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Abstract

The authors describe the use of platinum nanoclusters (PtNCs) as bimodal labels in a competitive immunoassay for immuno-
globulin E (IgE). Both fluorometry and inductively coupled plasma — mass spectrometry (ICP-MS) are used. Optimization of the
PtNCs synthesis using lipoic acid as ligand was carried out. The time for synthesis and the effect of NaOH added to the PtNCs
precursor mixture was optimized with the aim to obtain PtNCs with strong red fluorescence and low size dispersity. Maximal
fluorescence was obtained at excitation/emission wavelengths of 455/620 nm. The average diameter (1.5 nm) and crystal
structure (face-centered cubic structure) of the PtNCs were determined by HR-TEM. It was calculated that each PINC contains
116 Pt atoms at average. Labelling of the antibody (Ab) against IgE with PtNCs was optimized in terms of recognition
capabilities and fluorescence intensity. A molar ratio (Ab:PtNCs) of 1:11 is found to be best. A competitive immunoassay for
IgE was developed and detection was carried out by using both ICP-MS (by measuring '*°Pt) and fluorometry. The limit of
detection (LOD) of the fluoroimmunoassay is 0.6 ng mL ™" of IgE. The LOD of the ICP-MS method is as low as 0.08 ng mL ™.
The method was evaluated by analyzing four (spiked) serum samples by ICP-MS. No sample pretreatment excepting dilution is
needed. Results compared favorably with those obtained by a commercial ELISA kit.

Keywords Fluoroimmunoassay - Lipoic acid - One-pot synthesis - Carbodiimide crosslinking - Immunoprobe - Elemental mass
spectrometry

Introduction

Elemental labels have shown a high potential for sensitive
detection of biomolecules by inductively coupled plasma —
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material, which is available to authorized users. thanide atoms covalently attached [5], metal nanoparticles
(NPs) most commonly made of gold [6, 7] with diameters in
the order of 20-50 nm, and quantum dots (QDs) [8, 9] have
been successfully investigated as elemental labels. The use of
labels with many atoms of a given metal per tag will allow
high signal amplification, and thus, good sensitivity for detec-
tion of the corresponding biomolecule. Pure metal nanostruc-
tures, such as AuNPs, contain a core with atoms of just one
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On the other hand, water soluble fluorescent metal
nanoclusters (NCs) with sizes below 3 nm have shown a
burgeoning interest for biomedical and biosensing applications
[11, 12]. The small volume of these NCs makes of interest their
use for labelling of biomolecules such as antibodies (Ab), since
they will have a lower risk of hindering the Ab recognition
capabilities. Gold is, by far, the most common metal employed
for the synthesis of fluorescent NCs [13]. Silver NCs [14, 15]
and copper NCs [16] are also frequently investigated.
Nowadays, the synthesis of fluorescent NCs of other metals is
pursued, such as iridium [17] and molybdenum [18].

Special efforts are being addressed towards the synthesis of
platinum NCs (PtNCs). PtNCs show lower toxicity than QDs
[19] and templates such as proteins, DNA, polymers and
dendrimers have been investigated for the synthesis of water
soluble PtNCs [20-24]. However, major drawbacks of big
scaffolds are the difficulties both to remove the remaining free
templates from the NCs in solution and to isolate the NCs
from the big scaffold. In addition, when using polymers and
dendrimers as templates it has been observed that reaction
blanks often emit a noticeable fluorescence. In contrast, the
synthesis of PtNCs using small thiolated ligands as stabilizing
agents is an attractive alternative to easily isolate and purify
fluorescent PtNCs [25, 26]. Previous work in our laboratory
has shown that the synthesis of fluorescent PtNCs using lipoic
acid is feasible [26]; however, emission was low and studies
about polydispersity were not undertaken.

Sensitive dual detection can be carried out with
immunoprobes labelled with fluorescent NCs for biomole-
cules determination by fluorescence and elemental MS. Each
of the detection methods will offer advantages and limitations.
Therefore it is convenient to compare the analytical perfor-
mance of both. Some works have been published about the
bimodal detection concept using fluorescence and ICP-MS [8,
27-29]. Bustos et al. [8] reported a comparison of both detec-
tion modes with CdSe/ZnS QDs through the measurement of
Cd in the case of ICP-MS. Other examples include the use of a
nanoprobe composed of europium chelated by 1,10-bis(50-
chlorosulfo-thiophene-20-yl1)-4,4,5,5,6,6,7,7-
octafluorodecane-1,3,8,10-tetraone [28], the synthesis of hy-
brid labels containing both a DTPA chelate (coordinated with
either '®Ho or '"'In) and a Cy5 fluorescent dye [27], or by
combining a fluorescent dye (Cy3) with upconversion NPs
[29]. Those probes are compose either of just one metal atom
or of atoms of different heteroatoms (e.g. CdSe), reducing the
amplification capabilities by ICP-MS detection. Therefore,
the described probes are not optimum when comparing ex-
pected signal amplification by ICP-MS and label size.
Within this context, fluorescent NCs with small size and many
atoms of a given metal are worth to be studied as labels for
bimodal detection by fluorescence and ICP-MS.

