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Abstract

Immunohistochemistry (IHC) and immunocytochemistry (ICC) are widely used to identify cancerous cells within tissues and cell
cultures. Even though the optical microscopy evaluation is considered the gold standard, the limited range of useful labels and
narrow multiplexing capabilities create an imminent need for alternative readout techniques. Laser-induced breakdown spec-
troscopy (LIBS) enables large-scale multi-elemental analysis of the surface of biological samples, e.g., thin section or cell pellet.
It is, therefore, a potential alternative for IHC and ICC readout of various labels or tags (Tag-LIBS approach). Here, we introduce
Tag-LIBS as a method for the specific determination of HER2 biomarker. The cell pellets were labeled with streptavidin-
conjugated upconversion nanoparticles (UCNP) through a primary anti-HER2 antibody and a biotinylated secondary antibody.
The LIBS scanning enabled detecting the characteristic elemental signature of yttrium as a principal constituent of UCNP, thus
indirectly providing a reliable way to differentiate between HER2-positive BT-474 cells and HER2-negative MDA-MB-231
cells. The comparison of results with upconversion optical microscopy and luminescence intensity scanning confirmed that LIBS
is a promising alternative for the IHC and ICC readout.

Keywords Immunocytochemistry - Immunohistochemistry - Laser-induced breakdown spectroscopy - Tag-LIBS -
Photon-upconversion nanoparticles

Introduction specificity of antibodies with various detection schemes [1].
In the most common approaches, antibodies immobilized in
microtiter plates are used to capture the molecule of interest,
followed by the detection step utilizing labels based on antibod-
ies conjugated with either enzymes (enzyme-linked
immunosorbent assay, ELISA) or fluorophores (fluorescence
immunoassay, FIA) [2]. The same labels can also be employed
for specific detection of target markers within tissue samples
(immunohistochemistry, IHC) and cultured cells (immunocyto-
chemistry, ICC) [3]. However, traditional labels suffer from
several disadvantages; enzymes have high production costs,
limited stability, and a time-consuming signal development
[4], while fluorophores are prone to photobleaching and inter-
ference from autofluorescence [2].

In recent years, various kinds of nanomaterials have been used
to overcome the properties of conventional labels in immunoas-
says and cell labeling, leading to enhanced detection capabilities
[5, 6]. Typically, two basic schemes are implemented: either (i)
catalytic nanoparticles (nanozymes), which allow a detection

The specific detection and imaging of biomarkers within can-
cerous tissues are crucial for early diagnosis and treatment.
Traditionally, immunochemical methods combine the
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based on substrate conversion [4, 7], or (ii) luminescent nanopar-
ticles, which allow a direct detection [8]. The most commonly
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used luminescent nanoparticle labels include quantum dots (QD)
[9, 10]. However, other alternatives are being investigated, in-
cluding carbon-based nanoparticles (CD) [11], or lanthanide-
based photon-upconversion nanoparticles (UCNP) [12, 13].
We have recently investigated the feasibility of UCNP for the
background-free visualization of the HER2 biomarker on the
surface of breast cancer cells [14]. The luminescence readout
provided a high sensitivity with an unsurpassed signal-to-
background ratio (SBR). However, this technique allows detect-
ing only the labels with luminescent properties, limiting the ca-
pabilities for multiplexing. Therefore, there is a need for novel
readout techniques which would allow a universal detection of
non-luminescent labels.

Laser-induced breakdown spectroscopy (LIBS) is an optical
emission method complementary to conventionally utilized tech-
niques in bioimaging applications [15]. It offers a fast analysis
(reduction of turnaround time from minutes to microseconds per
single spectrum acquisition), multi-elemental capability and se-
lectivity, a possibility to detect halogens and light elements, and a
reduction of operating and maintenance costs by order of mag-
nitude [16, 17]. All these benefits are provided while satisfacto-
rily conserving the sensitivity. The main advantage of LIBS is
the ability of multi-elemental imaging with a fine resolution
(units of micrometers) on a large scale (few centimeters) [18].

