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Abstract

Laser-induced breakdown spectroscopy (LIBS) was examined as a novel method for readout of microtiter plate immunoassays
involving nanoparticles (NP). The so-called Tag-LIBS technique is a sensitive method for the detection of specific biomarkers. It
was applied to the determination of NP labels using nanosecond ablation sampling. The NP labels were examined from the
bottom of a standard 96-well microtiter plate. Thanks to the flexibility of LIBS instrumentation, both the plasma emission
collection and the focusing optics arrangements can be collinearly arranged. The experiments showed that silver NPs and gold
NPs can be readily quantified on the bottom of the microtiter plate. Utilizing this technique, a sandwich immunoassay for human
serum albumin using streptavidin-coated AgNP labels was developed. The assay has a 10 ng'mL ' detection limit which is
comparable to the sensitivity of fluorometric readout. The main advantage of this LIBS technique is its wide scope in which it
enables a detection of almost any type of NP labels, irrespective to any fluorescence or catalytic properties. Owing to the
immediate signal response, the relatively simple instrumentation also enables assay automation. The LIBS capability of multi-
elemental analyses makes it a promising and fast alternative to other readout techniques, in particular with respect to multiplexed
detection of biomarkers.

Keywords Collinear plasma collection - Gold nanoparticles - Laser ablation - Microtiter plate - Sandwich immunoassay - Silver
nanoparticles - Streptavidin - Tag-LIBS

Introduction
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* LIBS is a suitable readout method for nanoparticle-based immunoas- Immunochemical assays combine the specificity of
says. . C . .
* Collinear LIBS arrangement for collection of plasma emission from the immunoreagents and ﬂ.le variation in detection approaches
bottom of the standard 96-well microtiter plate was presented. enabled by the use of different labels. The assays are usually

* Tag-LIBS was employed in a sandwich immunoassay for the detection based on the attachment of one of the immunoreagents to a
of human serum albumin. solid phase and a subsequent addition of reagents that bind to
each other (heterogeneous format). The bound and the free
components are separated through washing steps [1]. The
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converts multiple substrate molecules). However, when the en-
zymes are used as labels, they suffer several disadvantages
including the high production costs, limited stability, and
time-consuming signal development [3].

The progress in nanotechnology has led to a development
of various nanomaterials that can be used to overcome the
limitations of enzymes and to improve the assay properties.
The applications of nanoparticle (NP) labels in immunoassays
can be divided into two main categories: (a) catalytic nano-
particles (nanozymes), and (b) directly detected labels [4].
The detection based on the catalytic NPs employs a trans-
formation of a substrate similar to traditional ELISA [5].
Comparing to ELISA, this process provides better stabil-
ity and higher catalytic efficiency of nanomaterials such
as AuNPs [6], Au@PdNPs [7], iron oxides NPs, Prussian
blue NPs [8] or nanocomposite of PtNPs and graphene
oxide [9].

The direct immunoassay readout (without the substrate ca-
talysis) is usually based on luminescent labels. Nanomaterials
such as quantum dots (QD) [10], carbon-based NPs [11], and
photon-upconversion NPs [12] are used as an alternative to
the conventional organic dyes and fluorescent proteins. The
luminesce-based readout combines a high sensitivity with a
simple and affordable instrumentation. Nevertheless, this
readout method limits the range of possible labels to the ma-
terials exhibiting luminescent properties. Therefore, there is a
demand for readout methods providing the universal detection
of any label type that is independent on its catalytic or lumi-
nescent properties.

Laser-induced breakdown spectroscopy (LIBS) proved to
be a suitable method for the NP detection in different matrices;
ranging from the detection of QDs applied onto filter paper
[13] to a detection of photon-upconversion NPs in the model
organisms [14]. On top of that, the LIBS technique is abun-
dantly used for mapping purposes, providing the lateral distri-
bution of elements on the sample surface. This feature is used
in a number of applications, for instance a mapping of NPs in
mammal [15] and plant [16] tissues. The detection of NPs in
aquatic suspensions [17, 18] or the detection of nano-powders
in the polymer gels is well known. Also, the detection and
characterization of single NPs by Optical Catapulting-
Optical Trapping-LIBS (OC-OT-LIBS) [19] was already pub-
lished. The pioneer LIBS study to detect the biomolecules
labeled with CdTe or CdS QDs, followed by using aforemen-
tioned immunoassay readout was published by Konec¢na et al.
[20]. On the other hand, the detection of small/scant volumes
of liquid samples was studied only once using lab-on-a-chip
devices designed especially for the LIBS interfacing [21].