In this work, the one pot synthesis of PtNCs with lipoic
acid and sodium borohydride is optimized in terms of high
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fluorescence, low size dispersity and PtNCs stability. As a
proof of concept, the synthesized PtNCs were bioconjugated,
via carbodiimide, to anti-human IgE Ab (anti-h IgE) and eval-
uated for the determination of IgE in human serum by fluo-
rescence and ICP-MS. We have selected this protein because
IgE levels typically present in human serum are very low.
Therefore, an analytical methodology with low limits of de-
tection is required for its correct determination. To corroborate
the IgE content obtained with the methodology using PtNCs
labels, a commercial ELISA kit was employed for the same
samples.

Experimental
Reagents and materials

The synthesis of PtNCs was carried out using H,PtCls (8% wt;
Sigma-Aldrich, USA; https://www.sigmaaldrich.com), lipoic
acid (>98% powder; Across Organics, Belgium; http://www.
acros.com) and NaBH, (98% powder, Sigma Aldrich).
Labelling of the selected Ab with the PtNCs was carried out
with 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC)
(98% powder; Across Organics) and N-hydroxysuccinimide
(NHS) (> 98% powder; Sigma-Aldrich). Amicon ultra centrif-
ugal filter units (3 and 100 kDa pore size, Merck Millipore,
Darmstadt, Germany; http://www.merckmillipore.com) were
employed for purification.

ELISA microtitration plates (96 well; Thermo Fisher
Scientific, Germany; https://www.thermofisher.com) were
used to evaluate the recognition capabilities of the Ab
labelled with PtNCs. A polyclonal anti-goat IgG labelled with
horseradish peroxidase (whole molecule, produced in rabbit;
Sigma-Aldrich) and a TMB substrate kit (Thermo Fisher
Scientific) were employed in such studies.

The immunoassay for human-IgE determination was ac-
complished using an immunoprobe consisting of polyclonal
anti-h IgE Ab (e-chain specific, produced in goat; Sigma
Aldrich) labelled in our laboratory with the PtNCs. Native
human IgE protein (Abcam, UK; https://www.abcam.com)
was used as analytic standard. Bovine serum albumin (BSA)
(99% powder, Merck, Germany) and phosphate buffered sa-
line (PBS) (Sigma-Aldrich) solution with 0.05% of surfactant
Tween 20 (Sigma-Aldrich) were employed in the immunoas-
say procedure. These immunoassays were carried out in two
different mountings depending on the detection mode. Poly-
L-lysine surface coated microscope slides (Electron
Microscopy Sciences, Hatfield, PA, USA; http:/www.
electronmicroscopysciences.com) with an adhesive press-to-
seal silicon isolator (Grace bio-labs, Oregon, USA; https://
gracebio.com) were used for confocal microscopy in
fluorescent detection, whereas the immunoassays were
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performed in ELISA microtitration plates (96 well; Thermo
Fisher Scientific) when ICP-MS detection was performed.

Commercial human serum (from human male AB plasma,
USA origin, sterile-filtered, Sigma-Aldrich) was used to inves-
tigate the applicability of the immunoassay with PtNCs. In
addition, three clinical serum samples without any signs of
relevant pathologies were supplied by the Instituto
Oftalmologico Fernandez-Vega (Spain). The study adheres to
the tenets of the Declaration of Helsinki and full ethical approv-
al was obtained for the Clinical Research Ethics Committee at
the Asturias Central University Hospital (Spain). To validate
the methodology, the IgE (human) ELISA Kit (Abnova,
Taiwan; http://www.abnova.com) was used.

Other chemicals were aqua regia, prepared by mixing con-
centrated nitric acid (65%, Merck, Germany) and hydrochlo-
ric acid (37%, Fisher Scientific, USA) in a volume ratio of 1:3,
used for PtNCs digestion prior to ICP-MS analysis, NaOH
(97%, Merck) and H,SO, (Fisher Chemical, Thermo Fisher
Scientific). Boric acid (99.5%, Sigma Aldrich) and KCl (99%,
Sigma Aldrich) were employed to prepare the borate buffered
saline (BBS). Deionized ultrapure water, resistivity
18.2 MQ cm™! (Purelab Flex 3&4, UK; https:/www.
elgalabwater.com), was used in all the experiments.

Instrumentation

Fluorescence measurements in solution were performed with
a spectrofluorimeter (LS-50-B, Perkin Elmer, USA; https://
www.perkinelmer.com). Also, a spectrophotometer (Cary 60
UV-VIS, Agilent Technologies, USA; https://www.agilent.
com) was employed for absorption measurements of the
synthesis precursors and PtNCs suspensions. A Suprasil
quartz cuvette model 101-Qs from Hellma® (Sigma-
Aldrich) was required for such purpose. A high-resolution
transmission electron microscope (HR-TEM) (JEOL JEM-
2100, Tokyo, Japan; https://www.jeol.co.jp) with an energy
dispersive x-ray (EDX) spectrometer for microanalysis
allowed morphological characterization of the PtNCs.
Measurement of the Z-potential of PtNCs suspensions at dif-
ferent pHs was carried out with a Zetasizer Nano ZS (Malvern
analytical Ltd., UK https://www.malvernpanalytical.com).