The analytical performance of LIBS has been beneficially
used in many different biological applications. Recently, sever-
al reviews described the general scope of bioimaging [15, 19] or
direct clinical usage [20]. NPs were used for LIBS signal en-
hancement of other analytes [21, 22]. For the characterization of
NPs, optical catapulting-trapping LIBS was used [23].
Repeatedly, LIBS proved to be a useful readout method for
various micro- and nanoparticle-based labels in the so-called
tag-LIBS arrangement. Barcoding based on LIBS-encoded
polystyrene microsphere was used as a coding method for sus-
pension arrays [24]. Ovarian cancer biomarker CA-125 was
detected via titanium dioxide and iron oxide microparticles-
conjugated antibodies [25], metallothionein via Cd-based
QDs [26], and human serum albumin via streptavidin-coated
Ag NP labels [18]. The most recent work focused on the read-
out of lateral-flow immunoassays with Au NPs labeled
Escherichia coli [27].
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Fig. 1 a Scheme of the ICC assay. The primary antibody is used to label
the HER2 biomarker on the cell surface, followed by binding of the
biotinylated secondary antibody and the UCNP-SA conjugate. b
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The LIBS technique proved to be a relevant alternative for
the readout of immunoassays, appropriately applying all its
advantages (multi-element capability and high-throughput).
Recently, the emphasis has been given to the implementation
of LIBS to immunoassays based on various supports (e.g.,
glass, plastics). Such experimental arrangement may be extend-
ed to the analysis of soft tissues or model cell pellets where
proteins of interest are marked with various NPs. Selected
NPs can be combined to create so-called barcode labels with
a specific target conjugation as well as a characteristic emission
response. With this approach, a great variety of micro- and
nanoparticle labels is available to open new possibilities in
barcoding via multi-elemental readout using LIBS. Recently,
the need for new readout methods in bioanalytical chemistry
(especially in immunoassay application) is increasing, and
LIBS represents a suitable alternative. Several milestones were
reached, from the identification of NP-labeled proteins [26] to
applications in nanoparticle-based immunoassays [18], includ-
ing lateral-flow assay [27].

The novelty of this work lies in the specific immunochem-
ical labeling of biomarkers on breast cancer tissues, followed
by the LIBS readout. This approach pushes forward the LIBS
technology in terms of the specific detection of cancer bio-
markers up to the final goal—the development of routine can-
cer diagnostics for biochemical laboratories. Here, we pioneer
the application of LIBS for the readout of nanoparticle-labeled
immunocytochemistry sections. UCNP were conjugated with
streptavidin (SA) and employed for the specific
immunolabeling of the HER2 biomarker on the surface of
breast cancer cell lines (Fig. 1a). The LIBS setup was opti-
mized for imaging of the cells, and a data evaluation approach
that enabled a reliable readout was introduced (Fig. 1b).

Experimental
Chemicals and reagents
Neridronate (Ner), nitrosyl tetrafluoroborate (NOBF,), copper

(II) sulfate pentahydrate, L-ascorbic acid sodium salt, and
Tween 20 were purchased from Merck (Germany). Dry

Schematic representation of LIBS readout, based on the ablation of
material and the detection of Y II 437.49 nm signal
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dimethylformamide (DMF) and SuperBlock TBS (SB) were
obtained from Thermo Fisher Scientific (USA). Streptavidin-
azide was obtained from 7 Bioscience (Germany). o-N-
hydroxysuccinimide-w-alkyne polyethylene glycol (My
3 kDa, Alkyne-PEG-NHS) was purchased from Iris Biotech
(Germany). All other common chemicals were obtained in the
highest quality available from Merck (Germany), Carl Roth
(Germany), and Penta (Czech Republic).

Buffers included phosphate buffer (PB; 50 mM NaH,PO,/
Na,HPO,, pH 7.4), phosphate-buffered saline (PBS; PB with
150 mM NacCl), Tris buffered saline (TBS; 50 mM Tris,
150 mM NacCl, pH 7.5), TBS-T buffer (TBS with 0.05%
Tween 20), assay buffer (10% SuperBlock in TBS, 1 mM KF,
0.05% Tween 20, and 0.05% NaNj, pH 7.5), antibody dilution
buffer (10% SuperBlock in PBS, 0.05% Tween 20, pH 7.5),
10 mM Tris-HCI (pH 7.5), and epitope retrieval buffer (10 mM
Tris, 1 mM EDTA, 0.05% Tween 20, pH 9). The UCNP-SA
labels were prepared according to our previous work [14].

Preparation of UCNP-based labels

UCNP-based labels were prepared according to our previous
work [28]. The NaYF,:Yb**, Tm**-doped UCNP were syn-
thesized by high-temperature co-precipitation [29].