To the best of our knowledge, the LIBS method as an
alternative method of signal readout in immunochemical
assays was investigated exclusively by Melikechi’s re-
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search group [22], which also introduced the Tag-LIBS ab-
breviation [22]. The advanced Tag-femtosecond LIBS de-
tection in microparticle-based immunochemical assays was
demonstrated in a case study focused on the multi-element
coded assay. The assay was carried out with Fe,O5 and TiO,
microparticles bound to cancer antigen 125 via monoclonal
antibodies [22].

In this work, two main experiments were carried out to
prove LIBS to be a useful readout method for the common
metal NPs-based immunoassays. The initial experiment fo-
cused on the most appropriate collection of Ag- and AuNPs
plasma emission from the bottom of the standard 96-well mi-
crotiter plate and on the optimization of corresponding exper-
imental conditions. The following experiment compared the
LIBS method to the fluorescence readout in sandwich immu-
noassay where these methods are applied to detect the human
serum albumin utilizing the label based on streptavidin-coated
AgNPs.

Materials and methods
Chemicals and materials

The 20 nm colloid Ag NPs (the mean diameter of 19.9 nm)
were obtained from BBI Solutions (www.bbisolutions.com;
United Kingdom), 20 nm Au nanospheres citrate
NanoXact™ (diameter of 18.9 + 1.5 nm) were obtained from
nanoComposix (www.nanocomposix.com; USA).
Streptavidin-conjugated 40 nm AgNPs were purchased from
Cytodiagnostics (www.cytodiagnostics.com; Canada). Biotin
N-hydroxysuccinimide ester (NHS-biotin), bovine y-globulin
(BGG), bovine serum albumin (BSA), human serum albumin
(HSA), N,N'-dimethylformamide (DMF), sodium azide, Tris,
and Tween 20 were acquired from Sigma-Aldrich (www.
sigmaaldrich.com; Germany). Ethylenediaminetetraacetic
acid (EDTA) and glucose were purchased from Lachema
(www.erbalachema.com; Czech Republic). Poly(vinyl
alcohol) (PVA, 6 kDa) was purchased from Polysciences
(www.polysciences.com; Germany). All other common
chemicals were obtained in the highest quality available
from Penta (www.pentachemicals.eu; Czech Republic).
Anti-HSA mouse monoclonal antibody clone AL-01 was pur-
chased from Exbio (www.exbio.cz; Czech Republic),
fluorescein isothiocyanate (FITC)-labeled anti-HSA swine
polyclonal antibody (AbF) was obtained from Sevapharma
(sevapharma.czechtrade.us; Czech Republic).

Buffers used throughout this work were: phosphate buff-
er (PB; 50 mM NaH,PO,/Na,HPO,, pH 7.4), phosphate-
buffered saline (PBS; PB + 150 mM NaCl), washing buffer
(PB + 0.01% Tween 20, and 0.05% NaN3), and assay buffer
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(0.2% BSA, 0.5% BGG, 50 mM Tris, 150 mM NaCl, 5 mM
EDTA, 0.2% PVA, 1% glucose, 0.05% NaN3, and 0.01%
Tween 20, pH 7.5).

Deposition of silver and gold nanoparticles
in the microtiter plate

First, bare AgNPs and AuNPs were directly deposited on the
bottom of the microtiter plate well and consequently ablated in
order to optimize the LIBS experimental parameters. The de-
position of NP suspensions to the microtiter plate well was
performed using two approaches — manually and with an ink-
jet deposition system.

For the manual formation of drops, selected volumes in a
predetermined concentration were applied using a micropi-
pette onto the bottom of each well. The drops dried at the air
atmosphere and the laboratory temperature. The drop volumes
were 10.0, 5.0, 2.5, 1.0, and 0.5 pL in the concentration pro-
vided by the supplier (AgNPs 3.08 pg'mL'; AuNPs 53.0 pg-
mL™"). Furthermore, the calibration plot was also measured
for AgNPs, in a concentration range 3.08; 1.54; 0.77; 0.308;
0.205;0.154 and 0.062 ug'mL ™" in a volume of 10 pL per one
drop.

