were then characterized
(S2.2) and coupled to the detection antibodies (S2.3). Antibodies were covalently attached onto Eu NPs
with a targeted Ab:NP molar ratio of 20, whereas they passively adsorbed on Au NPs, consuming there-
fore much more antibodies while they represent the most expensive contribution to the LFA assay cost.

Nanoparticle characteristics are summarized in Table 1.

Au NP Eu NP
Do (nm) 40.8 12.0/26.3
Du (nm) 41 130
Plasmon resonance (nm) 526 /
Quantum yield (%) / 4.8
Aex (Nm) / 280
Aem (nm) / 617
Ab (pg per pmol of NPs) 90 3

Table 1 : Nanoparticle characteristics: geometric (Do) and hydrodynamic (Du) diameters determined by transmis-
sion electron microscopy and dynamic light scattering respectively, plasmon resonance of the Au NPs, quantum
yield, excitation (Aex) and emission (Aem) Wavelength of the Eu NPs and amount of antibodies used to functionalize
1 pmol of NPs. In the case of Eu NPs, Dy is significantly larger than Do, which is due to the oblong shape of the
particles and their polydispersity, the DLS measurement strongly overestimating the contribution of larger particle

sizes.

Methods

Strip assembly. The test and control lines were printed with capture antibodies (prepared as described in
Materials) and goat anti-mouse IgG (Ab6708, Abcam) antibody, at concentrations of 1 and 0.5 mg.mL"!
respectively (1 pL.cm™!, 50 mm.s™!) with a Frontline™ microliter contact dispenser (BioDot, USA) onto
a FF120HP nitrocellulose membrane (Whatman™, GE Healthcare Europe, Germany). Membranes were
then treated to avoid non-specific signals*, assembled and cut as described in S3.1. The xLFIA strips

were obtained by printing 3 test lines and one control line along the nitrocellulose membrane as this
8



technique requires minimum manipulation of the assay architecture (Figure 1b)**. Membranes were then
treated, assembled and cut with the same protocol as the one designed for the simplex assay. Since the
time of interaction between species is short in LFA, the assay sensitivity in multiplexed tests may depend
on the test line position along the strip. For each of the 3 toxins considered here, the signal was thus
observed as a function of the test line position and showed no dependence on this parameter (see S3.2).
To limit the non-specific detection of the toxin SEH by the capture antibodies targeting SEG (see the
“Results and Discussion” section), the order of the multiplexed test lines is chosen so that the sample first

meets the test line recognizing the toxin SEH, then the one detecting the toxin SEG.

LFA procedure (dipstick format). 100 uL of sample (NPs and toxins) in a migration solution (0.1 % BSA,
0.5 % Tween 20, 0.01 % azide, 150 mM NaCl in a potassium phosphate buffer — 100 mM, pH 7.4) were
prepared in wells of a 96-well plate. The strips were dipped into the solution immediately after preparation
for 25 min (see S3.3). The indicated toxin and nanoparticle concentrations refer to the final concentration
in the 100 pL dispersions. The number of nanoparticles used per LFA strip was previously optimized (data
not shown). Briefly, the highest NP concentration inducing no signal on the test line for a sample in the
absence of toxin was selected for strips labeled with gold nanoparticles. The highest NP concentration
common to the four toxins inducing no or low non-specific signal on the test line for samples containing
no toxin was chosen for labeling with Eu NPs. Data are summarized in Table 2 and show that approxi-

mately 12 times less detection antibodies are required to perform an assay with the Eu NPs.

Au NP Eu NP
LFA NP per strip (x10°) 6.7 17.2
Capture Ab per strip (ng) 997 85
NP per strip (x10%) / 8.6
XLEA Capture Ab per strip (ng) / 43

Table 2 : Number of nanoparticles and amount of capture antibodies used in a single LFA run per toxin for Au and
Eu NPs. The global NP and Ab quantities per strip for the multiplexed assay are 3 times higher than the values

indicated in the table, as 3 toxins are simultaneously detected on the strip.



Lateral flow reader, image collection and image processing. LFA strips were imaged through the
smartphone camera in the minute following the run completion, the time between the start of sample
migration and the strip imaging having to be constant in the case of strips labeled with Au NPs to avoid
changes in the test and control line colour. Images were acquired with a smartphone Samsung Galaxy S7
coupled to a portable reader designed and fabricated by Bitmakers (Fontains, France) based on a home-
made prototype. The reader enabled a dual illumination in the visible range (with 2 white light LEDs) and
in the UV (with 20 LEDs of 2 mW at 278 nm, LEUVK37B50HF00, Laser Components) for the Au and
Eu NPs respectively. The LED disposition inside the reader, which is displayed in S4, results in a typical
low intensity of 4 mW.cm™. This leads to an important reduction of excitation signal leaks and conse-
quently of the overall parasite signals in comparison to powerfull excitation sources. Additionally, a red
filter was added in the optical path for Eu-doped nanoparticle observation to eliminate background signal
and thus increase the signal-to-noise ratio.

Eu NPs used for live cell labeling have previously been excited by a laser in the visible range (466 nm,
direct excitation of the Eu®" ions) to avoid phototoxicity?*>%*!. However, for in vitro applications, euro-
pium can be excited in the UV where the vanadate ion absorption cross section is much higher (280 nm,
excitation of the vanadate ions followed by energy transfer to the europium ion®’), which has enabled the
development of a simple and small LED-based reader. A smartphone application has been coded to pho-
tograph the strips with fixed capture parameters (exposure time, focus, gain) and save them on the
smartphone (Figure 1c). In these conditions, there are negligible variations of the strip position and ori-
entation and the lighting conditions were reproducible from one strip readout to another, which is im-
portant to perform reliable quantitative analysis.

Image analysis was performed in Matlab without any contrast enhancement or brightening of the images.

