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ARTICLE INFO ABSTRACT

Keywords: Background and aims: Upconverting nanoparticles (UCNPs) are attractive reporters for immunoassays due to their
Aggregation excellent detectability. Assays sensitive enough to measure baseline level of cardiac troponin I ¢Tnl in healthy
Analytical methods population could be used to identify patients at risk for cardiovascular disease. Aiming for a ¢Tnl assay of such
Luminescence e . . .

Nanoparticles sensitivity, the surface chemistry of the nanoparticles as well as the assay reagents and the protocol were

optimized for monodispersity of the UCNP antibody conjugates (Mab UCNPs) and to minimize their non-specific
interactions with the solid support.

Materials and methods: UCNPs were coated with poly(acrylic acid) via two-step ligand exchange and conjugated
with monoclonal antibodies. The conjugates were applied in a microplate-based sandwich immunoassay using a
combination of two capture antibodies to detect cTnl. Assay was evaluated according to guidelines of Clinical &
Laboratory Standards Institute.

Results: The limit of detection and limit of blank of the assay were 0.13 ng/L and 0.01 ng/L cTnl, respectively.
The recoveries were >90% in spiked plasma in the linear range. The within- and between-run imprecisions were
<10%.

Conclusion: The results demonstrate that UCNPs enable quantification of ¢Tnl concentrations expected in plasma
of healthy individuals and could be used to identify patients at risk for cardiovascular disease.

Surface chemistry

1. Introduction kinetically enhanced binding affinity,[5] thus further improving sensi-

tivity of detection.

Upconverting nanoparticles (UCNPs) have various characteristics,
which make them attractive luminescent reporters in biomolecule
detection.[1] Unlike other photoluminescent materials, UCNPs can
convert low energy near-infrared light to high energy light through
sequential and cumulative absorption of photons, resulting in anti-
Stokes shifted upconversion luminescence (UCL) emission.[2] This
feature enables the spectral elimination of autofluorescence, making
UCNPs highly detectable. The hardware required for the detection of
UCNPs is also simple and affordable compared to, for example, use of
time gated detection technologies for elimination of autofluorescence.
[3] UCNPs also do not suffer from photobleaching,[4] and multiple
antibodies can be conjugated to individual UCNPs resulting in

The diagnosis of myocardial infarction relies heavily on the detection
of cardiac troponin,[6] usually either I or T (cTnl or c¢TnT) sub-
components of the troponin complex, of which c¢Tnl is the target of most
current assays. The emergence of high sensitivity (hs) detection methods
for cardiac troponin has enabled rapid diagnostics of myocardial
infarction and shortened the emergency room waiting times, as smaller
changes in troponin levels are detected and time interval between blood
sampling is reduced.[6] Capability of measuring the baseline levels of
cTnl also enables predicting the risk of future myocardial infarctions,
but this level of sensitivity has only been sparsely reached with a few hs-
cTnl assays.[7] In addition, there is novel evidence that quantitation of
cardiac biomarkers can be used as a prognostic tool for evaluating the

Abbreviations: UCNPs, upconverting nanoparticles; UCL, upconversion luminescence; c¢Tnl/-T, cardiac troponin I/T; hs, high sensitivity; IFCC, International
Federation of Clinical Chemistry and Laboratory Medicine; LoD, limit of detection; SD, standard deviation; PAA, poly(acrylic acid); ADMA, 2-amino-N,N-dime-
thylacetamide; DBU-1, 8-Diazabicyclo[5.4.0]-7-undecene; TEM, transmission electron microscopy; CLSI, Clinical & Laboratory Standards Institute; LoB, limit of
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outcome in Covid-19 patients,[8] which further augments the need for
hs-troponin assays.

Accurate comparison of troponin assays is made difficult by the lack
of international standardization.[9] However, The International Feder-
ation of Clinical Chemistry and Laboratory Medicine (IFCC) has listed
the analytical characteristics of current hs-cTnl assays as announced by
the manufacturers, and the limits of detection (LoD) vary mostly be-
tween 1 and 5 ng/L cTnl.[9] The highest sensitivity among the assays
mentioned in the list was achieved by the Singulex Clarity system (LoD
0.08 ng/L), which is based on single molecule counting, a niche tech-
nology involving a highly specialized assay platform. Application of
UCL-technology for the detection of cTnl has resulted in LoDs as low as
1.68 ng/L[3] and 0.48 ng/L[10] cTnl (determined by 3 x standard
deviation [SD] of zero calibrator) in heterogeneous sandwich assays on
microtiter plates.

The main sensitivity limiting factors in UCL-assays have widely been
considered to be non-specific binding of UCNP reporter conjugates and
aggregation, especially in biological matrices, as discussed also in the
above-mentioned publications. The greatest factor influencing the loss
of monodispersity has been concluded to be the surface chemistry of
UCNPs.[11,12] The issue of non-specific binding, however, requires fine
tuning of all aspects of the assay and has been previously approached by
adjusting buffer compositions[10] and pre-processing the biological
sample to remove the components causing non-specific binding,[13]
among others.