To prepare the Alkyne-PEG-Ner linker, 30 mg of Ner was
dissolved under sonication in 128 pL of 1 M NaOH, and 898 puL
of PB (pH 7.6) was added. This was followed by the addition of
75 mg Alkyne-PEG-NHS in PB (pH 7.6) and incubation for
3.5 h at room temperature and at 4 °C overnight. The synthesized
Alkyne-PEG-Ner linker was dialyzed in a Float-A-Lyzer G2
dialysis device (500-1000 Da MWCO, Fisher Scientific,
Germany) against double-distilled water at 4 °C. The linker
was then lyophilized using Alpha 1-2 freeze dryer (Christ,
Germany) and stored at 4 °C [30].

Oleic acid-capped UCNP (10 mg) dispersed in cyclohex-
ane were mixed with an equivalent volume of
dimethylformamide (DMF), followed by the addition of
10 mg of NOBF,. The mixture was shaken at 30 °C for
20 min, during which the oleic acid was removed from the
nanoparticle surface, and UCNP transferred from cyclohexane
to DMF. The upper cyclohexane phase was discarded, follow-
ed by the addition of an excess of chloroform in order to
precipitate the UCNP. The purification of UCNP was per-
formed using centrifugation at 1000g for 15 min, followed
by a redispersion in DMF, precipitation with chloroform,
and another centrifugation step at 1000 g for 15 min. Then,
1 mL of double-distilled water with 2 mg of the Alkyne-PEG-
Ner linker was used to redisperse the UCNP pellet, and the
mixture was incubated at 4 °C overnight. The alkyne-PEG-
Ner-UCNP conjugates were purified by dialysis in a Float-A-
Lyzer G2 (100 kDa MWCO, Fisher Scientific) against
double-distilled water with 1 mM KF at 4 °C.

For the click reaction, 10 mg of Alkyne-PEG-Ner-
UCNPs in 700 puL water was first diluted with 100 uL of
325 mM Tris-HCI (pH 7.5), and 20 pL of 28.6 mg/mL of
sodium L-ascorbate in double-distilled water was added.
After purging the mixture for 40 min with argon,
streptavidin-azide (100 uL of 1 mg/mL solution) was
added, followed by purging for another 10 min. The start
of the click reaction was catalyzed by the addition of 10 pL.
of 35.7 mM CuSOy, in double-distilled water, followed by
purging with argon for 45 min and sonication for 10 min.
The conjugates were purified by dialysis in Float-A-Lyzer
G2 (100 kDaMWCO) against Tris-HCI (pH 7.5) with 1 mM
KF and 0.05% NaN; at 4 °C [12, 14].

Transmission electron microscopy (TEM) revealed a uni-
form spherical shape with an average diameter of 37 nm. The
DLS number distribution of oleic acid-capped UCNP showed
the size of 38.5 + 1.8 nm, which increased to 63 +3 nm after
the conjugation with streptavidin [28].

Immunochemical labeling of cells

The formalin-fixed paraffin-embedded (FFPE) slides with
BT-474 (HER2 3+) and MDA-MB-231 (HER2 0-1+) cells
[31] were obtained from AMS Biotechnology (UK). First,
xylene (a mixture of isomers) was used to dewax the slides
(3% 5 min), followed by the rehydration using 99% ethanol
(2x 5 min), 90% ethanol (2% 5 min), and water (5 min). In the
next step, the slides were placed in the epitope retrieval buffer
(pre-heated to 60 °C) and heated for 20 min to 80 °C using a
water bath to perform the heat-induced epitope retrieval. After
20 min of cooling down to room temperature, the slides were
transferred to TBS for 2 min, taken out, and dried.

A PAP pen liquid blocker (Science Services, Germany)
was used to encircle (~0.5 cm in diameter) the cell section,
followed by a washing step in TBS for 1 min. The slide was
gently dried; the pellet remained moist. The following steps
were performed at room temperature. The solutions were
added as 50-uL droplets, and before the incubation with a
new reagent, the sample was pre-washed with the reagent
applied. First, a blocking using concentrated SuperBlock with
0.05% Tween 20 was done for 60 min, followed by washing
with TBS (3x 5 min). Second, the cells were incubated with a
rabbit anti-HER2 antibody (ab134182, Abcam, UK) in a con-
centration of 1 pg/mL in antibody dilution buffer for 60 min.
Third, the slides were washed with TBS (3% 5 min), followed
by the incubation with 2 pg/mL of a biotinylated anti-rabbit
antibody (111-065-144, Jackson ImmunoResearch, UK) in
antibody dilution buffer for 60 min. Fourth, the cells were
incubated for 60 min with the prepared nanoparticle conju-
gates (UCNP-SA in varying concentrations) in assay buffer.
Finally, the slides were washed with TBS-T buffer (4x 5 min),
TBS (5 min), 10 mM Tris (5 min), and dried by compressed
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air. The prepared samples were then analyzed with LIBS and
the luminescence readout [14].