The ink-jet deposition was done using a piezo-driven non-
contact dispensing system sciFLEXARRAYER S3 (www.
scienion.com; Scienion, Germany). A 60 pum dispense
capillary and the pulse parameters of 84 V, 50 us and
500 Hz were used, resulting in a droplet volume of 250 pL.
Four 1 uL drops were formed in each well of the microtiter
plate by dispensing 4000 droplets onto each drop in 2 by 2
pattern with 2 mm spacing. The dilution series of AgNPs 3.08;
1.54; 0.77; 0.308; 0.154 and 0.077 ug-mLfl were deposited
and dried spontaneously.

Detection of nanoparticle labels in microtiter wells
using laser-induced breakdown spectroscopy

Instrumentation and experimental settings

The LIBS measurements were done using the Sci-Trace
(www.atomtrace.com; AtomTrace, Czech Republic)
including the CageSystem as shown in Fig. la, b. The
laser pulse (Nd:YAG laser LQ529A, www.solarlaser.com;
Solar, Belarus; 532 nm, 10 ns) was used for material
ablation (sampling). The laser pulse was focused to a tight
spot (a crater diameter of 100 wm) and consequently a laser-
induced plasma was created. A characteristic plasma emis-
sion was collected using a telescope and delivered via a
50 um optical fiber to the entrance slit of an echelle spec-
trometer with a 200975 nm wavelength range (Mechelle
5000 with the camera iStar 7341 Andor, www.andor.oxinst.

com; Oxford Instruments, UK). The software-controlled
movement in x,y,z direction enabled scanning the bottoms
of individual microtiter plate wells. The samples were mea-
sured in the air at the atmospheric pressure and laboratory
temperature.

We first evaluated the possibility of a qualitative and a
quantitative analysis of both types of selected nanoparticles
— AgNPs and AuNPs — in a colinear LIBS arrangement. As
mentioned before, the deposition to the microtiter plate was
performed by two approaches — (i) manually and (ii) with an
ink-jet printer. After drying, the analyses were done using
experimental conditions which were optimized a priori. The
settings used during the LIBS analysis were: 1.5 us of the
gate delay and 15 ps of the detection integration time, the
laser pulse energy was set to 20 mJ. In case of manually (i)
applied NPs, each bottom well area was analyzed in a raster
of 15 x 15 spots with a 300 um step as shown in Fig. 1c.
After the ink-jet (ii) application of NPs, each bottom well
area was analyzed in a raster of 30 x 30 spots with a 150 um
step. To ensure that no plasma emission was lost during the
plasma collection from the 12 mm well depth was challeng-
ing. In order to handle this, a comparison experiment was
carried out utilizing a dried AgNPs drop positioned the flat
polystyrene surface (i.e. inverted microtiter plate).

Data processing

The most appropriate emission lines (represented in Fig. 2)
of Ag1338.31 nm (338.17-338.42 nm) and Aul312.29 nm
(312.20-312.34 nm) were selected and defined as the max-
imum line intensity with a proper background subtraction.
The background was defined as the mean of the detected
signal (338.54-338.79 nm for Ag and 312.40-312.54 nm
for Au) near the selected analytical emission lines. The in-
tensities were depicted as 2D maps representing the spatial
distribution of the selected elements separately for each
well. All signals for the selected emission line from 225
spectra were accumulated separately for each well after
the manual applying of NPs. For the detection of NPs by
applying the ink-jet system, 30 x 30 spots per one well with
four dried drops were used. However, we only managed to
accumulate the selected emission line from 225 spectra cov-
ering each drop separately (15 % 15 spots, a quarter of the
well bottom). Thus, four accumulated signals of Ag I
338.31 nm emission line per one well were obtained. The
accumulated signals were used in all following data evalu-
ation. All LIBS data were processed using the
AtomAnalyzer software (AtomTrace, Czech Republic)
and visualized with OriginPro 2015 (www.originlab.com;
OriginLab Corp., USA).
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Fig. 1 a Scheme of Sci-Trace LIBS system; b Scheme of the plasma collection from the bottom of the standard 96-well microtiter plate in 12 mm depth;
¢ Photograph of two wells of microtiter plate after LIBS measurements with highlighted area with raster of 15 x 15 ablation craters