A laser confocal microscope (DM IRE2; Leica, Germany,
Germany; https://www.leica-microsystems.com) with a 63x
oil immersion objective was employed for measurement of
the immunoassays by fluorescence. Measurements with ICP-
MS (Model 7500; Agilent Technologies) were taken for dif-
ferent purposes: to determine the platinum concentration in
the PtNCs synthesis process, to confirm the platinum mass
balance during the bioconjugation procedure, and to quantify
the IgE protein in the competitive immunoassay measuring
the platinum signal in each well of the ELISA plate.

An absorbance microplate reader (ELx800; Bio-Tek, USA;
https://www.biotek.com), an ultrasonic bath (J.P. Selecta,

Spain; http://grupo-selecta.com), a centrifuge (Gyrozen and
Co., Rep of Korea; https://www.gyrozen.com/index.php), a
magnetic stirring plate (Fisher Scientific), a vortex mixer
(Labbox Labware, Spain; https://esp.labbox.com/) and a
stove (Memmert, Spain, https:/www.memmert.com) were
other equipments used.

Fluorescence data processing was carried out using Image J
software (National Institute of Health, Bethesda, USA; https://
www.nih.gov) and immunoassay curves representation was
done with the online data analysis tool MyAssays Ltd.

Synthesis of PtNCs and labelling of anti-h IgE

50 umol (10.5 mg) of ligand (lipoic acid) was dissolved in
10 mL of deionized water in which 30 uL of freshly 2 M
NaOH was previously added. The mixture was then homoge-
nized with an ultrasonic bath until the ligand was completely
dissolved. Then, 200 puL of 50 mM H,PtClg (1:5 M final ratio
of Pt:ligand) was added under stirring and 5 min later 400 pL
of a 25 mM NaBHj, solution was added dropwise (employing
a syringe). After 15 h at room temperature under stirring, the
excess of reagents were removed by ultrafiltration (3 kDa pore
size Amicon): a first cycle at 1100 g for 10 min and then three
washing steps with deionized H,O at 1600 g for 10 min were
carried out for such purpose. Once the volume was reduced, a
small volume of yellow colored solution containing the PtNCs
remained on the filter. Then, initial volume was restored. The
purified solution was stored in the fridge.

100 puL of anti-h IgE Ab (100 pg mL ") was added in an
Eppendorf tube followed by an excess of the PINCs purified
solution (198 pL, 1:20 M ratio of Ab:PtNCs). As soon as the
PtNCs solution was poured, vortex stirring was started. Then,
10 uL of a solution containing EDC and NHS were added
with a molar ratio Ab:EDC:NHS of 1:1500:1500. After 2 h
at room temperature with constant stirring, purification was
performed by ultrafiltration (100 kDa pore size Amicon) with
a first cycle at 1600 g for 10 min and three washing steps with
deionized H,O at 1600 g for 10 min. The purified solution was
stored in the fridge.

Optimization of the immunoprobe composition

The ratio between the PtNCs label and the anti-h IgE in the
immunoprobe was optimized through a spectrophotometric
immunoassay, using a secondary Ab labelled with horseradish
peroxidase. For such purpose, IgE was immobilized (100 pL/
well of 5 ug mL™" IgE) in an ELISA plate and incubated for
6 h at 37 °C. Then, the excess protein solution was removed
and 200 pL/well of 1% BSA solution in 10 mM PBS (pH 7.4)
was added to block the empty places in the well. The plate was
incubated for 2 h at room temperature. Next, 100 pL/well of
the anti-h IgE (1 pug mL™") was added and kept for 2 h at
37 °C. In this step, the Ab labelled with different molar ratios
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of PtNCs was employed for optimization purposes. After
washing with 0.05% PBS-Tween 20, 100 pL/well of the
anti-goat IgG peroxidase-labelled Ab (diluted 1:20000 in a
buffer containing 1% PBS-BSA and 0.05% Tween 20) was
added and incubated as above. Finally, the plate was washed
and treated with 100 puL/well of the TMB kit. The enzymatic
reaction was stopped with 2 M sulfuric acid (100 pL/well) and
detected in an absorbance plate reader (A =450 nm).

Immunoassay with fluorescent detection using PtNCs
as label

100 pL/well of IgE protein (10 pg mL™") containing EDC
(1500:1 M ratio of EDC:IgE) were added to wells on a poly-
L-lysine coated microscope slide (EDC allowed to improve
immobilization on the slides) and incubated during 2 h at
37 °C. Next, the IgE still in solution was removed and
200 pL/well of 1% BSA in 10 mM PBS (pH 7.4) was added
to each well. The microscope slide was then incubated for 2 h
at room temperature. Then, all wells were washed three times
with 10 mM PBS (pH 7.4) and 0.05% Tween 20 (200 pL/
well).