This article presents to our knowledge the most sensitive cTnl
immunoassay in microtitration plate platform ever published. For the
assay the UCNPs were coated with poly(acrylic acid) (PAA) via two-step
ligand exchange process using NOBF,4 as the intermediate, followed by
conjugation to monoclonal antibodies (Mab). The coating and conju-
gation procedures were optimized to improve monodispersity and
reduce the non-specific binding to solid support. The heterogeneous
sandwich assay was carried out in a standard 96-well microtiter plate
format and did not involve complex sample pretreatment steps. The
assay reagents and protocol were also optimized to improve the sensi-
tivity of detection. The assay principle is presented in Fig. 1. Successful
reduction of aggregation and non-specific binding of the reporter

NaYF,: Yb*', Er*-

Fig. 1. Principle of the super-sensitive upconversion luminescence based
immunoassay for the detection of cTnl. Streptavidin (grey) passively coated
inside a microtiter well immobilizes biotinylated (black sphere) capture anti-
bodies (yellow). The analyte cTnl (green) is detected by the antibody (orange)
conjugated PAA-coated UCNPs. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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conjugate, as well as careful optimizations of the assay reagents and
conditions, culminated in the achieved remarkable sensitivity. To vali-
date the accuracy of the calibrators, a commercial hs-cTnl assay was
used as a reference assay.

2. Experimental section
2.1. Materials and reagents

Upconverting nanoparticles were synthesized as described previ-
ously [14]. Monoclonal capture antibody clones 19C7 and 9707 (Mab
19C7 and Mab 9707) were from HyTest (Turku, Finland) and Medix
Biochemica (Espoo, Finland), respectively, and were biotinylated as
described previously [15]. Monoclonal antibody clone 625 (Mab 625)
was purchased from HyTest, as well as the human cardiac troponin ITC-
complex. Probumin BSA used for blocking the streptavidin plates and
casein from bovine milk (Calbiochem) were purchased from Merck
Millipore (Burlington, Massachusetts). BSA for other uses was from
Bioreba AG (Reinach, Germany). Fat-free milk powder was purchased
from Valio Oy (Helsinki, Finland). C8 Lockwell LUMI White Maxisorp
microtiter plates were purchased from Thermo Scientific (Waltham,
Massachusetts) and passively coated with 1 pug/well streptavidin (Bio-
spa, Milan, Italy) as described previously [16]. The assay buffer and
wash buffer were purchased from Kaivogen Oy (Turku, Finland). Mouse
IgG was purchased from Meridian Life Science (Memphis, Tennessee).
Denatured mouse IgG was prepared by incubation in 63 °C for 30 min. In
addition, 2-amino-N,N-dimethylacetamide (ADMA) was purchased from
Combi-Blocks (San Diego, California), D(+)-trehalose dehydrate from
VWR (Radnor, Pennsylvania), and 1,8-Diazabicyclo[5.4.0]-7-undecene
(DBU) from TCI (Tokyo, Japan), while all other reagents were pur-
chased from Sigma Aldrich (Saint Louis, Pennsylvania). Blood for the
plasma pool was collected from five anonymized healthy volunteers in
lithium-heparin vacuum tubes (Vacuette® 9 ml, Greiner Bio-one,
Kremsmiinster, Austria) in compliance with the Helsinki agreement.

2.2. Surface modification of UCNPs

The size of oleic acid-capped NaYF4: 17% Yb®", 3% Er’* UCNPs in
toluene was measured with transmission electron microscopy (TEM)
imaging based technique described in the Supporting Information (SI).
They were rendered water soluble by tetrafluoroborate (BF4 ) ligand
exchange, as described previously [17]. The BF-ligand was exchanged
to PAA (Mw 2000) in two alternative ways, the first approach following
the coating described previously [17]. In the second approach, a two-
fold mass excess of PAA was added to the BF4-coated UCNPs, followed
by addition DBU to reach pH 9 (4 % [v/v] DBU in final reaction), and of
DMF to adjust the concentration of PAA to 3.33 % (w/v) in the final
reaction. The main difference between the methods was that in the first
version, PAA was added to the reaction as a 10% (w/v) solution in
NaOH-adjusted water of pH 9, instead of using DBU. Both reactions were
incubated for 24 h in 60 °C at 1400 rpm rotation and washed as
described previously [17]. The difference between use of DBU or NaOH
in the pH adjustment of PAA-coating reaction of UCNPs was studied. The
proportion of clustered (non-bioconjugated) PAA-UCNPs in the solution
and their size distribution was evaluated on gel electrophoresis [18]
following a protocol described previously [17]. After bioconjugation,
the Mab-UCNPs were tested in a cTnl assay using 0.05-5000 ng/L cTnl
calibrators, following a protocol also described previously [10]. The
same mass of Mab-UCNPs was used, the only difference between the
used Mab-UCNP solutions was the base used in the pH adjustment of the
PAA-coating reaction. Sensitivities of the assays conducted with both
coating methods were calculated from linear fit on Origin 8 (Origin Lab,
Northampton, MA) of zero calibrator subtracted UCL signals based on 3
x SD of zero calibrator. UCL signal-to-background (zero calibrator) ra-
tios were also calculated for all calibrator concentrations.
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2.3. Bioconjugation of PAA-UCNPs