Laser-induced breakdown spectroscopy

The LIBS measurements were performed on a custom-made
LIBS Discovery system (CEITEC, Czech Republic)
consisting of an ablation chamber, a nanosecond laser (CFR
Ultra 400, Quantel by Lumibird, France; Nd:YAG 532 nm,
20 Hz, 10 ns), and a Czerny-Turner spectrometer Shamrock
(SR-500i-B2-R, Andor, UK) equipped with a detector iStar
sCMOS (iSTAR-sCMOS-18F-E3, Andor, UK). The whole
cell pellet was analyzed in a raster of 60 x 60 spots with a
100 um step in both directions, one pulse per spot. The setting
of the apparatus was as follows: gate width of 50 us, gate
delay of 500 ns, laser pulse energy of 10 mJ, with a purge of
argon above the sample surface. The LIBS system was opti-
mized a priori to achieve the best signal-to-noise ratio for the
selected emission lines.

The emission line Y 11 437.49 nm was chosen based on our
previous experiments [32]. The LIBS data was processed
using a custom-made C++ software and depicted in the
Imagelab (National Institutes of Health, USA) and Origin
2019b (OriginLab, USA). First, each spectrum was internally
standardized to the total emissivity to reduce pulse-to-pulse
fluctuations. The emission line intensity was estimated as a
sum of intensities over the selected wavelength range as done
in our former work [18]. No background correction was uti-
lized in the data processing. Consequently, the 2D maps of
emission line intensities were created, representing the spatial
distribution of Y in the cell pellet.

The data processing strategy was proposed to analytically
compare the individual approaches in the sample preparation
and intensity response of various label concentrations. LIBS
analysis of one single pellet resulted in the map showing Y 11
437.49 nm intensity distribution. Then, only spectra from the
pellet region were considered; the intensity of Y was estimated
for each spectrum (area under the peak) and summed up.
Thus, the sample (cell pellet with varied UCNP concentration)
was represented by the value of the average Y intensity from
the pellet region and was considered as one point in the ex-
periment design. In turn, the averaged Y II intensity value
served as a figure of merit for comparing individual measure-
ments. The signal-to-noise ratio (SNR) was estimated for each
spectrum in the pilot sample and served for the optimization.

Upconversion microscopy imaging

The UCNP also provided the possibility to monitor their
upconversion luminescence (emission of shorter wavelengths
under near-IR excitation) as a reference readout technique. A
modified wide-field epifluorescence inverted microscope
(Eclipse Ti, Nikon, Japan) [33] was used for the visualization
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of the labeled cells. For the excitation of UCNP, a continuous-
wave 980-nm laser diode (4 W; Wavespectrum, China) was
coupled to the motorized TIRF illuminator unit (TI-TIRF-E,
Nikon) via a multi-mode optical fiber (105 um fiber core,
NA =0.22, Wavespectrum, China). The used filter set
contained a long-pass excitation filter (cut-on 830 nm;
Schott, Germany), a short-pass dichroic mirror (cut-on
875 nm; AHF Analysentechnik, Germany), and a NIR band-
pass emission filter (809 £40 nm). The emission light was
collected with a x20 objective (NA 0.75) and recorded using
a Neo 5.5 vacuum-cooled 5.5-megapixel sCMOS camera
(Andor, UK), which provided a field of view of 832 x
702 um. The software NIS Elements 4.5 Advanced
Research (Nikon) was used to control the microscope. The
images were evaluated by ImagelJ [14].

Luminescence scanning

The upconversion luminescence was scanned using a
Chameleon microplate reader (Hidex, Finland) modified for
the measurement of upconversion. To obtain the images of the
cell pellets, squares of 18 x 18 points with a step size of
500 um were raster-scanned with an exposure time of
500 ms. The images were analyzed by ImageJ. The lumines-
cence intensities of individual cell pellets were evaluated by
placing circular regions of interest with an identical size over
the pellet area, and the gray values of all pixels in the region of
interest were averaged. After the quantitative evaluation, a
bilinear interpolation was used to increase the resolution of
images fivefold, and the resulting images were processed
using Origin 2019b [34].