Briefly, the operator indicates to the algorithm an approximate initial position of the control line. The

10



distance between the test and control lines being known, an approached position of the test line is auto-
matically determined. In order to guarantee the highest robustness in the image processing analysis, Re-
gions Of Interest (ROIs) large but smaller than the strip width”-!” are defined around each initial position
(see inset of Figure 1d). The count values of the RGB images are averaged for the pixels along the small
axis of the strip width, inverted in the case of Au-labeled assays, and convoluted with a normalized Gauss-
ian (whose width is larger than that of the test line) to obtain a smoothened profile of the strip, giving thus
a standard, i.e. independent of the actual band shape, profile without modifying the integral of the signal
intensity. The convoluted test and control line profiles were then fitted with a Gaussian on top of a back-
ground displaying a linear slope, as displayed in Figure 1d (see S5 for more examples). In the case of
gold labels, the final signal was defined as the ratio of the amplitudes of the test and control fits, as usually
reported in the literature. However, when the Eu NPs were used, the control line was saturated, thus pre-
venting correcting for any possible excitation intensity variations. To circumvent this difficulty, the final
signal was calculated as the ratio of the test line amplitude over the background (Figure 1d).

Concerning the xLFA quantification, the operator still indicates to the algorithm the approximate position
of'the control line, enabling the placement of ROIs around the three test lines since their spacing is known.

The same procedure as the one developed for the simplex analysis is then used.

RESULTS AND DISCUSSION

To demonstrate the efficiency of europium-doped nanoparticles (Eu NPs) as LFA probes, we first perform
comparative LFA tests using gold nanoparticles (Au NPs) and Eu NPs with identical pairs of capture and
detection antibodies, the latter being passively adsorbed on the Au NP surface (Ab:NP molar ratio of 600
in the labeling solution) and covalently bound to the Eu NPs (Ab:NP molar ratio of 20). Figure 2 displays
the strips obtained in the presence of varying SEH toxin concentrations. By naked-eye observation, we

estimate the approximate lowest visible concentration (LVC) to be around 500 and 50 pg.mL™!' with Au
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and Eu NPs, respectively. Similar results are obtained for the three other toxins SEA, SEG and SEI (see
S6) where gains of approximately 5, 10, and 10 are respectively observed with Eu NPs (results are sum-
marized in Table 3). We thus obtained a significantly enhanced analytical sensitivity compared to the gold

reference by using the standard qualitative naked-eye readout method.

a)

0 00f 005 01 05 1 25 5
[toxin] (ng.mL?)

Figure 2 : LFA strips labeled with gold (a) and europium-doped (b) nanoparticles for the detection of the SEH toxin
(concentrations ranging from 10 pg.mL™! to 5 ng.mL™"). Note that all strip images presented in our work were taken
with the smartphone camera. The strips are illuminated with white light LEDs and UVs LEDs respectively when
labeled with Au and Eu NPs. The red background displayed by strips run with europium-doped nanoparticles is not
due to the autofluorescence of the strip or the buffer but mainly to the luminescence of NPs non-specifically ad-

sorbed on the nitrocellulose membrane (see SI 8).

The origin of this enhanced sensitivity is twofold: i) It is generally advantageous to detect an emission
signal (e.g. the fluorescence of the Eu NPs) rather than an absorption signal (e.g. the red colour of the Au
NPs due to the absorption in the blue by their surface plasmon). Indeed, an absorption signal is always

detected on top of a bright background. The signal-to-noise ratio is determined by the noise related to the
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presence of this bright background. In contrast, an emission signal is theoretically detected in the presence
of a dark background, the noise being only related to the inherent fluctuations of the signal itself. In
practice, in LFA tests, there is usually a non-specific contribution from the background, much weaker than
the one observed in an absorption experiment, which gives rise to the related noise fluctuations. Therefore,
detection of an emission signal rather than an absorption one of similar amplitude leads to improved
sensitivity. i1) The excellent absorption and emission properties of the Eu-doped nanoparticles (narrow
photoluminescence spectra, large Stokes shift, absence of blinking or photobleaching, and good quantum
yield) translate into collection of high numbers of photons well separated spectrally from the excitation
ones. In contrast to our previous work on living cells where direct Eu** excitation in the visible was used*-
32 we here exploit the strong absorption of the vanadate ions of the matrix which absorb in the UV with
a maximum at 280 nm (¢ = 4 000 M"!.cm™)*? and the subsequent energy transfer of the excitation to the
Eu®" ions which emit at 617 nm (see Figure S2.3¢c). Thus, the absorption coefficient of our nanoparticles
at 280 nm can be estimated to be 1.7 x10° M!.cm™! based on the number of vanadate ions present in the
crystalline matrix. This allows the use of low intensity UV LEDs as excitation source and cheap and
compact power supply.

In order to study the variability inherent to the strip preparation, assays are then carried out in independent
triplicates (i.e. on 3 different days) for the SEH, SEG and SEI toxins. The first two replicates are per-
formed with a first batch of strips and the third one with a second batch obtained from the same nitrocel-
lulose membrane, sample pad, absorption pad and antibody stocks. As displayed in S7 for SEH, a satis-
factory reproducibility in the absolute test line intensity is observed for LFAs carried out on strips of the
same batch. In contrast, we observed a significant interbatch variability, yet the overall assay sensitivity

remained unchanged. This observation points to the requirement to perform a calibration (see below) for

each batch before performing quantitative assays of any unknown sample.
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In the qualitative Au NP-based LFA assays, it is crucial that there is no non-specific signal on the test line
so that a readout with the naked eye is reliable. When a quantitative readout is possible, however, as this
is the case with our approach, the presence of reporters non-specifically bound to the test line in the
absence of toxin is not an issue. Indeed, the limit of detection can be calculated from the signal in the
absence of analyte, as discussed below, to yield the lowest signal indicative of a non-zero concentration
of analyte with a defined degree of certainty.

In addition, by comparing LFA performed in the absence or presence of Eu NPs, we demonstrate that
reporters non-specifically bound to the nitrocellulose all along the membrane can be detected even in the
absence of toxin (see S8), even in optimized conditions, i.e. with no detectable signal at the test line
location. The substrate autofluorescence is thus not a limiting factor for our luminescence-based LFA
sensitivity. Indeed, the sensitivity is not limited by the minimal number of detectable probes but by the
residual signal due to the non-specific adsorption of NP-Ab conjugates along the strip, and more specifi-
cally on the test line. Therefore, further sensitivity enhancement would rely on biochemical optimization
to reduce non-specific interactions.