PAA-UCNPs were conjugated to Mab 625 as described previously
[10] using EDC/sulfo-NHS chemistry in 20 mM 2-(N-morpholino)etha-
nesulfonic acid (MES)-buffer (pH 6.1), with a few modifications. First, in
a conjugation reaction of 2 mg UCNPs in 250 pL, 30 mM of sulfo-NHS
was used with either 2.5; 5; 10; 15; 20 or 30 mM of EDC. Secondly,
the surface was blocked by adding ADMA (as 2 M solution in water, pH
11) to a final concentration of 50 mM in reaction and slowly rotating the
tube at room temperature for 30 min. After washing, the antibody-
conjugated UCNPs (Mab-UCNPs) were suspended in Mab-UCNP stor-
age buffer (5 mM Tris, pH 8.5, 0.05 % Tween-85, 0.5 % BSA, 0,05% PAA
(Mw 1200), 5% trehalose, 5% ethylene glycol and 0.05% NaNs3 [w/v])
and stored in +4 °C. Cluster abundance was studied in a filtration test, as
described previously [17]. The Mab-UCNPs conjugated with different
EDC to sulfo-NHS -ratios were incubated for 30 min in sample buffer
with 20% (v/v) of either 7.5% (w/v) BSA-TSA or plasma, before filtra-
tion through 0.22 and 0.1 pm pore size syringe filters. The binding ef-
ficiency of the Mab-UCNPs, defined as analyte-bound fraction of the
Mab-UCNPs added in the well, was evaluated in an activity assay
[18]. cTnl calibrators of 50; 500 and 5000 ng/L in three replicates and
10 ng/well of Mab-UCNPs were used. The total UCL of Mab-UCNPs was
measured from the wells at the start of the detection incubation and the
UCL of analyte-bound Mab-UCNPs after the assay from dried well. The
analyte bound fractions with 50 ng/L and 500 ng/L cTnI were multiplied
with factors 100 and 10 (respectively) to scale them to correspond that
of the 5000 ng/L calibrator, and the average binding efficiency was
calculated.

2.4. Immunoassay protocol

The assay was modified from a previously published protocol [10].
The optimization of streptavidin brand, the pH of wash buffer after Mab-
UCNP incubation in assay, type of 9707 capture antibody, proportion of
sample (calibrator or spiked plasma pool) in sample buffer, along with
the incubation time and concentration of Mab-UCNP in the assay, are
described in detail in the SI. A Mab-UCNP dilution was prepared 30 min
prior to starting the assay by diluting Mab-UCNPs to modified assay
buffer (assay buffer supplemented with 1 mM KF, 0.05% PAA (Mw
1200), 0.2% fat-free milk powder, 0.08% native mouse IgG and 0.005%
denatured mouse IgG [w/Vv]) to a concentration of 4.0 ng Mab-UCNPs/
uL. The plate was prewashed and biotinylated anti-cTnl capture anti-
bodies Mab 19C7 and Mab 9707 were immobilized to the wells (100 ng/
well each in 50 pL assay buffer) by incubating 30 min in slow shaking at
room temperature. The plate was washed once with wash buffer. The
cTnl calibrators (zero calibrator and 0.05-50 000 ng/L cTnl) were pre-
pared in 7.5% BSA-TSA (50 mM Tris, pH 7.75, 150 mM NacCl and 0.05%
NaN3, with 7.5% BSA, [w/v]), and diluted in sample buffer (37.5 mM
Tris, pH 8, with 0.5 M NaCl, 0.06% bovine gamma-globulin, 2.5% BSA,
5% D-trehalose, 37.5 U/mL heparin, 0.08% native mouse IgG, 0.005%
denatured mouse IgG, 0.2% casein, 0.0375% NaNs, [w/v]), using 80%
cTnl calibrator and 20% sample buffer (v/v). Plasma was centrifuged
3 000g for 10 min to remove precipitated plasma components and the
supernatant was diluted to sample buffer similarly to the cTnl calibra-
tors. The calibrators and plasma samples were pipetted 50 puL/well and
incubated in slow shaking at room temperature for 30 min, followed by
washing once. The Mab-UCNP dilution prepared earlier was sonicated
with a vial tweeter sonicator (3 cycles, 0.5 s with 100% amplitude,
Hielscher Ultrasonics GmBH, Germany) and pipetted 50 uL/well, incu-
bated for 15 min at room temperature in slow shaking, after which the
plate was washed four times and allowed to dry for approx. 45 min
before measurement. Unlike all previous washes, the pH of the wash
buffer was adjusted to 10.25 with NaOH for the last wash. Upconversion
luminescence in the bottoms of the dry wells was measured with a 3x3
raster program (1.5 mm between points) at 540 nm using a modified
Plate Chameleon microplate reader (Hidex Oy, Turku, Finland)
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equipped with a 980 nm laser [1].
2.5. Assay evaluation

Linear range of the assay was determined. Assay performance eval-
uation was conducted following the Classical Approach of Clinical &
Laboratory Standards institute (CLSI) Guideline EP17-A2. Four blank
samples (80% zero calibrator [7.5% BSA-TSA], 20% sample buffer) were
assayed on four days and the limit of blank (LoB) was determined on a
nonparametric analysis of the total 60 replicates of blank. For deter-
mination of the limit of detection, four low cTnl level plasma samples
(80% non-spiked plasma, 20% sample buffer) were assayed as four
replicates on four days, followed by parametric analysis of results of the
total 64 replicates. The LoD was also calculated according to IUPAC-
definition as 3 x SD of zero calibrator [19] and linear fit analysis with
Origin 8 based on the same assays as the CLSI-based LoD calculations.
Within- and between-run precisions were calculated for the standard
curve for five assay repeats, where each concentration was measured in
four replicates per assay. Recovery percentages were determined
throughout the dynamic range by spiking pooled plasma and each
concentration at the linear range was quantified as 4 replicates. The
concentration of non-spiked plasma was reduced from the spiked plasma
concentrations for recovery percentage calculations.