Results and discussion
Characteristic spectra

In conventional immunochemical methods, nanoparticles are
used as specific labels to improve the detection performance.
The application of nanoparticles also opens new perspectives
in the readout strategy and implementation of novel tech-
niques, such as LIBS. The presence of metallic nanoparticles
within the sample is more favorable for the laser ablation and
the consecutive laser-induced plasma formation resulting in a
satisfactory analytical sensitivity. Thus, it is not necessary to
target the investigated protein but indirectly evaluate its pres-
ence in terms of the characteristic NPs signal.

First, the LIBS experiment was optimized to achieve the
highest SNR value for the selected analytical line. It was done
in a pulse-to-pulse mode, where each spectrum was considered
individually; gate delay and laser pulse energy were the only
varied parameters. The optimal conditions were found to be
10 mJ per laser pulse and 500 ns gate delay; all settings are listed
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in Paragraph 2.5. Interestingly, the use of a 532 nm laser pulse
led to a significant, undesirable damage to the glass substrate.
Thus, lower pulse energy was chosen as a compromise between
the glass damage and good analytical sensitivity. Further optimi-
zation is beyond the scope of this work when considering other
options in the sample treatment (e.g., using other substrates -
polystyrene microplate) and/or laser ablation conditions
(266 nm laser pulse) and different experimental settings (e.g.,
ambient atmosphere and its pressure) [26].

The short-band spectra with characteristic spectral lines
were detected for each laser pulse (Fig. 2). The spectral line
of yttrium, Y 1I 437.49 nm, was selected based on our expe-
rience [32], and used throughout the experiment. The intensity
profiles show distinct differences between positive and control
samples (BT-474 or MDA-MB-231 cell pellet with 700 pg/
mL of UCNP-SA). The intensity profile of a control spectrum
reveals also the Y II 437.49 nm spectral line, which is at the
detection limit. Its presence suggests a non-specific binding of
UCNP for higher concentrations, which is also the case of the
depicted spectra, and a further discussion follows in para-
graph 3.2. In addition, the spectrum reveals the possibility of
simultaneous detection of multiple elements along with yttri-
um, and the possibility of simultaneous detection of increased
concentrations of other elements associated with cancer
growth or with the development of other serious diseases
[20]. However, this advantageous feature mainly suggests that
LIBS has excellent potential in barcodes and multi-element
label readout.

Elemental imaging

After a LIBS system optimization, the LIBS mapping raster
was set to cover a square 60 x 60 points (step size 100 pm)
with respect to the size of the cell pellets (ca 0.5 cm in
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Fig.2 Characteristic spectra of positive and control samples (BT-474 and
MDA-MB-231 cell pellets, respectively) labeled with UCNPs in the
concentration of 700 pug/mL, showing distinct intensity values of the Y
11 437.49 nm spectral line

diameter), and also to display the immediate surroundings.
The center of the scanned area was always set to coincide with
the center of a pellet. For the same conditions, the BT-474
pellet was mapped as a HER2-positive representative of breast
cancer cell lines, and MDA-MB-231 was selected as a HER2-
negative control.

Figure 3a shows the spatial distribution of yttrium-based
UCNP in the cell pellets represented by the Y II 437.49 nm
emission line intensity with varying UCNP-SA label concen-
trations. LIBS enabled to specifically map the presence of
UCNP, showing an evident difference between the positive
and negative samples. However, several undesirable effects
were observed, as well. The isolated spikes on the maps, espe-
cially for higher label concentrations, probably indicate larger
clusters of non-specifically bound nanoparticles [35].
Moreover, the signal tailing on the maps represented by high
intensities appears at the top of the pellet map. It should be
noted that the mapping was realized by consecutive laser pulses
with a bottom-up direction. Lower intensity on the bottom of
the pellet and its upward increase are most probably attributed
to the redeposition of the ablated material. The redeposition
phenomenon has already been observed [32] and is particularly
limiting in terms of using the method for mapping the structures
of cancerous tissues with an appropriate spatial resolution. As a
zigzag-programmed sample motion was used, the signal
shifting on every other line was also apparent.