We next define a framework to accurately compare the different LFA methods of analysis. Usually, quan-
titative immunoassays are characterized by their limit of detection (LOD) or by their limit of blank (LOB),
which are defined by LOD = mean, + 35D, and LOB = mean, + 1.645 SD, where mean, and SD,
are the respective mean signal and standard deviation of the blanks (i.e. of the samples with no analyte)*.
The signal value corresponding to the LOD (respectively LOB) sets the concentration above which (re-
spectively below which) a sample has 99.7 % chances (respectively 90 %) of being truly positive (respec-
tively truly negative). In qualitative conventional gold-based LFA, the sensitivity determined by visual
inspection is characterized by a cut-off value, i.e. by the analyte concentration for which 50 % of the strips
displayed an observable test line. This value can be considered as a qualitative analogue of the LOB. In

our experiment, it is expected to lie between the analyte concentration of the last strip exhibiting only the
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control line and the LVC. By considering all these definitions, we therefore retain LVC and LOB to reli-
ably compare the qualitative and quantitative approaches with each other.

We then detect the luminescence signal of samples run in independent duplicates (on two different days
but using the same strip batch). Their quantification, displayed in Figure 3, is obtained by an image anal-
ysis procedure that we developed and described in detail in the Material and Methods section. The point
to be emphasized here is that our algorithm works for all profile shapes of test strip signals. In addition,
blanks are run in 8 replicates over 8 different days, giving rise to the “zero” signal and enabling the cal-
culation of the LOB. The signal obtained for concentrations roughly below 50 pg.mL"! is initially lower
than the LOB signal value and rises linearly when the toxin concentration increases®. For the SEG toxin,
the signal variation is linear over the entire concentration range while it becomes sublinear at high toxin
concentrations for SEA, SEH, and SEI°. As these signals do not saturate, quantitative detection can be
achieved by fitting the data over the whole explored concentration range with a non-linear fit (see S9).
As illustrated in Figure 3b and S9, the fit of the signals from the calibration samples constitutes an efficient
method to measure the absolute concentration of an unknown sample. Except for the SEA detection, which
exhibits low sensitivity, the Eu NPs thus enable toxin quantification over two orders of magnitude of

concentration, which represents an important advance for in-field applications'®.
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Figure 3 : Quantitative analysis of the SEA (a), SEG (b), SEH (c), and SEI (d) concentrations obtained with Eu-
doped NPs as probes (errors bars indicate the standard deviation of two independent replicates). The zero, LOB,
and LOD are calculated from 8 independent replicates performed in the absence of toxins by the following formu-
lae: zero = meany, LOB = meany + 1.645 SDy and LOD = meany + 3 SDy, where the mean value of the test line
signals in absence of toxins is abbreviated meano and its standard deviation SDy. The experimental data are fitted
(orange curves) by log(Signal) = A.log([toxin])+B, the points at high concentrations not being taken into account
when they lead to an increase of the coefficient R%. The experimental points made for concentrations greater than
or equal to 2.5, 2.5 and 1 ng.mL"! are not taken into account to establish the linear fit for the graphs a), c), and d)
respectively. The constants A and B of the fits respectively equal 0.66 and -0.28 for SEA, 0.46 and -0.16 for SEG,
0.79 and -0.16 for SEH, and 0.87 and -0.14 for SEI.
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With respective LOB values of 100, 7, 30 and 10 pg.mL"! for the SEA, SEG, SEH, and SEI toxins (see
Table 3), we obtain sensitivity gains of 18, 15, 18 and 38 compared to the reference assay (visual analysis
of Au-labeled strips), as displayed in Figure 4. To identify the origin of the observed sensitivity gains, we
quantitatively analyzed via our method the strips labeled with Au NPs (see S10 and Table 3) although this
may not be relevant for on-site applications, as explained in the introduction. Based on these results, we
first determine that our quantification through image analysis enhances the sensitivity compared to visual
inspection for both NP types, which is in line with the literature'®?°. However, the LOBs determined for
all the toxins using Eu NP reporters are typically 10 times lower than the ones obtained with Au NPs, in
agreement with the observations of the qualitative analysis (Figure 2 and S5). Our sensitivity gain thus
relies on two effects: (i) on the thorough image analysis and (ii) on the optical efficiency of the Eu-doped

NPs (see discussion above).
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Figure 4 : Comparison of the lowest detectable concentration determined by visual inspection of the Au-labeled
strips (LVC, purple bars) and by quantitative analysis of the Eu-labeled strips (LOB, orange bars). The left-y axis
refers to SEA and the right one, which is magnified 5 times, refers to SEG, SEH and SEI.

By calculating LODs (see above and Table 3), we allow a quantitative comparison with the sensitivities
obtained in our previous work in ELISA assays using the same pairs of antibodies in interaction with the

same recombinant toxins>* or in reference commercial enterotoxin detection tests. First, this comparison
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indicates that our method using novel rare-earth-based-strips can detect toxin at concentrations approach-
ing the ones that we previously reported through the a priori more sensitive ELISA assay**. Second, our
luminescent LFA strips enable the detection of the toxins SEG, SEH, and SEI with LODs being respec-
tively 17, 7, and 12 times lower than the one reached by Vidas SET 2 and RidaScreen SET Total, the two
commercially available ELISA kit authorized by the European legislation for SEs detection in food ma-
trices (LOD = 250 pg.mL™"! according to user instructions***°). This gain in sensitivity is partly due to the
implementation of high-affinity antibodies** and partly due to our novel nanoparticle probes. Altogether,
these elements points to the possibility to substitute conventional ELISA tests with fast and in-field de-
ployable lanthanide-nanoparticle based LFA, without scarifying analytical sensitivity.