Concurrently, incubation of the immunoprobe containing
PtNCs as label (100 pL of 10 pug mL™', expressed as Ab
concentration) with 100 pL of the IgE standards or serum
samples in an Eppendorf tube was carried out. To carry out
the competitive reaction, this mixture was added to the previ-
ously treated wells (as described in the above paragraph) and
incubated for 2 h at 37 °C. After the washing steps (three
times) with PBS—Tween 20, the fluorescence was measured.

Immunoassay with ICP-MS detection using PtNCs
as label

Despite the immunoassay steps were the same as those de-
scribed in the above section, the mounting was changed be-
cause of the final step of the required protocol. An ELISA
microwell plate was used for this purpose using ICP-MS de-
tection. Once the last washing step was performed, 50 pL/well
of a solution of 2 M H,SO,4 was added in order to extract the
PtNCs into the solution. After 10 min, the acid solutions were
extracted from the wells to carry out the PtNCs digestion.
200 uL of aqua regia (HNO3:3HCI)/tube were added to oxi-
dize and dissolve platinum and then the tubes were introduced
20 min in an ultrasonic bath. Finally, a 1:200 dilution (5 mL
final volume) of the samples was required to minimize the
percentage of acid introduced into the ICP-MS (<3% v/v).
ICP-MS measurements to determine the platinum concentra-
tion of PtNCs solutions were carried out by external calibra-
tion with pure platinum standards (concentrations from
0.05ng g ' to 20 ng g ') using iridium as internal standard
(isotopes '*°Pt and '**Ir were measured, respectively).
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Human serum analysis

The applicability of the immunoassays with PtNCs was eval-
uated for the analysis of a commercial human serum and three
clinical human serum samples (denoted as Serum 1, Serum 2
and Serum 3) using the same immunoassay procedure as for
the IgE standards. Dilution of the sera was required to fit the
concentrations of the samples into the linear range of the cal-
ibration plots. A 1:1000 dilution with PBS (pH 7.4) was car-
ried out in the case of the commercial serum and the “Serum
17 clinical sample, whereas a 1:500 dilution was used for the
rest of the sera.

The methodology with PtNCs as label was validated using
a commercial ELISA kit.

Results and discussion

Synthesis of fluorescent PtNCs, their bioconjugation to a spe-
cific Ab and their subsequent application as label for detection
of IgE is described. PtNCs have been chosen because they are
fluorescent and also high amplification can be expected by
ICP-MS detection (each label is composed of a cluster of
platinum atoms). Therefore, they can be used for dual detec-
tion. NaBH, (as reducing agent) and lipoic acid (as small
thiolated stabilizing agent) were used for the synthesis of
PtNCs.

Synthesis of PtNCs using lipoic acid as ligand

PtNCs synthesized following the procedure described in the
Experimental section showed fluorescent emission with a
maximum at 620 nm (see Fig. 1). The formation of the
PtNCs was confirmed through absorbance measurements: as
can be seen in Fig. S1 (Electronic Supplementary Material),
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Fig. 1 PtNCs fluorescence characterization. Excitation (gray line) and
emission (black line) spectra of PtNCs in ultrapure water (Aexe =
455 nm, A, =620 nm). The dotted black line corresponds to the
emission spectrum of the synthesis blank. The plot depicts normalized
intensities, given 100 value to the maximum fluorescence signal observed
at 620 nm
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the PtNCs suspension does not have the characteristic absor-
bance band of superficial plasmon resonance typical of bigger
NPs. The blank of the synthesis was prepared under exactly
the same steps than the PtNCs synthesis, excepting that the
platinum salt was not added. As it is collected in Fig. 1, the
emission signal for the reaction blank was negligible.

Lower NaBH, ratios decrease the reaction kinetics, giving
rise to metal NCs of higher quality [14]. Therefore, in order to
obtain PtNCs with higher fluorescence and less dispersity than
those previously reported [26], the selected NaBH, molar ratio
was lower than in the previous work (Pt:lipoic acid:NaBH, of
1:5:1 versus the 1:5:25 previously used). In addition, two ex-
perimental variables were evaluated in the optimization of the
PtNCs synthesis procedure: the synthesis duration and the
effect of 2 M NaOH volume added to the PtNCs precursor
mixture. Regarding the synthesis time, maximum signals were
achieved after 13 h of synthesis at room temperature (Fig. S2
in Electronic Supplementary Material). This time period is
longer than the 6 h previously recommended by Fernandez
et al. [26] and it can be justified in terms of the slower PtNCs
synthesis kinetics due to the lower NaBH, molar ratio
employed.