The quantitative evaluation of the obtained intensity maps
was based on the integration of yttrium intensities over the cell
pellet region (Fig. 3b). This approach allows obtaining one
representative value, which can be used for further processing.
First of all, the area of the map should be carefully selected (in
this case manually) because the pellet area and its position
slightly change for each sample. For this purpose, not only
maps themselves but also images of the sample before abla-
tion were obtained.

The background signals in the case of the control sample
can be considered as the sum of two contributions. The first
one might be attributed to the continuum background of LIBS
emission spectra which is always present. The background in
each LIBS spectrum was not corrected during the evaluation;
thus, Y II intensities were considered with a certain back-
ground. The second contribution might be attributed to the
non-specific adsorption of UCNP on the sample controlled
by an adsorption isotherm that could be derived from the slope
of the control sample line. Furthermore, the dissolution of
UCNP [36] can lead to a release of free Y>* ions, which can
non-specifically adsorb to the cells.

Thus, the diminishing of background signals is possible in
two ways. Appropriate background subtraction and internal
standardization to total emissivity can be used to minimize
the LIBS optical background. The non-specific adsorption of
the label can be reduced by optimizing the UCNP surface
modification and modifying the labeling procedure to
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facilitate the removal of non-specifically bound UCNP. Both
approaches deserve further investigation and will be the sub-
ject of our following experiments.

Overall, an increasing UCNP-SA concentration leads to the
increasing signals for the HER2-positive cell line (BT-474)
and only a small increase for the negative control (MDA-
MB-231). The typical opening scissors shape graph for posi-
tive and control samples indicates a more sensitive detection
for higher concentrations. The UCNP-SA concentration of
7 ng/mL is near the detection limit of the LIBS system, pro-
viding a barely visible signal change and a SBR (Fig. 3¢) of
1.2. Increasing the label concentration up to 140 pg/mL led to
the increase of the specific signal while keeping the low level
of control, reaching a SBR of 3.3. However, further increasing
the UCNP-SA concentration to 700 pg/mL was associated

Fig. 4 a 2D LIBS maps of BT-
474 cell pellets labeled with
UCNP-SA conjugate in a
concentration of 70 pg/mL. b
Average intensities within each of
spots 14 (error bars correspond
to the standard deviations of
intensities within spots; marked in
red) and the total average of the
four mean values obtained from
spots 1—4 (error bar corresponds
to the standard deviation among
the individual averages; marked
in blue)
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with an increase of the negative control signal, which led to
a decrease of SBR to 2.7. This can be explained by the pro-
gressive saturation of the specific binding sites on the BT-474
cell line. On the other hand, the number of potential sites for
non-specific binding is in excess, making the label concentra-
tion the most important factor affecting the SBR.

Finally, the four independent HER2-positive cell pellets
were labeled using UCNP-SA conjugates in a concentration
of 70 ug/mL to study the repeatability of the measurement
(Fig. 4). All the samples provided similar results, showing
the higher intensities on the edge of the pellet, which might
be connected with the drying of the sample (“coffee ring”
effect). Moreover, the rise in the intensity on the top of the
map and beyond the pellet region may be attributed to the
redeposition of the ablated matter. The variability of

b
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Fig. 5 Wide-field upconversion
microscopy images of (a) BT-474
and (b) MDA-MB-231 FFPE cell
pellets after labeling of HER2
biomarker using specific
antibodies and UCNP-SA
conjugate

intensities within one spot was comparable among the sam-
ples; the overall relative standard deviation among the spots
was 8% (Fig. 4b).

Comparison with reference techniques

To incorporate the LIBS method in the context of convention-
al techniques, the same ICC slides were analyzed by
upconversion microscopy and luminescence scanning prior
to the LIBS measurement. Optical microscopy is traditionally
used as a gold standard for the evaluation of the ICC and IHC.
We have recently introduced the application of UCNP-based
labels in this field. The microscopy images after labeling the
BT-474 and MDA-MB-231 cells using UCNP-SA conjugate
in the concentration of 700 pg/mL are shown in Fig. 5.
Specific labeling of HER2 on the cell membranes was visible
on the positive sample of BT-474, whereas practically no sig-
nal was observed on the negative control of MDA-MB-231.