We then devise the multiplexed detection of the 3 toxins exhibiting the highest sensitivity gains in the
simplex experiments (SEG, SEH, and SEI). In order to establish the feasibility of xLFA, we measure the
possible cross-talks between the different toxin systems by testing all the “test line/toxin/Eu NPs” combi-
nations in simplex LFA (abbreviated “SEX/SEY/SEZ”). For instance, a strip with a capture antibody spe-
cific to the toxin SEG is used to detect the toxin SEH with Eu NPs coated by SEI detection antibodies
(SEG/SEH/SEI). The assays are carried out in the most unfavourable conditions, i.e. for the highest toxin
concentration considered in this work (5 ng.mL") in the absence of the nanoparticles targeting the tested
toxin. After quantitative analysis, all the detected signals (except for the reaction of the SEG/SEH/SEX
systems) lie below the LOBs, indicating no significant cross-reactivity (see S11). In the case of SEG
capture antibodies in the presence of the SEH toxin, the non-specific signal represents 20 % of the one
obtained with the “SEG/SEG/SEG” system studied above for a toxin concentration of 5 ng.mL™'. From
our calibration tables we can assume that the signal arising from the SEH toxin captured by the SEG test
line would be at least 2 times lower than the LOB for [SEG] < 0.5 ng.mL"!, meaning that the cross-

reactivity should therefore be negligible for any toxin cocktail at low concentrations.
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Figure 5 : XLFA strips labeled with europium-doped nanoparticles for the simultaneous detection of the SEG, SEH

and SEI toxins at identical (a) or different (b) concentrations.

We first detect the toxins SEG, SEH and SEI spiked at the same concentrations (Figure 5a). The LOBs
resulting from the quantification are, respectively, 20, 30, and 10 pg.mL"' for SEG, SEH, and SEI (see
Figure S12 and Table 3), which is roughly 100 times lower than the reported detectable concentration for
SEs detection in multiplexed LFA compatible with in-field use®. Furthermore, the xLFA performed with
Eu NPs displays sensitivity gains of 5, 16 and 72 for SEG, SEH, and SEI, respectively, compared to non-
multiplexed and visually read assays performed with Au NPs as reporters. The sensitivities are in the same
range as the ones displayed by the simplex LFAs for the toxins SEH and SEI (Table 3). In contrast, we
observe a loss in sensitivity for the SEG detection (Table 3) which is probably related to the cross-reac-
tivity discussed above. We then compare these results to the calibration established through simplex ex-
periments in Figure 3b and S9. It enables a rough estimate of the toxin concentrations, although the deter-
mination is not quantitative since a deviation factor of 0.9 to 2.9 from the nominal value is observed (see
Table S12). Figure 5b shows xLFA strips for the 3 toxins at different concentrations in a single sample
(see S13 for more examples). Concentrations are chosen at 0.05, 0.5 and 5 ng.mL"!, i.e. slightly above the
LOBs, in the middle of the tested range, and at the highest concentration considered here. The toxin con-

centration being quantifiable with a bias of up to a factor of 3 in two thirds of the cases, this multiplex
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assay thus enables a simultaneous and semi-quantitative determination of toxin concentrations. Neverthe-
less, a fully quantitative measurement in multiplex systems should be achievable by a calibration of all
the accessible concentration combinations. Moreover, spectral multiplexing can be implemented in par-
allel with the spatial multiplexing by replacing the europium ions with lanthanide ions of different colors

(such as Dy*"). This qualifies our system for fast, sensitive, and highly multiplexed quantitative detection.

Au NPs Eu NPs ELISA
LVC | LOB | LOD | LVC LOB LOD LOD: LOD:
LFA | LFA | LFA | LFA | LFA | xLFA | LFA | xLFA
SEA | 2500 | 935 | 1331 500 138 / 240 / 7 4
E SEG 100 89 131 10 7 18 15 33 8 0.4
2 | SEH | 500 186 401 50 28 32 44 62 47 1
SEI 500 109 284 50 13 7 20 36 30

Table 3: Lowest visible concentration (LVC) obtained by subjective visual interpretation, and LOB and LOD cal-
culated from quantitative analysis for LFA and xLFA, using Au and Eu NPs as reporters. We here show for com-
parison the LOD values obtained by ELISA in our previous work®*. LOD; refers to the theoretical LOD determined
under our screening conditions and with the same set of antibodies as the one used in this work (number of replicates
n = 1). LOD; refers to the experimental LOD determined by optimized ELISA performed with the best couple of

antibodies for this assay (number of replicates n = 20). Values are given in pg.mL".

CONCLUSION

The detection of proteins like staphylococcal enterotoxins (SEs) lacks sensitive, quantitative and multi-
plexed on-site tools. In this work, we demonstrated that these issues can be addressed by using lanthanide-
ion-based nanoparticles as a new class of LFA and xLFA reporters in association with a reader coupled to
a smartphone. We report a significant decrease in the limit of detection of quantitative simplex and semi-
quantitative multiplexed assays compared to the gold simplex standard. The LOD approaches or surpasses
the sensitivity of the ELISA test that is the reference assay in laboratories. Strikingly, these performances

are reached without adding cost and complexity or losing portability, which could hinder on-site LFA
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deployment. Further analytical sensitivity enhancement could be obtained by increasing the effective af-
finity of the detection antibodies or by finely tuning the nanoparticle size or the Ab-to-NP ratio®*®. Our
work thus opens new perspectives in point-of-care diagnostics in resource-constrained areas as it fully
respects the ASSURED criteria identified by the WHO.

Our work can be easily transposed to other analytes and other LFA formats. Future developments for on-
site detection will require 1) performing the test with horizontal migration in a cassette, with sprayed
nanoparticles on the conjugate pad instead of the dipstick format used here both for simplex and multi-
plexed strips and ii) optimization to detect analytes in real matrices instead of model buffers. Although
performing the test in a horizontal cassette format typically leads to a sensitivity decrease due to a shorter
reaction time between analyte and nanoparticle-labeled detection antibodies, we expect this effect to re-
duce the sensitivity of both Eu and Au-nanoparticule-based tests in a similar manner. Similarly, even
though detecting analytes in real samples instead of in model buffers usually results in a loss of sensitivity,
probably due to a passivation effect induced by the proteins naturally present in the sample matrix, we
expect to preserve a similar gain in sensitivity compared to gold-based conventional tests. Furthermore,
the long lifetime of Eu" excited states enables the implementation of a cheap time-gated detection system,
in case it proves necessary to eliminate non-specific signals due to the matrix. Altogether these results
pave the way for a fast, quantitative detection either in low-tech environments or in emergency situations

before the patient reaches the hospital.
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S1 — Chemicals, salts and toxins