Sandwich immunoassay for the detection of human
serum albumin

Conjugation of detection antibody with biotin

A Dbiotinylation of the detection antibody was done according
to the protocol by Hermanson [23]. AbF was diluted in PBS to
the concentration of 5 mg'mL ™' and NHS-biotin was dis-
solved in anhydrous DMF in the concentration of 20 mg:
mL . Subsequently, 20-times molar excess of NHS-biotin
was added to the antibody and the mixture was incubated for
2 h at the room temperature. The AbF-biotin conjugate was
purified using the Microcon centrifugal unit YM-100
(100 kba MWCO; www.merckmillipore.com; Merck

Aul1312.29 nm Ag 1 338.31 nm
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Fig. 2 Sample of spectra of AuNPs and AgNPs (red lines) and matrix
(black lines) with highlighted parts of selected ranges of Au1312.29 nm
emission line (312.2-312.34 nm) together with background (312.4—
312.54 nm) and Ag I 338.31 nm emission line (338.17-338.42 nm)
together with background (338.54-338.79 nm)
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Millipore, USA) to PBS and stored at 4 °C in the
concentration of 2 mg-mL ™.

Sandwich immunoassay

A 96-well microtiter plate Nunc MaxiSorp (Www.
thermofisher.com; Thermo Fisher Scientific, USA) was
coated with anti-HSA monoclonal antibody AL-01
(4 ug'mL " in PBS, 100 pL per well) and incubated overnight
at 4 °C. All following incubations were carried out at the room
temperature on a microplate shaker; after each step, the plate

N

\E;/ N7

\\(/ Capture Ab 3¢ Detection AbF-biotin

@D HsA ” Streptavidin-AgNP

Fig. 3 A scheme of the sandwich immunocomplex in the detection of
human serum albumin based on streptavidin-AgNP conjugate
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was washed four times with 200 puL of washing buffer. The
plate was blocked with 200 pL of 5% powdered milk (www.
carlroth.com; Carl Roth, Germany) in PBS for 60 min.
Subsequently, standard dilutions of HSA (10 ng'mL™" to
100 pg'mL™") in the assay buffer were added (100 pL per
well), and the plate was incubated for 60 min. Then, AbF-
biotin conjugate in the assay buffer was added (the concentra-
tion equivalent to 100 pg-mL ™" of antibody, 100 puL per well)
and incubated for 60 min. Finally, a conjugate of AgNPs with
streptavidin (6 pg'mL ", 100 uL per well) was added for
60 min. After the last washing step, the wells were left empty
and the scanning was performed in dry state, the protocol is
based on our previously published methodology [8]. The
scheme of the sandwich immunocomplex is shown in Fig. 3.

LIBS readout

The LIBS readout of the microtiter plate was based on the
evaluation of the Ag I signal from the streptavidin-coated
AgNP label. The experimental conditions remained the same
as in case of the LIBS experiments with manually deposited
nanoparticle drops. The gate delay was 1.5 ps, the detection
integration time was 15 us, the laser pulse energy was 20 mlJ,
and the raster of single pulses was 15 x 15 spots with a
300 pum step.

Fluorescence-based readout

To confirm the functionality of the sandwich immunoassay
using a reference approach, the fluorescence of the AbF-
biotin conjugate was measured using a Synergy 2 reader
(www.biotek.com; BioTek, USA). A Tungsten lamp was
used as an excitation source, with optics position Top
510 nm, the excitation and emission filters were set to
485 nm and 528 nm, respectively. The instrumental
background corresponding to the average fluorescence of 12
unmodified wells was subtracted from the signals.