MDA-MB-231

[\

BT-474
z (a.u.)
0.06

0.04

LIBS
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0.00
1 mm
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(op
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Fig. 6 Comparison of (a) LIBS and (b) upconversion scanning of BT-
474 and MDA-MB-231 cells with HER2 biomarker labeled with UCNP-
SA conjugate, using the same scanning area sizes. ¢ The average

Y 11 437.49 nm

(x10°8 CPS)

MDA-MB-231

The main advantage of microscopy compared to scanning-
based approaches is the high resolution, allowing to follow
the distribution of the target within the cellular structures.
On the other hand, conventional optical microscopy is not
optimal for the quantitative determination of the label amount
within the whole spot of cells.

Next, LIBS was compared to upconversion luminescence
scanning (Fig. 6). Both methods were successful in showing
the difference between the HER2-positive and HER2-
negative samples. LIBS provides a higher resolution (step size
of 100 um) compared to upconversion scanning (step size of
500 um); however, it should be noted that both methods might
be able to reach a rather high resolution after further optimi-
zations. The LIBS provided a SBR of 5, whereas
upconversion scanning reached a SBR of 159. Since the actual
amount of UCNP label is the same in both scans, the lower
SBR of LIBS is probably caused by a lower readout sensitiv-
ity. In comparison with luminescence-based methods, LIBS is

(o
0.06
B LBS Y
I Upconversion
- 1.0
< o
S 0.04- %
c 0.8 O
c =)
3 L06 X
N X
(32} —
2 0029 04 8
>—
0.2
0.00 - -0.0

BT-474

MDA-MB-231

intensities evaluated by the two methods. Error bars correspond to the
standard deviation of intensities within the cell pellet
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not limited to labels with luminescent properties, which is an
advantage that needs to be highlighted because it opens up
possibilities for multiplexing.

Laser ablation inductively coupled plasma mass spectrom-
etry (LA-ICP-MS) method is another widely used laser
ablation-based method for the imaging of biomolecules in
tissues by using diverse labels. During the last decade, it be-
came a recognizable tool in the identification and localization
of various biomarkers by NP-labelling directly in tissue sam-
ples, in cultured cells, or even in single-cells [37]. LA-ICP-
MS enables the elemental and isotopic determination of
metals/metalloids in solid samples with a micrometer spatial
resolution (down to 1 wm) at trace levels (achievable sensitiv-
ity down to picomoles) [38]. The widespread use of NP-based
labels for specific-recognition reactions for the determination
of biomolecules by LA-ICP-MS is summarized in the recent
review [39]. Compared to LIBS, LA-ICP-MS is very
instrumentation-demanding method with high operation and
acquisition costs, without the possibility of construction of
cheap, simple, and compact tabletop instruments. The tech-
nique also has other limitations, and its employing for straight-
forward, fast, or remote sensing is impossible.

Conclusions

LIBS was introduced as an alternative readout technique for
ICC and IHC with upconversion nanoparticle labels. Cell pel-
lets of BT-474 (HER2-positive) and MDA-MB-231 (HER2-
negative) were labeled with streptavidin-conjugated UCNPs
through primary anti-HER2 antibody and biotinylated second-
ary antibody.

LIBS enabled a 2D scanning of the sample surface (labeled
cell pellets) through the detection of the characteristic signal of
the Y II 437.49 nm emission line. This approach allowed
indirect imaging of the cell pellets with a resolution of
100 pm. Other elements were detected along with the yttrium
signal, which shows the multi-elemental feature of LIBS and
outlines its further multiplexing and barcoding capabilities.
We have shown that after an appropriate optimization, the
LIBS analysis is stable and reproducible. Additionally, we
have introduced a novel algorithm for LIBS data processing
that provides a platform for the evaluation of 2D scans of
biological samples. The results showed a desired LIBS sensi-
tivity to the yttrium signal and specificity of UCNP-SA, clear-
ly demonstrating the difference between the HER2-positive
and negative cells in ICC readout. The increasing UCNP-SA
concentration led to an increase in the specific binding with a
small effect on the negative control, resulting in an optimal
SBR at a concentration of 140 pg/mL. Finally, the LIBS re-
sults were supported by the upconversion optical microscopy
and upconversion luminescence scanning.

@ Springer

Despite the success of our feasibility study, further im-
provements in terms of lateral resolution and analytical sensi-
tivity are necessary in order to meet the needs of IHC and ICC
readouts. In our future work, we want to focus on enhancing
the scanning resolution while altering the LIBS experimental
apparatus and applying different nanoparticle labels (includ-
ing multi-metal alloys) to test the feasibility of multiplexing
through multi-elemental detection.
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