2.6. Reference assay

Quantification of c¢Tnl concentrations in spiked plasma samples was
validated via reference assay. The cTnl calibrators and the samples
pepared from human plasma pool by spiking with 0-250 ng/L I-T-C-
complex were divided in two idential aliquots to be assayed with the
developed assay and a commercial assay (Siemens Atellica IM hs-Tnl) at
HUSLAB (Helsinki, Finland). The limit of quantitation of the reference
assay was 3 ng/L cTnl.

2.7. Depletion of cTnl from plasma

Depletion of cTnl from the plasma pool was performed by using the
capture Mabs 19C7 and 9707 immobilized on a microtiter plate as
described for the assay. Pooled plasma was centrifuged as described and
incubated on the plate 50 uL/well at room temperature in slow shaking
for one hour, followed by collection and pooling. The cTnl concentration
measured from the depleted plasma pool was subtracted from the con-
centration measured from the non-depleted pooled plasma in a cTnl
assay (as described) to estimate the amount of inherent cTnl.

2. Results

3.1. The effect of base in PAA-coating to monodispersity and assay
performance

The pH in the PAA-coating reaction was adjusted to 9 using either
NaOH or 1,8-Diazabicyclo[5.4.0]-7-undecene (DBU). Using DBU in the
PAA-coating reaction yielded PAA-UCNPs with narrower size distribu-
tion and larger portion of monodispersed particles compared to using
NaOH, characterized by gel electrophoresis[18] (Fig. 2a). The analyte
specific UCL signals in a cTnl assay were doubled for antibody conju-
gated UCNPs (Mab-UCNPs) which had been PAA-coated using DBU
(Fig. 2b). The LoD (as 3 x SD of zero calibrator) reached 2.7 ng/L with
Mab-UCNPs PAA-coated with DBU, being 4.4-fold more sensitive
compared to the coating where NaOH was used, with which the LoD was
12.0 ng/L (assayed with 20% calibrator in sample buffer).

3.2. The effect of EDC to sulfo-NHS ratio to monodispersity and binding
efficiency

The effect of EDC-to-sulfo-NHS-ratio in bioconjugation of UCNPs was
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Fig. 2. Comparison of UCNPs with either DBU (black) or NaOH (red) used in
the pH-adjustment of PAA-coating reaction. a) UCL intensity graph of agarose
gel electrophoresis on PAA-UCNPs, with scanning composite 2D-image of the
agarose gel (scanned under 976 nm excitation and measured at 540 nm). b)
Calibration curves of corresponding Mab-UCNPs in a cTnl-assay. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

characterized by using 2.5-30 mM EDC with 30 mM sulfo-NHS in a
conjugation reaction. The EDC concentration was inversely proportional
to the cluster formation tendency of the Mab-UCNPs throughout the
tested EDC-concentrations. The percentage yield of Mab-UCNPs in
buffer filtered through 0.1 um pore size membrane almost doubled when
the EDC concentration was decreased from 20 mM to 2.5 mM (Fig. 3a).
The yield of filtration after incubation in plasma also increased by about
40% (Fig. 3b). The binding efficiencies of Mab-UCNPs, defined as con-
centration normalized analyte-bound fractions of the Mab-UCNPs added
in the well, were over 5-fold when 2.5 mM EDC was used compared to
30 mM EDC. A clear increase in binding efficiency was seen throughout
the series (Fig. 3c).

3.3. Assay performance and cTnl-depletion of health human plasma pool

The effects of assay reagents and protocol to the detection perfor-
mance are shown in the SI, including different streptavidin brands, the
pH of wash buffer after Mab-UCNP incubation, type of anti-cTnI 9707
capture antibody, changes in the relative proportion of the sample vol-
ume, the incubation time and the concentration of Mab-UCNP. The
calibration curve of the optimized upconversion-based sandwich
immunoassay with shown LoB and LoD (based on CLSI-criteria
described in the SI) and within- and between-run precisions is shown
in Fig. 4. The calibration curve was drawn using zero calibrator sub-
tracted UCL signals and was linear between 0.05 and 500 ng/L cTnI (y =
ax + b, where a = 22346 =+ 229 and b = 131 + 150, R? = 1.00). For the
linear range of concentrations, the average within-run coefficients of
variation were 2.0-4.7% and between-run 4.8-7.2%, except for 500 ng/
L, which was 8.8%, all for five runs on five days. The LoB and LoD based
on the CLSI-criteria were 0.01 and 0.13 ng/L cTnl, respectively, and the
LoD calculated as 3 x SD of zero calibrator for comparison was 0.06 ng/
L. The four low analyte level samples used for LoD determination were
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Fig. 4. Calibration curve. The linear range is highlighted as bold black line, and
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measured with this assay to have inherent cTnl concentrations between
0.24 and 1.34 ng/L (24-134 x LoB). The cTnl recovery percentages from
spiked plasma pool were between 91 and 97%, apart from 0.05 and 5
ng/L cTnl-spiked samples, which had 130% and 86% recoveries,
respectively. Results of the analysis of the employed calibrators and
spiked plasma pool samples with the reference assay are shown in the SI
(Table S1).