S1.1 Chemical and salts

Europium (Ill) nitrate pentahydrate, sodium orthovanadate, succinic anhydride, N-(3-
dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC), N-hydroxysulfosuccinimide sodium
salt (NHS), ethanolamine hydrochloride, sodium azide, glycerol, potassium dihydrogen phosphate
(KH2PQ4), dipotassium hydrogen phosphate (K;HPO,), sodium dihydrogen phosphate (NaH,PO,),
disodium hydrogen phosphate (Na;HPO,), sodium chloride (NaCl), Trizma® hydrochloride (Tris-HCI),
bovine serum albumin (BSA), MES sodium salt, phosphate buffer saline (PBS) and N-N-
dimethylformamide (DMF) were purchased from Sigma Aldrich.

Sodium hydroxide (NaOH, 10 mol.L?), (3-aminopropyl)triethoxysilane (APTES) and D-glucose came
from Fisher Chemicals.

Yttrium (Ill) nitrate hexahydrate, Tween 20 and absolute ethanol were provided by Merck.

Glycine and ethanol (96 v%) were supplied by VWR Chemicals (Prolabo, GPR recapter).

Rhodamine 6G, the protein assay dye reagent concentrate (Bradford) and the Pierce BCA protein assay
kit were purchased respectively from ACROS Organics, Biorad and Thermo Scientific.

$1.2 Toxin production

Briefly, the DNA sequences of the sea, seg, seh and sei genes were obtained from the publicly available
genetic sequence database GenBank and optimized for protein expression in the bacterium E. Coli. The
optimized DNA sequences were inserted in plasmids, enabling their internalization by the bacteria and
the production of the corresponding toxins. After culture of E. Coli bacteria to induce their
proliferation, toxins were extracted and purified by chromatography. More details are available in our
previous work?.



S2 — Nanoparticle synthesis, functionalization and characterization
1) Synthesis and functionalization of europium-doped nanoparticles

YVOs:Eu nanoparticles of YVO, doped with 40 % of europium were synthesized by aqueous co-
precipitation following a protocol adapted from our previous work?. Briefly, two aqueous solutions of
25 ml of the precursor salts were freshly prepared. One contained 0.1 M of sodium orthovanadate and
the other contained yttrium nitrate at 0.06 M and europium nitrate at 0.04 M in Milli-Q water. The
solution of lanthanides was then rapidly added into the solution of vanadate under vigorous stirring.
After 5 min, the pH of the solution was adjusted to pH 9 through the addition of 1 N NaOH. After 2
hours of ageing, the solution was centrifuged at 2 630 g for 20 min. The precipitate was then
redispersed in pure water and sonicated for 2 min with a 450 W Branson sonifier. These
centrifugation/redispersion steps were repeated 3 times to ensure the removal of counter-ions, as
attested by a conductivity lower than 100 pS.cm™. The final solution, with a volume adjusted to 50 ml,
was then centrifuged at 789 g for 5 min to remove possible aggregates. The resulting colloidal
suspensions of YVO4:Eu (40 %) NPs was homogeneous and slightly light diffusing.

Particles were then silicated, aminated and carboxylated according to previous work®* to enable their
covalent coupling with antibodies (Figure S2.1). In short, 2.5 mL of sodium silicate were added
dropwise to 25 mL of nanoparticles at 20 mM of vanadate. The suspension was stirred over night at
room temperature and purified as detailed above. Then, 75 mL of silicated NPs at 3 mM of vanadate
were added at 1 mL.min™ using a peristaltic pump to 225 mL of boiling ethanol containing 265 pL of
APTES. The reaction solution was further refluxed for 24 hours to ensure the formation of a uniform
cross-linked aminated network around the NPs, leading to a covalent shell of amines surrounding the
particles. The NPs were purified as described previously but with particle redispersion in an
ethanol:water mixture (3:1) instead of pure water. Finally, particles were transferred into DMF and 1
mL of these NPs at 40 mM of vanadate were added to 10 mL of succinic anhydride (0.1 g.mL* in DMF).
The suspension was stirred overnight under inert atmosphere and purified by 3 cycles of
centrifugation/dispersion in MES buffer (50 mM, pH 5 to 6).
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Figure S2.1: Europium-doped nanoparticle functionalization and coupling to detection antibodies.



2) Nanoparticle characterization

Au NPs

Gold NPs (BBI Solutions, EM.GC40, Batch 200 600 92, geometric diameter: 40.8 nm — standard
deviation: 8 %) were characterized as received by several techniques. Their hydrodynamic diameter
was determined with the Zetasizer Nano ZS equipment (Malvern Instruments, UK). Measurements
were performed in triplicate at 25 °C after an equilibration time of 120 s. Nanoparticles exhibited a
diameter of 41.4 nm, in agreement with the size determined via transmission electron microscopy by
the supplier.

The absorbance of the Au NPs was measured on a UV-1700 pharmaSpec spectrophotometer
(Shimadzu), as displayed in Figure S2.2. The surface plasmon resonance peak was observed at 526 nm,
which is in agreement with the particle diameter®. The Au NPs molar extinction coefficient at 450 nm,
€450, Was estimated to be €450 = 5.32x10° cm™.L.mol* from their size®. Using the absorbance of the NPs
at 450 nm, we determined the Au NP molar concentration to be equal to 0.357 nmol.L. Assuming 59
atoms per nm? of gold nanoparticle, this molar concentration was converted to mass concentration®,
giving a stock solution at 150 pg.mL™.
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Figure S2.2: Absorbance spectrum of the gold nanoparticles in the visible range (dilution of the stock solution: 1/11 in Milli-Q
water).

Eu NPs

The europium-doped NPs were characterized after synthesis and after each functionalization step.
Basically, the size distributions, charge and the spectral properties were obtained by dynamic light
scattering (DLS) and transmission electron microscopy (TEM), zeta potential measurements, and UV-
vis spectroscopy, respectively.