Results and discussion
LIBS detection of nanoparticles in the microtiter plate
Manual deposition of NPs to the microtiter plate

Firstly, the accumulated signal of Au I 312.29 nm emission
line from 225 spectra covered a 10 uL drop (concentration
53.0 ug'mL"). The drop dried on the flat polystyrene surface
(inverted microtiter plate). This accumulated signal was com-
pared to accumulated signal values for identical AuNPs drops,
which dried on the bottom of microtiter plate well. Differences

between accumulated signals (5 replicates per one condition)
showed to be lower than 5%. The accumulated signals from
drops that dried on the flat surface were 332,000 = 18,000
(a.u.) and accumulated signals from the spots inside the well
were 319,000 + 24,000 (a.u.). Moreover, a collection of plas-
ma emissions from cavities, especially cylindrical, was shown
to positively affect the signal repeatability and signal intensity.
This influence was attributed to (i) the reflection and compres-
sion of the shock wave or to (ii) a more effective collection of
plasma radiation caused by the reflection from the chamber
walls as previously discussed [24]. The size of the cavities and
the distance between the wall and plasma can affect the signal
intensities. However, based on our data, we concluded that the
plasma emission collection was not affected significantly dur-
ing the plasma collection from the 12 mm depth and we con-
tinued with the LIBS detection from the bottom of a microtiter
plate.

Secondly, the LIBS-based readout was used for a quali-
tative and quantitative determination of AgNP and AuNP
suspensions applied with a micropipette onto the bottom of
microtiter plate wells. The LIBS results are shown together
in Fig. 4, the part (A) presents the accumulated signals of Ag
I 338.31 nm for different concentrations of AgNPs (from
3.08 to 0.062 pg-mL™"). The part (B) presents the accumu-
lated signals of Ag I 338.31 nm for dried drops of five
different volumes (10.0; 5.0; 2.5; 1.0 and 0.5 pL) of
AgNPs in the concentration of 3.08 pg-mL~'. The accumu-
lated signals of Ag1338.31 nm emission line recalculated to
number of NPs on the bottom of the well for each drop are
shown together in Fig. 4c. Figure 4d presents the accumu-
lated signals of Au I 312.29 nm for drops of four different
volumes (10.0; 5.0; 2.5 and 1.0 nL) of AuNPs in the con-
centration 53.0 pg'-mL~". Maps representing 2D spatial dis-
tribution of AgNPs at the bottom of the well are depicted in
Fig. 4 for selected concentrations (E) and volumes (F). It is
clearly visible that NPs after manual deposition were non-
homogeneously distributed due to the non-uniform drying
of drops, which is well known [25].

The LOD for AgNPs (Ag I 338.31 nm) is 6.6:10° NPs
(291 pg Ag) and the LOD for AuNPs (Au I 312.29 nm) is
2.4:10° NPs (16.1 ng Au). These values were calculated from
the accumulated signals from well (raster consisted of 225
laser spots). Different LODs of Ag and Au, as well as the
dependence of LODs of the element (Ag or Au) on a selected
emission line, the sample matrix, and the concentration range
of calibration plot was investigated in detail previously [26].
Furthermore, the well-known influence of the difference in the
laser ablation process (single- or double-pulse ablation) was
examined as described for the Au element [27]. The LODs for
both elements were in the range from 0.4 to 94 ppm based on
the experimental conditions [26, 27], which corresponds to
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our results (Ag LOD 0.3 ppm for Ag I 338.31 nm and Au
LOD 1.6 ppm for Aul 312.29 nm).

Overall, these LIBS results showed that the qualitative and
quantitative analysis of both types of NPs is easy to implement
and that the number of NPs (a different volume or different
concentration applied to a microtiter plate well) is decisive for
signal intensities. Due to the lower LODs, the AgNPs were
used in all following experiments.

Ink-jet deposition of NPs to the microtiter plate

In this experiment, four 1 uL drops of AgNPs (the concentra-
tion range from 3.08 to 0.077 pg'mL™") were applied in each
well of the microtiter plate using a 2 by 2 pattern with 2 mm
spacing. The resulting dried drops were analyzed using LIBS.
In comparison to the first LIBS experiment, one difference

@ Springer
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appeared. Due to the fact that the drops were of smaller size,
the laser ablation step was reduced to 150 um and the total
number of laser spots from one well was 900 (30 x 30). The
results are shown in Fig. 5, where the part A presents accu-
mulated signals of Ag I 338.31 nm for six different concen-
trations (3.08; 1.54; 0.77; 0.308; 0.154 and 0.077 ug-mL_l) of
AgNPs in a volume of 1 puL per one drop. Also, this depen-
dence of the accumulated signal on the concentration was
fitted with Langmuir saturation curve. Furthermore, Fig. 5b
depicts 2D maps of the spatial distribution of Ag 1338.31 nm
emission line for four different concentrations (3.08; 1.54;
0.77; and 0.308 mg-L™") from one well.