Healthy human plasma pool was depleted of cTnl via incubation in
microtiter plates coated with biotinylated cTnl-capture antibodies, and
the UCL signal was measured with the assay. The zero-calibrator sub-
tracted UCL signal of the plasma pool dropped by 83% when plasma was
depleted of cTnl and corresponded to concentration decrease of 0.84 ng/
L cTnl (Figure S6).

4. Discussion
4.1. Surface chemistry of the reporter

Surface chemistry of the Mab-UCNP reporter was shown in this study
to significantly affect the performance of the assay. Replacing NaOH
with organic base DBU in the ligand exchange step was shown to in-
crease the proportion of monodisperse Mab-UCNPs. Hypothetically,
DMF in the coating medium could react with NaOH[20] yielding
formate and dimethylamine, the latter of which would further react with
the carboxylic acid groups of PAA, for example leading to reduction of
solubility or polymerization. Such pathway would lead to less PAA being
available in the reaction. The hypothesis was supported by the forma-
tion of a visible pellet when DMF, NaOH and PAA are mixed, but not in
the absence of any of the three, or when NaOH was replaced with DBU.
Also, when adding dimethylamine directly to a solution of DMF and
PAA, asimilar pellet was formed (results not shown). The mechanism for
the improved behaviour of the conjugate with DBU was, however, not
studied further.

Improving the monodispersity of the reporter by changing the base
was shown to correlate with improved signal level in the assay. This may
be due to increased proportion of discrete reactive units in the same
mass of Mab-UCNPs (i.e. higher molar concentration) and reduced steric
hindrance in detection of the surface bound analyte due the absence of
large UCNP-clusters. This hypothesis was also supported by the
increased binding efficiency with further improved monodispersity of
the reporter after optimization of EDC to sulfo-NHS ratio.

4.2. Assay optimization

After optimizing the surface chemistry of the UCNP reporter, the
effect of other assay components and the protocol were studied to
further improve sensitivity of cTnl detection. The brand of streptavidin
used to coat the assay plates was shown to have an immense effect on the
assay performance. The differences between UCL signal-to-background-
ratios of calibrators were 3.5-fold between the most and least suitable
streptavidin type (Figure S2a). Using the best streptavidin also reduced
non-specific binding in plasma, which can be seen as reduced signal
level in non-spiked plasma (Figure S2b).

Higher pH of wash buffer after Mab-UCNP incubation decreased the
level of non-specific binding leading to improved UCL signal to back-
ground ratios up to pH 10.25, followed by a substantial loss in analyte
specific signal at pH 10.75 (Figure S3). This indicates that some of the
non-specific binding is charge-related. The negative charge of PAA-
coated UCNPs may efficiently bind to positively charged amino-acid
residues on the plate surface but in pH 10.25, most of the residues
have a negative charge.[21] The loss of analyte specific signal at higher
pH is possibly due to deterioration of interactions caused by protein
denaturation.[22]

By changing the type of anti-cTnl 9707 binder from Fab to the entire
antibody, higher analyte specific UCL signals were measured in both
buffer and plasma (Figure S4), in contrast to previous research, where
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using the Fab-version reduced the level of matrix-related interferences
in a cTnl assay.[23] After optimization of other features, the proportion
of sample (calibrator or spiked plasma pool) in sample buffer could be
increased from previous 20%[310] to 80% for maximal analyte specific
signals (Figure S4), showing successful reduction of matrix related in-
terferences in this research.

The analyte binding kinetics of the Mab-UCNPs were studied by
altering the length of detection incubation (Figure S5a). From 60 min
onward, the change rate of analyte specific UCL signal decelerated to
that of non-specific binding, and no change in the signal-to-background
ratio was observed between 60 and 120 min. Half of the maximum
signal was already achieved in 15 min. Using an incubation time longer
than 15 min would not improve the performance of the assay signifi-
cantly enough when considering the increase in assay duration, and thus
it was chosen as the optimal incubation time of Mab-UCNP-tracer in the
assay.

In previously published UCL assays, the binding kinetics of Mab-
UCNPs with time has been rather similar.[310] However, in both the
previous assays the growth-rate of analyte-specific UCL signal is slowed
down and overcome by the growth-rate of the background signal after
either 15,[3] or 30[10] minutes, which can be seen as a decrease of
signal-to-background ratio. Thus, the non-specific binding of the Mab-
UCNPs is significantly less pronounced in the assay presented here,
with the optimized surface chemistry and assay conditions.