Regarding the effect of 2 M NaOH volume, Fig. 2 shows a
comparison of fluorescence spectra for the purified PtNCs
suspension obtained under synthesis with three different vol-
umes of 2 M NaOH. Fluorescence signals were higher when
using 30 uL as compared to 20 uL of 2 M NaOH.
Furthermore, the concentration of platinum was measured by
ICP-MS both in the filtered solutions collected during the
purification process (i.e. the unreacted free platinum) and in
the reconstituted suspensions (containing the PtNCs retained
in the ultracentrifugation filter). The PtNCs synthesis yield
was 60% when using 20 uL of 2 M NaOH, while the PINCs
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Fig. 2 Effect of 2 M NaOH volume added to the synthesis mixture of
precursors on PtNCs fluorescence. Continuous black color: 30 pL. NaOH,
continuous gray color: 50 uL NaOH, dotted gray color: 20 uL NaOH. For
comparison purposes the fluorescence was measured at the same pH for
the three syntheses

synthesis yield was found to be 84% for the addition of 30 uL
of 2 M NaOH to the reaction mixture. Here it should be noted
that, as it is depicted in Fig. 2, the increase of fluorescence is
higher than the 24% synthesis yield difference, thus indicating
that PtNCs of higher quality are synthesized with 30 uL of
2 M NaOH.

HR-TEM allowed to measure diameters of the synthesized
PINCs (Fig. 3a shows, as example, the PtNCs synthesized
with 30 uL of 2 M NaOH). Average diameters were deter-
mined from individual PtNCs randomly observed in the HR-
TEM photographs. A smaller size and lower dispersity (1.49
+0.025 nm for n=1800, 99% confidence interval, with the
standard normal distribution) was found for the synthesis
using 30 uL of 2 M NaOH as compared to 20 uL of 2 M
NaOH (1.73 £ 0.044 nm for n= 1800, 99% confidence inter-
val, with the standard normal distribution). In addition, EDX
measurements confirmed that platinum and sulphur were ma-
jor elements of the synthesized PtNCs (the presence of sulphur
is attributed to the lipoic acid used in the synthesis).

Concerning the NaOH volume employed in the synthesis,
Fig. 2 also collects the fluorescence of the purified PtNCs
synthesized with 50 pL of 2 M NaOH. Fluorescence signals
were lower than in the case of 30 uL of 2 M NaOH and the
PtNCs synthesis yield measured by ICP-MS was 73%.
Considering that both fluorescence and synthesis yield were
lower than for the synthesis with 30 uL of 2 M NaOH, no
further studies under these experimental conditions were car-
ried out.

From the above experiments, the addition of 30 uL of 2 M
NaOH to the synthesis precursor mixture was selected. The
PtNCs have a crystalline structure, face-centered cubic struc-
ture of platinum atoms, as observed by the selected area elec-
tron diffraction pattern (Fig. 3b). The knowledge of the crystal
structure allowed to calculate the volume occupied by a unit
cell (6.04-10 % nm>/cell), by considering the mass of a unit cell
(1.30-10 2" g/cell) and the platinum density (21.45 g cm°).
Additionally, dividing the average PtNC volume (diameter
measured by HR-TEM and assuming spherical shape) by the
unit cell volume it was calculated 29 crystal lattices per NC.
As a face-centered cubic structure contains four platinum net
atoms per unit cell, it can be determined that each PtNC is
composed by 116 atoms of platinum on average. This figure is
used to transform the platinum molar concentration deter-
mined by ICP-MS in the PtNCs purified suspension into
PtNCs molar concentration. A value of 67510 mol PtNCs
L™" was experimentally obtained. In addition, the number of
platinum atoms per NC is of interest to calculate the amplifi-
cation expected in experiments with antibodies labelled with
PtNCs and ICP-MS detection.

The effect of the pH was evaluated with the synthesized
PtNCs. As can be observed in Fig. S3a (Electronic
Supplementary Material), the fluorescence signal at 620 nm
of the PtNCs suspension increased when lowering the pH
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Fig. 3 Structural characterization of PtNCs. (a) HR-TEM image of the
PtNCs synthesized under the optimum experimental conditions, and (b)
Selected area electron diffraction pattern of a PEINC determined by HR-
TEM where the four inner electron diffraction rings from the NC are

from 12.4 up to 3.5. In addition, Z-potential measurements
(Fig. S3b in the Electronic Supplementary Material) con-
firmed that PtNCs were stable at pHs higher than 3.5.
Finally, stability experiments of PtNCs under different storage
conditions and in different media were evaluated. Fig. S4a
(Electronic Supplementary Material) shows high stability of
the fluorescence signal (up to 3 months, which was the max-
imum period investigated) in ultrapure water and BBS medi-
um. In the case of PBS, sensitivity starts to decrease after
1 day of storage. Fig. S4b (Electronic Supplementary
Material) collects the time-drive of the PtNCs in ultrapure
water during 2 h in the sample compartment of the fluorimeter
(Aexe =455 nm). No significant changes were observed in the
fluorescence emission.