The LOD for ink-jet deposited AgNPs was calculated
again from the accumulated signals. In this case, the signals
were not accumulated from the whole well bottom, but only
from one quarter, which corresponded exactly to one drop
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Fig. 5 a Dependency of accumulated Ag I 338.31 nm intensity on
concentration of AgNPs. Number of replicates n =4. The symbols on

the scatter plot represent mean values and SD as error bars. b LIBS
map constructed for Ag I 338.31 nm emission line of four drops (a:

of NPs (15 x 15 spots from whole 30 % 30 spots from each
well), as indicated in Fig. 5b by black cross lines. The LOD
for AgNPs (Ag I 338.31 nm) is 6.7-10° NPs (293 pg Ag).
The LODs for AgNPs from both experiments were very
similar, 291 pg Ag (manual deposition) and 293 pg Ag
(ink-jet system). This situation points to the robustness of
LIBS method, in case that none of the previously mentioned
parameters such as the matrix of samples, and the selected
emission line of element or ablation process is changed. The
method of NP deposition had no influence on the signal
detection and consequently had no influence on LODs. In
comparison to the manual application of NPs dispersion
with micropipette, the speed, accuracy, and repeatability
of the ink-jet system application need to be highlighted to-
gether with the space saving and possibility of multiplexing
(multiple drops per one well). Considering the following
application as a label for immunoassay, the ink-jet deposi-
tion resulted in the signal being nearly linearly dependent on
the AgNP concentration (Fig. 5a), which was not the case
for the manual deposition (Fig. 4a). The linear dependence
ofthe signal on the bound label amount is advantageous as it

35

Ag1338.31 nm
I 35000

15 000

I

3.08 pgmL ™', b: 1.54 ugrmL™", ¢: 0.77 ug'mL ™', d: 0.308 pug'mL ") of
AgNPs applied in a volume of 1 pL on the bottom of one well. The scale
bar shows 1 mm

does not complicate the interpretation of non-linear
immunoanalytical calibration plots.

Sandwich immunoassay for detection of human
serum albumin

The optimized LIBS-based readout was used for a determina-
tion of streptavidin-coated AgNPs as a label in the sandwich
HSA detection. The sandwich assay for HSA was optimized in
our previous work [8], therefore we focused here on the opti-
mization of the labeling steps. We analyzed the concentrations
of HSA in the range from 10 ng'mL"" to 100 pg'mL™". The
results are shown in Fig. 6, together with their comparison to
the reference readout based on the fluorescence of a conjugate
of detection antibody with FITC and biotin. All curves were
fitted by a four-parameter logistic function. For the lower con-
centration of streptavidin-coated AgNPs of 3 pg-mL™', LIBS
provided lower sensitivity than the fluorescence-based read-
out. However, when the concentration of streptavidin-AgNP
label was increased to 6 ug-mL_l, the LIBS reached a sensi-
tivity comparable to the fluorescence-based readout. Both

Fig. 6 a Dependences of LIBS £ a b
accumulated Ag 1338.31 nm < 4x10 AbF-biotin  AgNPs 4x10% AbF-biotin  AgNPs
intensity on HSA concentration; b g e 100 ug-mL”" 6 ug-mL"’ e 100 ug-mL" 6 pg-mL"’ -
Dependences of fluorescence b4 A 50ug'mL”" 3pg-mL’ - 4 50ugmL" 3pgmL’
signal on HSA concentration. = 3x10* 2 3x10*1 °
Number of replicates n =4. The i Py
symbols on the scatter plot E 2%x10% 4 § 2%10%1
represent mean values and SD as o 8
error bars -_E g
B 1x10* S ot .
= [
=
S — oo,
&) 0 0.01 0.1 1 10 100 0 0.01 01 1 10 100

HSA (ug-mL")

HSA (ng-mL"")
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methods provided a detection limit of 10 ng'mL ™" of HSA (S/
N> 3). Compared to the fluorescence readout where plateau
was reached at 1 pg'mL ™' of HSA, LIBS offered wider work-
ing range up to 100 pg-mL™". This is a significant advantage
considering e.g. the levels typical for albuminuria.