The optimal reporter concentration for the UCL assay was defined as
the concentration of Mab-UCNPs, with which the UCL signal-to-
background-ratio in buffer was as high as possible, while the cTnlI re-
covery from plasma was the closest to 100%. Using 200 ng/well Mab-
UCNPs filled the criteria with recovery of 91% without a significant
drop in signal-to-background-ratio compared to the concentration with
the highest signal-to-background-ratio (Figure S5b).

4.3. Assay performance and reference assay

In addition to the remarkably low LoD obtained according to CLSI
guidelines, extensive evidence was provided for the hypothesis that the
assay can reliably detect and quantify cTnl concentrations below the
range of healthy human population. The cTnl concentrations of the four
low analyte level samples used for LoD determination fell in the range of
normal cTnl levels in healthy human population, according to a study
conducted with Singulex Clarity cTnl-assay. [24] However, as cTnl is
lacking international standardization, reference values should be
determined separately for each method.[25] Alternatively, healthy
human plasma pool was depleted of cTnl and a clearly measurable
decrease in plasma concentration upon the cTnl depletion was observed
with the developed assay. In addition to supporting the hypothesis, this
result also confirmed that the assay background measured for the
plasma pool was principally due to the small concentration of cTnl
present and not the sample-associated non-specific binding.

Duplicates of the employed calibrators and spiked plasma pool
samples were further assayed using Siemens Atellica IM hs-Tnl (limit of
quantification 3 ng/L). The results showed excellent agreement between
the two assays in all concentrations above 3 ng/L. Since the UCL-assay
exhibited flawless linearity, the results supported the validity of the
reported cTnl-concentrations also below 3 ng/L down to the LoD. The
reference assay also confirmed that the concentration of the plasma pool
was less than 3 ng/L.

The excellent correspondence between the two assays can be partly
attributed to a similar setup and antibody configuration between the two
assays. The Siemens Atellica is also a three-site sandwich immunoassay,
with two out of three detected epitopes overlapping with the ones
detected in the UCL assay (antibodies in Siemens Atellica detect cTnl
amino acid regions 41-50, 171-190 and 29-34 [9], while the antibodies
used in the UCL assay detect regions 41-49, 171-190 [26] and 190-195
[27D).
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5. Conclusion

In this research we optimized the surface chemistry of UCNP-
antibody conjugates, as well as the reagents and assay protocol for
highly sensitive detection of cTnl. We succeeded to reduce the cluster
formation tendency of the UCNP-conjugates and their non-specific
binding in the assay, resulting in unprecedented sensitivity in c¢Tnl
detection. The assay was able to reliably quantify the cTnl levels of the
plasma pool of healthy volunteers, and the LoD achieved (0.13 ng/L
calculated according to CLSI guidelines) is over 10-fold more sensitive
than reported for the majority of most commercial hs-cTnl assays, and
has not been reached before in an analog sandwich immunoassay format
with other reporter systems. Currently, this LoD is only surpassed by
Singulex Clarity with LoD of 0.08 ng/L, which uses digital detection on a
highly specialized assay platform. Although comparability between cTnl
assays is uncertain due to the lack of international standardization, the
results were fully comparable with the Siemens Atellica hs-Tnl. The
outstanding sensitivity achieved using the UCL intensity readout and
standard 96-well microtitration plate platform demonstrates the unique
potential of UCNPs as reporters in ultra-sensitive biomolecule detection.

CRediT authorship contribution statement

Kirsti Raiko: Conceptualization, Formal analysis, Investigation,
Writing — original draft, Visualization. Annika Lyytikainen: Formal
analysis, Investigation, Writing — review & editing, Visualization.
Miikka Ekman: Formal analysis, Investigation, Writing — review &
editing. Aleksi Nokelainen: Methodology, Writing — review & editing.
Satu Lahtinen: Conceptualization, Methodology, Writing — review &
editing. Tero Soukka: Conceptualization, Methodology, Writing — re-
view & editing, Supervision, Funding acquisition.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

This research was funded by Business Finland. The authors wish to
thank Jaana Rosenberg from University of Turku for kindly synthesizing
the UCNPs. TEM images were taken in the Laboratory of Electron Mi-
croscopy at the University of Turku.

Appendix A. Supplementary material

TEM-imaging and size determination of UCNPs, effect of streptavidin
type in plate coating, effect of wash buffer pH after conjugation incu-
bation in assay, analyte-binding kinetics of label conjugate and label
concentration in assay, effect of cTnl depletion of healthy human plasma
pool, and results of comparison with Siemens Atellica IM hs-cTnl (PDF).
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.cca.2021.10.023.

References

[1] T. Soukka, K. Kuningas, T. Rantanen, V. Haaslahti, T. Lovgren, Photochemical
characterization of up-converting inorganic lanthanide phosphors as potential
labels, J. Fluoresc. 15 (4) (2005) 513-528, https://doi.org/10.1007/s10895-005-
2825-7.

F. Auzel, Upconversion and Anti-Stokes Processes with f and d Ions in Solids, Chem.
Rev. 104 (1) (2004) 139-174, https://doi.org/10.1021/cr020357g.

N. Sirkka, A. Lyytikainen, T. Savukoski, T. Soukka, Upconverting nanophosphors as
reporters in a highly sensitive heterogeneous immunoassay for cardiac troponin I,
Anal. Chim. Acta. 925 (2016) 82-87, https://doi.org/10.1016/j.aca.2016.04.027.