Selection of anti-h IgE:PtNC molar ratio
in the bioconjugate

Different Ab:PtNC molar ratios (1:1, 1:10, 1:15, 1:20, 1:30
and 1:50) were assayed in the bioconjugation solution to label
the anti-h IgE. To check if the Ab kept its functionality after
being labelled with PtNCs, a study was made for the different
ratios through a spectrophotometric immunoassay. For such
purpose, IgE was immobilized in an ELISA plate and a sec-
ondary Ab labelled with horseradish peroxidase was
employed for detection. Figure 4a depicts the absorbance at
the different Ab:PtNCs molar ratios investigated. The recog-
nition capabilities remained constant for 1:1, 1:10, 1:15 and
1:20 Ab:PtNC molar ratios (these values correspond to ratios
added in the solution to label the Ab). However, the 1:30 ratio
showed slight lower absorbance and the recognition capabil-
ities were drastically lost for the Ab:PtNC molar ratio of 1:50.
Therefore, in order to avoid the blocking of the recognition
capabilities of the anti-h IgE due to the labelling process,
Ab:PtNC molar ratios up to 1:20 were considered in the solu-
tions to label the Ab.
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distinguished. The rings diameter in nm ™" units are collected at the top
right of the image. The radius of the rings diffraction (dgpacing) confirms
the crystal structure of the PNCs to be compared with the Pt metal dgpacing
collected in bibliography

Once the labelling of the Ab with PtNCs was achieved, the
real number of PEINCs per Ab was calculated by measuring the
platinum concentration (by ICP-MS) in labelled-Ab solutions
containing a known amount of Ab. As it is collected in
Table 1, labelling yields decreased with higher PtNCs ratios.
For the 1:1 initial molar ratio in the labelling solution, not all
Ab was labelled (77.6% labelling yield, thus corresponding to
areal 1:0.77 Ab:PtNC molar ratio), while for the 1:20 initial
ratio the labelling yield decreased up to 55.7%, corresponding
to a real 1:11.13 Ab:PtNC molar ratio. Figure 4b collects a
comparison of the emission spectra of the bioconjugate con-
taining 1:0.77 (1:1), 1:8.69 (1:15) and 1:11.13 (1:20)
Ab:PtNC molar ratio and a PtNCs solution with the same
dilution factor. It should be also highlighted that a linear re-
gression was observed when plotting the different real biocon-
jugate molar ratios (up to 1:11.13 Ab:PtNC) versus measured
signals, both for fluorescence at 620 nm and for platinum
concentration determined by ICP-MS (data not shown).

Finally, platinum retained in the ELISA well plates (same
experiment with data presented in Fig. 4a) was measured by
ICP-MS. It is worth to highlight that a linear relationship was
obtained by plotting the detected platinum mass (in ng) versus
the real Ab:PtNCs molar ratio (Fig. S5 in Electronic
Supplementary Material).

Immunoassays for IgE determination
with fluorescence and ICP-MS detection

The determination of IgE using the immunoprobe containing
PtNCs as label (with a Ab:PtNCs real molar ratio of 1:11.13)
was carried out with a competitive immunoassay. Figure 5a
shows the inhibition curve by fluorescence detection follow-
ing the optimized protocol detailed in the Experimental
section (i.e. immunoassay with fluorescent detection using
PtNCs as label) for IgE standards. The calibration plot was
fitted with a four-parameter equation with MyAssays Ltd. and
different inhibitory concentration (IC) values were extracted
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Fig. 4 PtNCs bioconjugation

Q

2.5

optimization. (a) Absorbance
measured in ELISA well plates
for different Ab:PINC molar ra-
tios employed in the reaction so-
lution for Ab labelling.
Uncertainties represent the stan-
dard deviations of the mean of
three independent measurements,
and (b) Comparison of emission
spectra for PtNCs (dotted gray

2.0 1

0.5 1

Absorbance (a.u.)

line) and Ab labelled with PENCs 0.0 -

using different Ab:PtNC molar
ratios, 1:20 (black line), 1:15
(tinny dotted line) and 1:1 (dotted
black line), in the bioconjugation
process (same pH and same
PtNCs dilution in the spectra)

Normalized fluorescence

from the graph. The limit of detection (LOD), corresponding
to I1Cy, was 0.6 ng mL ! of IgE, while the linear range (IC5,-
ICg) extended from 1.6 ng mL™" up to 60 ng mL™" of IgE. It
is interesting to note that this LOD is slightly worse than the
LOD previously reported using AuNCs as fluorescent labels
(0.2 ng mL™" of IgE) [30].

The inhibition curve by ICP-MS detection is collected in
Fig. 5b. The calibration plot was fitted, as above, using a four-
parameter equation. The LOD (IC;() in this case is
0.08 ng mL™" of IgE, which is lower than by fluorescent
measurements with the same PtNCs immunoprobe. Such
LOD is lower than the LOD of 0.2 ng mL™" for IgE with
fluorescent detection using an immunoprobe labelled with
AuNCs [30]. Also, it compares favorably with most recently
published methods for IgE determination in human serum (see
Table 2) [30-38]. With ICP-MS detection of platinum, the
linear range (IC,y-ICgq) extended from 0.10 ng mL! up to
2.6 ngmL ™" of IgE. In addition, it is interesting to note that for

120

e

o

o
'

Ab:PtNCs molar ratios in the solution for Ab labelling

650
Wavelength (nm)

this linear interval we have observed that the plot of IgE mo-
larity (x axis) used for calibration versus the detected platinum
molarity (y axis) follows a linear trend, with a slope of
1264 units. This slope is in agreement with the signal ampli-
fication expected (the immunoprobe contains an average of
11.13 PtNCs per Ab and each NC is composed of 116 atoms
of Pt on average).