For the TEM measurements, 2 pL of NP solution was deposited on a formvar/carbon-coated 400 mesh
copper grid for 3 min. Then the solution in excess was absorbed by a filter paper and the grid was air
dried. NPs were observed on a JEOL JEM-1400 microscope operating at 120 kV. Images were acquired
with a high-speed camera (SC1000 Orius, Gatan), processed with Digital Micrograph (Gatan) and
analysed quantitatively with the Imagel software. The inset of the Figure S2.3a displays a TEM image
of the Eu NPs. It shows that they are oblong and that their contours are not well defined. This is because
Eu NPs are a polycrystalline assembly of monocrystalline grains with a low degree of crystallinity’. In
addition, following the drying inherent in the preparation of the samples, the nanoparticles are
aggregated, which makes it difficult to visualize isolated particles. Nevertheless, short and long axis
were manually measured for more than 200 nanoparticles giving mean values of 26.3 +£13.5 nm and
12.0 £ 5.6 nm, the size distribution being displayed in Figure S2.3a and Figure S2.3b, respectively.
Knowing that the crystalline cell of the vanadate matrix (7.123 A x 7.123 A x 6.291 A) contains four



Yo6V0O4EUp 4 Units, the parameters determined by TEM lead us to estimate that 1 mM of vanadate
corresponds to 22.9 nM of NPs®,

The hydrodynamic diameter of the nanoparticles, based on the intensity distribution obtained from
the dynamics light scattering measurements, were, respectively, 180, 130, 160 and 130 nm for the
bare, silicated, aminated and carboxylated nanoparticles. This large diameters are probably due to the
relative polydispersity of the nanoparticles and to the fact that DLS measurements, in particular the
intensity distribution, strongly overestimate the contribution of larger particle sizes.
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Figure S2.3: a, b) Size distribution of the short (a) and long (b) axis of the Eu NPs from TEM images. Inset: example of a TEM
image. c) Excitation (grey lines) and emission (red lines) spectra of the europium-doped nanoparticles either bare (dashed
lines) or coupled to antibodies (continuous lines). Nanoparticles were diluted in Milli-Q water at 10 uM of vanadate ions. The
excitation spectrum was obtained for the emission wavelength of 617 nm while the emission spectrum was obtained by
exciting the particles at 280 nm. The signal intensity | was expressed in arbitrary units (a.u.). d) Quantum yield of bare, silicated,
aminated and carboxylated nanoparticles. After an initial decrease of the quantum yield upon silica coating, the subsequent
functionalization steps did not modify the nanoparticle quantum yield.

The zeta potential was determined with the Zetasizer Nano ZS equipment (Malvern Instruments, UK)
for particles at 0.4 mM of vanadate ions. Measurements were performed in triplicate at 25 °C after an
equilibration time of 120 s. Bare, silicated, aminated and carboxylated nanoparticles exhibited a zeta
potential at +27, -16, +28 and -14, suggesting that the successive functionalization steps ran smoothly.
Excitation and emission spectra were recorded on Cary Eclipse Varian fluorometer for nanoparticles at
10 uM of vanadate ions in Milli-Q water, showing that Eu NPs exhibit maximum absorbance and
luminescence at 280 nm and 617 nm, respectively (Figure S2.3c).



The quantum yield was determined by the “Relative Determination Method”’. Absorption (Shimadzu
spectrophotometer) and fluorescence spectra (Fluorolog®, Horiba) were measured for Rhodamine 6G
(5 uM) and Eu-doped nanoparticles (10 uM of vanadate) in absolute ethanol and pure water,
respectively. The quantum yield @ was then calculated following the formula of Demas and Crosby:
ng\2 1—1074 [ f,

In this equation, the subscripts s and r denote the sample and the reference, @, is the fluorescence
quantum yield of the reference (here 0.95), n is the refractive index of the solvents (ng = 1.33 for
water and n,, = 1.36 for absolute ethanol), A denotes the absorbance at the excitation wavelength
employed for the fluorescence spectra measurement (here 280 nm), I represents the spectrally
integrated fluorescence signal and f is the instrumental function. Fixing the same measurement
parameters (excitation wavelength, slit width, integration times, spectral range, ...) for the sample and
the reference ensured f; = f,.. With this protocol, the quantum vyield of the nanoparticles was
determined for the different surface functionalization (Figure S2.3.d). Results show that bare NPs have
a quantum vyield of 12 %. Silica coating induces a significant decrease in the quantum yield, which
however remains constant at around 5 % after the next surface modification steps.

3) Nanoparticle coupling to antibodies

Detection antibodies were adsorbed on gold nanoparticles according to the following protocol. Briefly,
100 pL of antibodies (250 ug.mL? in potassium phosphate buffer — 2 mM, pH 7.4) were added to 800
uL of nanoparticles (350 pM) and the solution was stirred in the dark for 1 h. Then, 100 uL of a
precipitating solution (1 % of BSA in potassium phosphate buffer — 20 mM, pH 7.4) was added to the
suspension prior to purification by 2 cycles of centrifugation (15 min, 15 000 g) and dispersion in a
conservation solution (0.1 % of BSA in potassium phosphate buffer - 2 mM, pH 7.4).

Detection antibodies were covalently bound to the Eu-doped nanoparticles. To this aim, the carboxylic
functions of the NPs (1 umol of vanadate ions) were activated by 430 puL of an EDC / NHS mixture (0.5
mg.mL? of each reactant in MES buffer) during 25 min under stirring. The excess of EDC / NHS was
removed by centrifugation and NPs were re-suspended in 125 pL of antibody solution (final
concentration: 0.55 mg.mL™?in MES), giving an Ab to NP molar ratio of 20. After 1 h of incubation at 37
°C under stirring, the particles were transferred to a blocking buffer (2 % of BSA and 100 mM of
ethanolamine hydrochloride in PBS) for 1 h of passivation, then purified by alternating centrifugation
and dispersion in a conservation buffer (0.05 % of Tween20, 0.1 % of glycine and 10 % of glycerol in
potassium phosphate buffer — 10 mM, pH 7.4). Note that the coupling ratio was verified before the
passivation step with a Bradford assay performed on the supernatant and a BCA assay carried out on
the nanoparticle pellet. A coupling efficiency close to 100% was obtained.