[2

—

[3]

385

[4]

[5]

[6]

71

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

Clinica Chimica Acta 523 (2021) 380-385

X. Li, F. Zhang, D. Zhao, Lab on upconversion nanoparticles: Optical properties and
applications engineering via designed nanostructure, Chem. Soc. Rev. 44 (2015)
1346-1378, https://doi.org/10.1039/c4cs00163;].

T. Soukka, H. Harm4, J. Paukkunen, T. Lovgren, Utilization of kinetically enhanced
monovalent binding affinity by immunoassays based on multivalent nanoparticle-
antibody bioconjugates, Anal. Chem. 73 (10) (2001) 2254-2260, https://doi.org/
10.1021/ac0012871.

J.-P. Collet, H. Thiele, E. Barbato, O. Barthélémy, J. Bauersachs, D.L. Bhatt, et al.,
2020 ESC Guidelines for the management of acute coronary syndromes in patients
presenting without persistent ST-segment elevation, Eur. Heart J. (2020) [Epub
ahead of print] DOIL: 10.1093/eurheartj/ehaa5. 10.1093/eurheartj/ehaa575.

F.S. Apple, Y. Sandoval, A.S. Jaffe, J. Ordonez-Llanos, Cardiac troponin assays:
Guide to understanding analytical characteristics and their impact on clinical care,
Clin. Chem. 63 (2017) 73-81, https://doi.org/10.1373/clinchem.2016.255109.
H.u. Tuo, W. Li, L. Tang, B. He, B. Yao, P. Mao, Q. Tang, Cardiac Biomarker
Abnormalities Are Closely Related to Prognosis in Patients with COVID-19, Int.
Heart J. 62 (1) (2021) 148-152, https://doi.org/10.1536/1hj.20-180.

IFCC Committee on Clinical Applications of Cardiac Bio-Markers (C-CB), High-
Sensitivity* Cardiac Troponin I and T Assay Analytical Characteristics Designated
by Manufacturer, (2020). https://www.ifcc.org/media/478592/high-sensitivity-ca
rdiac-troponin-i-and-t-assay-analytical-characteristics-designated-by-manufacture
r-v072020.pdf.

S. Lahtinen, A. Lyytikdinen, N. Sirkka, H. Pakkild, T. Soukka, Improving the
sensitivity of immunoassays by reducing non-specific binding of poly(acrylic acid)
coated upconverting nanoparticles by adding free poly(acrylic acid), Microchim.
Acta. 185 (2018) 220, https://doi.org/10.1007/s00604-018-2756-z.

A. Sedlmeier, H.H. Gorris, Surface modification and characterization of photon-
upconverting nanoparticles for bioanalytical applications, Chem. Soc. Rev. 44 (6)
(2015) 1526-1560, https://doi.org/10.1039/C4CS00186A.

V. Muhr, S. Wilhelm, T. Hirsch, O.S. Wolfbeis, Upconversion nanoparticles: From
hydrophobic to hydrophilic surfaces, Acc. Chem. Res. 47 (2014) 3481-3493,
https://doi.org/10.1021/ar500253g.

T. Nareoja, J.M. Rosenholm, U. Lamminmaki, P.E. Hanninen, Super-sensitive time-
resolved fluoroimmunoassay for thyroid-stimulating hormone utilizing europium
(III) nanoparticle labels achieved by protein corona stabilization, short binding
time, and serum preprocessing, Anal. Bioanal. Chem. 409 (13) (2017) 3407-3416,
https://doi.org/10.1007/s00216-017-0284-z.

E. Palo, M. Tuomisto, I. Hyppanen, H.C. Swart, J. Hols&, T. Soukka, et al., Highly
uniform up-converting nanoparticles: Why you should control your synthesis even
more, J. Lumin. 185 (2017) 125-131, https://doi.org/10.1016/j.
jlumin.2016.12.051.

S. Eriksson, M. Junikka, P. Laitinen, K. Majamaa-Voltti, H. Alfthan, K. Pettersson,
Negative interference in cardiac troponin I immunoassays from a frequently
occurring serum and plasma component, Clin. Chem. 49 (2003) 1095-1104,
https://doi.org/10.1373/49.7.1095.

L. Valimaa, K. Pettersson, M. Vehnidinen, M. Karp, T. Lovgren, A high-capacity
streptavidin-coated microtitration plate, Bioconjug. Chem. 14 (1) (2003) 103-111,
https://doi.org/10.1021/bc020058y.

S. Lahtinen, M. Baldtzer Liisberg, K. Raiko, S. Krause, T. Soukka, T. Vosch,
Thulium- and Erbium-Doped Nanoparticles with Poly(acrylic acid) Coating for
Upconversion Cross-Correlation Spectroscopy-based Sandwich Immunoassays in
Plasma, ACS Appl. Nano Mater. 4 (1) (2021) 432-440, https://doi.org/10.1021/
acsanm.0c0277010.1021/acsanm.0c02770.s001.

A. Hlavacek, M.J. Mickert, T. Soukka, S. Lahtinen, T. Tallgren, N. Piztirova, A. Kr6l,
H.H. Gorris, Large-Scale Purification of Photon-Upconversion Nanoparticles by Gel
Electrophoresis for Analogue and Digital Bioassays, Anal. Chem. 91 (2) (2019)
1241-1246, https://doi.org/10.1021/acs.analchem.8b0448810.1021/acs.
analchem.8b04488.s001.