Finally, considering the excellent LOD with ICP-MS, the
immunoprobe labelled with PtNCs was investigated for the
determination of IgE in human serum samples by ICP-MS.
To evaluate the effect of the serum matrix, concentrations of 1-
107%,1.5:107%, 1.5:10 and 2:10 pg mL™" of IgE were
added to a commercial serum diluted 1:1000 and results were
introduced (grey marks) into the inhibition curve (Fig. 5b). As
can be observed, the spiked samples fit into the calibration
plots, demonstrating that there are no matrix effects and it is
possible to quantify IgE in diluted serum samples through
calibration with PBS. Next, determination of IgE in four

Table 1 Labelling yield of the Ab
in the bioconjugation process

determined by ICP-MS

Ab:PtNC molar ratio in the solution for Ab labelling 1:1 1:10 1:15 1:20
Labelling yield, % (ICP-MS measurements) 77.60% 62.41% 57.92% 55.67%
Measured (“real”) Ab:PtNC molar ratio in the labelled Ab 1:0.77 1:6.24 1:8.69 1:11.13

@ Springer
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Fig. 5 Calibration curves for IgE determination by competitive format,
using the IgE immunoprobe containing the molar ratio 1:11.13
Ab:PtNCs. (a) Calibration plot by fluorescence detection with laser con-
focal microscopy (Aex =470 nm, range A., =610-650 nm). The y-axis
corresponds to the normalized integrated density signal fluorescence from
the PtNCs in each well (integrated by Imagel] program). Uncertainties
represent the standard deviations of the mean of three independent mea-
surements. (b) Calibration plot by ICP-MS (*°*Pt ion signal intensity was

measured). The y-axis corresponds to the concentration of Pt, calculated
by an external calibration curve with internal standard (*Ir). The black
marks belong to the IgE protein standards in PBS solution for building the
calibration curve and the circle marks correspond to the enriched sera
(with different concentrations of IgE standard). Uncertainties represent
the standard deviations of the mean of three independent measurements”

Table 2 Overview of recently reported nanomaterial and/or based optical sensitive methods for determination of Ig E
Materials used Method LOD Ref.
(ng mL ™
Commercial kits — — Classical ELISA absorbance (ABNOVA). 12 -
- Microarray chip ImmunoCAP ISAC 0.24 -
(Thermo Fisher)
Published Superparamagnetic Fe;O4 NPs Magnetophoretic immunoassay 0.1 [31]
methods Tosyl-activated superparamagnetic Immunoaffinity capillary electrophoresis. 2.4 [32]
beads Fluorescence detection
Chemiluminescence reagent acts as the ~ Aptamer-barcode enhanced 0.87 [33]
signaling molecule and polystyrene chemiluminescence immunosensor
beads as the amplification platform
Poly(dimethylsiloxane) microfluidic Aptamer affinity probe capillary electrophoresis. 7 [34]
electrokinetic concentration chip Fluorescence detection
Bioconjugated AuNPs Lateral flow microarrays 24 [35]
CdS nanospheres and AuNPs Electrochemiluminescence aptasensor 0.02 [36]
Aptamer modified with AgNPs Visual microarray 20 [37]
Polystyrene and super-paramagnetic Microparticle-based competitive immunoassay 24 [38]
particle complexes and visible light absorption
AuNCs Competitive fluoroimmunoassay 0.20 [30]
PtNCs Competitive immunoassay (fluorescence and 0.60 (fluorescence) This work
ICP-MS) & 0.08 (ICP-MS)

@ Springer
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human serum samples was carried out with the immunoprobe
labelled with PtNCs and results are collected in Table S1
(Electronic Supplementary Material). The applicability was
proved through the successful comparison of the IgE concen-
trations with this methodology and those with a commercial
kit (results are also collected in Table S1).

Conclusions

Fluorescent PEINCs were synthesized and studied in terms of
yield, size dispersity, platinum atoms per NC and PENCs concen-
tration. These PtNCs were used to label an anti-h IgE antibody as
a proof of concept. Results showed that the immunoprobe select-
ed as optimum contains an average of 11.13 PtNCs per Ab,
which corresponds to about 1300 Pt atoms per Ab. Further stud-
ies to improve the size dispersity will be appropriate in order to
use them in applications such as single-cell proteins detection.

The bimodal detection capabilities (fluorescence and ICP-
MS) of PtNCs were investigated and compared through a
competitive immunoassay for sensitive detection of IgE. The
huge amplification with ICP-MS detection gave rise to a better
LOD as compared to the fluoroimmunoassay. In any case, it
should be kept in mind that fluorescence measurements are
cheaper than those performed by ICP-MS. Therefore, the
fluoroimmunoassay can be selected when sensitivity require-
ments allow it. In contrast, the low LOD by ICP-MS points
out to the use of this detection system for those analyses re-
quiring high sensitivity or for small sample volumes. In addi-
tion, it should be noted that in our experiments we have de-
tected '°>Pt which has a 33.775% isotopic abundance.
Therefore, the LOD by ICP-MS should be improved with
isotopically-enriched PtNCs.