Excitation and emission spectra of the coupled nanoparticles were recorded as described above and
displayed in Figure S2.3.c. The spectra of bare and antibody-conjugated nanoparticles are
superimposable. Considering in addition that the quantum yield of the nanoparticles seems affected
only by the first step of their surface modification (as discussed previously), we may assume that the
excitation and emission spectra of the coupled NPs as well as their quantum yield will not be modified
in more complex environments like in sample matrices or in LFA strips.



S3 — Strip preparation

$3.1 —Treatment, assembly, cutting and conservation of strips

After antibody deposition on the nitrocellulose, membranes were treated to limit non-specific signals,
surface corrosion or antibody denaturation induced by the complex interactions arising between the
inorganic reporters, the nitrocellulose and the antibodies®. Briefly, membranes were dried at 37 °C for
20 min, immersed 30 min in a saturation solution (0.5 % BSA and 150 mM NaCl in sodium phosphate
buffer - 10 mM, pH 7.4), rinsed with Milli-Q water, incubated 20 min in a conservation solution (0.1 %
Tween 20 and 7.5 % glucose in sodium phosphate buffer - 10 mM, pH 7.4) and dried at 37 °C for 20
min. Subsequently, an absorption pad (SureWick CFSP 203000, Merck) and a conjugate pad (Glass Fiber
Diagnostic Pad GFDX 083000, Merck) were attached, overlapping the nitrocellulose membrane on 2
mm. This assembled membrane card was hand-rolled to ensure adhesion of the different components
and was then cut into 5 mm wide strips using a CM5000™ Guillotine Cutter (BioDot, USA). The
prepared strips were then stored with desiccant at room temperature before use.

S3.2 - Influence of the test line position on LFA sensitivity for multiplex strip preparation

a) b) SEG ¢) SEH d) SEI

Control line
Test line 1
Test line 2

Test line 3

D ) (3 D) ) 3
OO OO

Figure S3.1: a) Representation of the strips designed to study the influence of the test line position on the assay sensitivity. b-
d) Assays performed with the toxins SEG (b), SEH (c), and SEI (d) at 1 ng.mL* using Eu NP probes.

S3.3 — Performing an LFA assay in a dipstick format

Nanoparticle coupled to detection antibodies

% .

'\HIT|[‘.|I'.' ~— - ‘m

25 min

96-well plate

Figure $3.2: Schematic representation of how we perform LFA assays in the dipstick format.



S4 — Schematic representation of the LEDs arrangement inside the homemade reader
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Figure S4: a) Top view of the arrangement of UV LEDs and white light LEDs above the LFA strip. The camera has been removed
from this scheme for clarity. b) Side view n°1. The white light LEDs, which are in the foreground and in the background, have
not been shown to simplify the visualization of the assembly. c) Side view n°2. The UV LEDs, which are foreground and
background in this view, are not displayed to help to visualize the system. d) Blueprint displaying a bottom view of the reader
(BitMaker, Paris). The inset shows the 20 UV LEDs (2 mW LEUVK37B50HF00, Laser Components) and the 2 white light LEDs.
e) Picture of the arrangement of the LEDs leading to a typical excitation intensity of ~ 4 mW/cm?.



S5 — LFA quantitative analysis of strips labeled with Eu NPs
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Figure S5: Examples of LFA quantitative analysis for strips labeled with Eu NPs. The raw data are in blue, the curves after
convolution by a Gaussian function are in orange. The Gaussian fits of the convoluted data and the background are
respectively in red and grey. Note that the ordinate scale varies from one graph to another, thus making it possible to show
that the data analysis is suitable regardless of the amplitude of the peak and the associated noise. Insets show strips with
green and blue rectangles indicating the ROl localization around the control and test lines, respectively.



S6 — LFA sensitivity by visual inspection of strips labeled with Au and Eu nanoparticles
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Figure S6: LFA strips labeled with gold and europium-doped nanoparticles for the detection of the SEA, SEG, SEH, and SEl toxins
(concentrations ranging from 0.01 to 5 ng.mL™?).

s Sensitivity (ng.mL?)
SEA SEG SEH SEI
Au 2.5 0.1 0.5 0.5
Eu 0.5 0.01 0.05 0.05
Gain 5 10 10 10

Table S6: Approximate lowest detectable concentrations and sensitivity gains obtained by visual inspection of the strips
labeled with Au and Eu NPs.



S7 - Influence of the strip batch on LFA sensitivity
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Figure S7: LFA strips labeled with europium-doped nanoparticles for the detection of SEH (from 0.01 to 5 ng.mL™). The first
two replicates are made with a first batch of strips (strips A), the third one with a second batch (strips B) made from the same

batches of nitrocellulose membrane, sample pad, absorption pad and antibodies. The difference between the two strip batches
is the day of the strip preparation.



S8 — Non-specific adsorption of nanoparticles on the nitrocellulose membrane

LFA were performed in the absence or presence of europium-doped nanoparticles. The mean value of
the intensity of the R, G, and B channels of the pictures were measured on the strip — including
autofluorescence and non-specifically adsorbed nanoparticles - and on the strip holder in the Regions
Of Interest (ROIs) shown in Figure S8. The final signal, defined as the difference between intensities
coming from the strip and the holder, was typically 2 times higher in the presence of the Eu NPs. These
results indicated that a significant part of the background was not due to the autofluorescence of the
strip but rather to the non-specific adsorption of nanoparticles all along the strip during migration. This
showed that, in our acquisition regime, autofluorescence did not prevent from reliably detecting the
lowest nanoparticle concentrations deposited on the strip. This phenomenon was not limited to our
luminescent particles: by imaging fully dried strips (1 days) labelled with gold NPs, non-specific
adsorption was also observed (data not shown).