The previous reports about LIBS being used to provide a
readout of antibody-based assays are very sparse. Markushin
et al. (2015) previously employed femtosecond LIBS for a
detection of cancer antigen 125 with LOD of 0.01 U-mL ™"
[22]. However, the assay was limited because it was necessary
to use magnetic particles for an antigen capture, followed by a
deposition of resulting sandwich immunocomplexes on the
filter paper. Whereas, the system here allows scanning the
standard polystyrene microtiter plates without the necessity
to significantly change the routine assay procedure.
Unfortunately, due to the different experimental settings, dif-
ferent ablation process, various analyte (and units expressed
as U'mL "), the sensitivity of the two approaches cannot be
directly compared.

Considering some other approaches, Raman spectroscopy,
especially Surface-Enhanced Raman Scattering (SERS) [28,
29], and Inductively Coupled Plasma Mass Spectrometry
(ICP-MS) [30] showed to be useable to detect various NPs
labels in immunoassays. Quantum dots or metal-doped NPs
served as labels for a detection of carcinoembryonic antigen
[31], allergens in food [32], or a multiplexed detection of C-
reactive protein, alpha-fetoprotein, and neuron-specific eno-
lase [33] by ICP-MS readout method. In comparison of ICP-
MS to LIBS, several disadvantages of ICP-MS have to be
mentioned, including high cost of instrumentation, high oper-
ation costs, high demands on vacuum environment, and a long
duration of analysis. On the other hand, SERS showed to be
useable for a detection of various labels, so-called SERS-
nanotags, in various biosensing of proteins, nucleic acids,
and many others, as summarized in a previously published
review [34]. Many advantages as the high sensitivity, speci-
ficity, multiplexing capability, photostability of SERS-
nanotags, and low detection limits (down to the femtomolar
level) are compensated by the need of special SERS-nanotags.
In contrast, LIBS can detect various commonly used NPs.

Conclusion

We presented Tag-LIBS with nanosecond laser ablation pro-
cess of sampling as a universal readout method for the immu-
noassays based on nanoparticle labels. An innovative arrange-
ment of the collinear plasma collection and the focusing optics
for LIBS was developed in order to enable a detection of NPs
directly in a standard microtiter plate. Using this LIBS setup,
we demonstrated the capability to detect AuNPs and AgNPs

@ Springer

with a detection limit of 6.6-10° and 2.4-10° particles for
AgNPs and AuNPs, respectively. The LIBS detection of the
dried drops on the bottom of a microtiter plate was more
appropriate for the drops deposited with the ink-jet system.

The optimized LIBS setup was used for the readout of
sandwich immunoassay with streptavidin-coated AgNPs as a
label. Human serum albumin, a diagnostic marker of albumin-
uria, was detected with a LOD of 10 ng'mLfl, which is nearly
comparable with the sensitivity of the fluorescence-based
readout. Both techniques are complementary readout
methods. The fluorescence detection showed a slightly better
sensitivity but a substantial tendency to saturation, on the oth-
er hand, LIBS presents wider dynamic range, as it is obvious
from the immunoassay results. The great LIBS advantage is
the fast analysis time, the possibility of a multi-elemental
(multi-biomarker) analysis, and the possibility to detect NPs
without any photoluminescence or without any effect of po-
tential NPs photoluminescence quenching. Furthermore,
LIBS method does not show the broadband interfering spec-
tral emissions.

We expect that Tag-LIBS described here can be applied to
detect many types of biomarkers in nanoparticle-based immu-
nochemical assays. It can also be used for a parallel detection
of a multiple set of biomarkers in the near future. Moreover,
we would like to emphasize the possibility to combine four
readout methods (LIBS, SERS, Raman spectroscopy, and
fluorescence detection) for their similar detection principles
in one optical reader. This multiplexed readout represents a
novel strategy for a robust simultaneous determination of var-
ious elements, chemical bonds, special nanotags, and fluores-
cent substances. Thus, this is going to be a subject of our
future work.
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