Finally, it is worth to highlight that the combination of the
PtNCs immunoprobe with ICP-MS detection opens the door
to multiplexed protein analysis by using isotopically-enriched
NC:s. In the particular case of platinum, it is possible to obtain
six different immunoprobes (190Pt, 192Pt, 194Pt, 195p¢  196pg.
and '?*Pt) with the same synthesis protocol, thus increasing
both the multiplexing capabilities and the sensitivity of the
analysis. In addition, future research related to bioimaging
studies by laser ablation coupled to ICP-MS using PtNCs
labels should be expected.
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Results and discussion

Synthesis of PtNCsusing lipoic acid as ligand

The measurement of the absorbance of the reagents used for the synthesis and the
PINCs solution (after 15 hours under stirring) shows the disappearance of the
absorbance peaks corresponding to the isolated reactants when the PtNCs are formed
(Fig S1).

Absorbance (a.u.)

0,0 T L] L LI 1 L L T T T T T T T T T T T T T T T T T
200 225 250 275 300 325
Wavelength (nm)

Fig. S1. Absorbance spectra of the reagents used in the synthesis and the synthesized
PtNCs (continuous black line: PtINCs, dotted black line: H,PtClg, continuous gray line:

lipoic acid).

In order to evaluate the time necessary to complete the synthesis, aliquots from the same
synthesis were measured by fluorescence (at the maximum emission peak at 620 nm).

Results showed maximum fluorescence after 13 hours under stirring (Fig. S2).
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Fig. S2. Effect of synthesis time on the fluorescence signal for a Pt:lipoic acid:NaBH4
molar ratio of 1:5:1 (normalized intensities; given 100 value to the maximum
fluorescence signal obtained for 13 h and above). Uncertainties represent the standard

deviations of the mean of three different synthesis measurements.

Moreover, the effect of pH on the fluorescence and stability of NCs was evaluated. For
such purpose, aiquots from the same synthesis were adjusted at different pHs and
measured by fluorescence (Fig. S3a) and Z-potential (Fig. S3b). As can be seen in Fig.
S3b, Z-potentia confirmed that the PtNCs are stable for pHs higher than 3.
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In order to evaluate the stability of synthesized PtNCs in ultrapure water and two
different buffers (BBS and PBS), emission of PtNCs was measured at different storage
conditions (into the fridge and ambient light). As can be observed in Fig. $4a,
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fluorescence emission kept constant when PtNCs were in water and no differences were
found between storage in cold/dark and ambient conditions. Additionally, while
fluorescence emission of the purified PEINCs in BBS buffer was constant, PINCs in PBS
were less stable. Furthermore, the stability in the fluorimeter, exciting at 455 nm, was
evaluated and the fluorescence stayed during at least 2 hours, as can be observed in Fig.
SAb.
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Fig. $4. Stability of the fluorescence of synthesized PINCs. (a) Normalized intensity of

PINCs in different media and storage conditions (100 value was given to the maximum
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fluorescence signal in each corresponding medium at the initial moment of
measurement). b) Time-drive in the fluorimeter with A:=455 nm and the PINCs in

ultrapure water.

Selection of anti-h IgE:PtNC molar ratio in the bioconjugate

In order to corroborate the relation between the quantities of platinum measured per
well (after the noncompetitive immunoassay was carried out) and the real molar ratios
of PINCs labelled, the plot collected in Fig. S5 was drawn. As can be seen, the
increasing amount of platinum found in each well is directly proportional to the

increasing molar ratio.
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Fig. Sb. Plot collecting the relationship between the real Ab:PtNCs ratio and the
platinum mass detected by ICP-MS in the ELISA wells of the experiments collected in
Fig. 4a. Uncertainties represent the standard deviations of the mean of three independent

measurements.



Immunoassaysfor | gE deter mination with fluorescence and | CP-M S detection

The elemental detection of platinum by ICP-MS as mark to quantify the IgE in serum
was selected because of its higher sensitivity. Comparable results for the quantification
of IgE in the serum samples with the validation kit were obtained, as it is collected in
Table S1.

Table S1. Determination of IgE in four serum samples by the PtINCs immunoassay
using ICP-MS detection and comparison with concentrations found with a commercial
ELISA kit. In both cases uncertainties represent the standard deviations of the mean of

three independent measurements.

[IgE] by PtNCs [IgE] by
immunoassay and commercial
Sample ICP-MS detection ELISA kit
(ngmL™) (ngmL™)
Commercial serum 0.285 £ 0.030 0.280 + 0.025
Serum 1 0.214 £0.012 0.226 + 0.020
Serum 2 0.0914 £0.013 0.0893 £0.012
Serum 3 0.0520 +0.0091 0.0536 +0.0099
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