The sensitivity was thus not limited by the minimal number of detectable probes but by the residual
signal coming from the non-specific adsorption of NP-Ab conjugates along the strip.

adsorption pad

control line

strip
strip holder

Figure S8: Typical LFA performed without toxin in the presence or absence of Eu NPs for the same nanoparticle concentration
as the one used in the toxin experiments. Intensities were measured via ImageJ in the green and blue Regions Of Interest
(ROIs) respectively placed on the strip and strip holder. The values were respectively 87 and 59 for the strip and its holder in
the absence of NPs, and 104 and 59 in the presence of the latter, giving final signals of respectively 28 and 45 in the absence
and presence of particles.



S9 — Non-linear fit of the calibration curves

Signal

Signal

Signal

Figure S9: Quantitative analysis of range of SEA (a), SEH (b), and SEI (c) concentrations obtained in independent duplicates
with Eu-doped NPs as probes (error bars indicate the standard deviation of two independent replicates). The experimental
data are fitted (orange curves) by Signal = A.[toxin] / (B + [toxin]) + C. The obtained constants A, B, C, and the fit residuals
respectively equal 1.29, 1.79, 0.02, and 0.98 for SEA, 1.18, 0.89, 0.005, and 0.99 for SEH, and 1.32, 1.58, 0.005, and 0.99 for

SEI.
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S10 - Quantitative analysis of strips labeled with gold nanoparticles
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Figure S10: Quantitative analysis of range of SEA (a), SEG (b), SEH (c), and SEI (d) concentrations obtained in independent
duplicates with gold NPs as probes (error bars indicate the standard deviation of two independent replicates). The zero, LOB
and LOD are calculated from 8 independent replicates performed in the absence of toxin (zero = meany, LOB = meang + 1.645
SDo and LOD = meany + 3 SDy, where the mean value of the test line signal in the absence of toxin is abbreviated meany and
its standard deviation SDy).



S11 - Study of the potential cross-talk in view of multiplexing

All the “test line / toxin / Eu NPs” combinations are tested in simplex LFA labeled by Eu NPs. For
instance, nanoparticles coated by SEI detection antibodies are used to detect the toxin SEH thanks to
a strip designed to capture the toxin SEG. Experiments are carried out for a toxin concentration of 5
ng.mL?, that is the highest concentration used in this work for the non-multiplexed LFA. Images are
guantitatively analyzed, the signal being defined as the ratio of the test line amplitude over the
background. For the majority of the tested combinations, the signals are found to be lower than the
LOBs determined in the standard configuration (e.g. SEH/SEH/SEH) with the same batch of strips (Table
S11, left part, data in green). The only case of minor cross-talk appears when SEG capture antibodies
are in the presence of the SEH toxin (Table S11, left part, data in red). Indeed, in the latter case, the
non-specific signal represents 15 to 20 % of the signal obtained with the SEG/SEG/SEG system (Table
S11, right part).

Test / Background Percentage of the signal in the
( [toxin] =5 ng.mL™) standard (non-crossed) configuration
Eu NPs labelled by detection antibodies
Capture .
. Toxin SEG SEH SEI SEG SEH SEI
antibody
SEG 1.28 0.09 0.10 100.0 6.6 7.8
SEG SEH 0.27 0.19 0.21 20.7 14.9 16.1
SEI 0.07 0.13 0.10 5T 104 7.5
SEG 0.04 0.10 0.08 5.4 13.4 10.9
SEH SEH 0.71 0.04 2.7 100.0 5.9
SEI ).03 0.10 0.02 4.0 13.9 2.9
SEG .31 0.06 0.11 10.5 5.5 10.3
SEI SEH 0.09 0.07 0.01 8.7 7.0 0.8
SEI 0.08 0.07 1.06 7 7.0 100.0

Table S11: Quantitative analysis of “test line / toxin / Eu Nps” combinations performed at 5 ng.mL™ of toxin, the green and
the red colours corresponding to signals being respectively lower and higher than the LOB (left part). The results are also
displayed in percentages of the non-crossed combinations (right part).

Assuming that the percentage of cross-reactivity is independent of the toxin concentration, we can
estimate the signal for all the “SEX/SEY/SEZ” combinations carried out for toxin concentrations of 0.5
ng.mL™. For this intermediate concentration, cross-talked signals are always found to be lower than
the LOBs of the standard configuration. Even for the SEG test line and the SEH toxin combinations, the
signal arising from cross-reactivity is 2 times lower than the LOB of the SEG/SEG/SEG configuration.
Thus, the cross-reactivity at low toxin concentrations appears negligible, implying that there is no
counter-indication for multiplexing LFA.



S12 — Quantitative analysis of multiplexed strips labeled with Eu nanoparticles
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Figure S12: Quantitative analysis of SEG (a), SEH (b), and SEI (c) toxins performed in independent duplicates with Eu-doped
NPs as probes for samples with identical SEG, SEH, and SEI concentrations. Error bars indicate the standard deviation of the
two replicates. LOBs are determined at 0.02, 0.03, and 0.01 ng.mL™ for SEG, SEH, and SEI respectively from 8 independent
zeros.

[Eaxin) SEG SEH SEI
(ng/mL)

0 7.5 113 8.5
0.005 13 3.4 37
0.01 16 3.1 4.9
0.025 14 1.1 2.8
0.05 2.8 1.2 29

0.1 2.2 1.0 21
0.2 18 1.0 2.0
0.4 14 1.1 14
0.5 13 1.0 13

1 11 0.9 1.2
25 1.0 1.0 11

5 0.9 11 1.2

Table S12: Ratio between Cey, and Cnom Where Ceyp are the concentrations obtained from the experimental multiplexed signal
via the calibration curves determined with the simplex assays and C,om are the nominal concentrations of SEG, SEH, and SE/
simultaneously spiked in samples. The values in grey boxes correspond to the ratio calculated for toxin concentrations below
the LOBs. The ratios for all the other values are found respectively between 0.9-2.8, 0.9-1.2, and 1.1-2.9 for SEG, SEH, and SE|.



S13 — Multiplexed strips with different toxin concentrations
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Figure S13: Combinatorial investigation of xLFA strips for SEG, SEH, and SEI concentrations at 0.05, 0.5, and 5 ng.mL™. Insert:
"zero" strip, i.e. with no toxin present in the analysed sample.
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