G.L. Long, J.D. Winefordner, Limit of Detection: A Closer Look at the IUPAC
Definition, Anal. Chem. 55 (1983) 713A-724A, https://doi.org/10.1021/
ac00258a724.

D.L. Comins, S.P. Joseph, N, N-Dimethylformamide, Encycl. Reagents Org. Synth.
(2001), https://doi.org/10.1002/047084289X.rd335.

Amino Acids Reference Charts | Sigma-Aldrich, (n.d.). https://www.sigmaaldrich.
com/life-science/metabolomics/learning-center/amino-acid-reference-chart.html
(accessed January 28, 2021).

A. Usami, A. Ohtsu, S. Takahama, T. Fujii, The effect of pH, hydrogen peroxide and
temperature on the stability of human monoclonal antibody, J. Pharm. Biomed.
Anal. 14 (8-10) (1996) 1133-1140, https://doi.org/10.1016/50731-7085(96)
01721-9.

H. Hyytia, M.-L. Jarvenpad, N. Ristiniemi, T. Lovgren, K. Pettersson, A comparison
of capture antibody fragments in cardiac troponin I immunoassay, Clin. Biochem.
46 (12) (2013) 963-968, https://doi.org/10.1016/j.clinbiochem.2013.01.012.

A. Garcia-Osuna, D. Gaze, M. Grau-Agramunt, T. Morris, C. Telha, A. Bartolome, et
al., Ultrasensitive quantification of cardiac troponin I by a Single Molecule
Counting method: analytical validation and biological features, Clin. Chim. Acta.
486 (2018) 224-231, https://doi.org/10.1016/j.cca.2018.08.015.

A.H.B. Wu, R.H. Christenson, Analytical and assay issues for use of cardiac
troponin testing for risk stratification in primary care, Clin. Biochem. 46 (12)
(2013) 969-978, https://doi.org/10.1016/j.clinbiochem.2013.04.013.
HyTestBooklet Troponins, (n.d). https://www.hytest.fi/sites/5cd13840ff4f702c0
cbc4c8d/content_entry5cd13897£f4f702c0cbc4cb2/5¢d16678a3dd0d112c360e7d
/files/Troponins_Booklet.pdf?.

Medix Biochemica, Product Specifications anti-h ¢Tnl 9707, (n.d.). https://www.
medixbiochemica.com/wp-content/uploads/2017/07/Anti-cTnl-9707-SPTN-5-Pro
duct-Specification-v2.pdf.


https://doi.org/10.1016/j.cca.2021.10.023
https://doi.org/10.1016/j.cca.2021.10.023
https://doi.org/10.1007/s10895-005-2825-7
https://doi.org/10.1007/s10895-005-2825-7
https://doi.org/10.1021/cr020357g
https://doi.org/10.1016/j.aca.2016.04.027
https://doi.org/10.1039/c4cs00163j
https://doi.org/10.1021/ac001287l
https://doi.org/10.1021/ac001287l
https://doi.org/10.1373/clinchem.2016.255109
https://doi.org/10.1536/ihj.20-180
https://www.ifcc.org/media/478592/high-sensitivity-cardiac-troponin-i-and-t-assay-analytical-characteristics-designated-by-manufacturer-v072020.pdf
https://www.ifcc.org/media/478592/high-sensitivity-cardiac-troponin-i-and-t-assay-analytical-characteristics-designated-by-manufacturer-v072020.pdf
https://www.ifcc.org/media/478592/high-sensitivity-cardiac-troponin-i-and-t-assay-analytical-characteristics-designated-by-manufacturer-v072020.pdf
https://doi.org/10.1007/s00604-018-2756-z
https://doi.org/10.1039/C4CS00186A
https://doi.org/10.1021/ar500253g
https://doi.org/10.1007/s00216-017-0284-z
https://doi.org/10.1016/j.jlumin.2016.12.051
https://doi.org/10.1016/j.jlumin.2016.12.051
https://doi.org/10.1373/49.7.1095
https://doi.org/10.1021/bc020058y
https://doi.org/10.1021/acsanm.0c0277010.1021/acsanm.0c02770.s001
https://doi.org/10.1021/acsanm.0c0277010.1021/acsanm.0c02770.s001
https://doi.org/10.1021/acs.analchem.8b0448810.1021/acs.analchem.8b04488.s001
https://doi.org/10.1021/acs.analchem.8b0448810.1021/acs.analchem.8b04488.s001
https://doi.org/10.1021/ac00258a724
https://doi.org/10.1021/ac00258a724
https://doi.org/10.1002/047084289X.rd335
https://www.sigmaaldrich.com/life-science/metabolomics/learning-center/amino-acid-reference-chart.html
https://www.sigmaaldrich.com/life-science/metabolomics/learning-center/amino-acid-reference-chart.html
https://doi.org/10.1016/S0731-7085(96)01721-9
https://doi.org/10.1016/S0731-7085(96)01721-9
https://doi.org/10.1016/j.clinbiochem.2013.01.012
https://doi.org/10.1016/j.cca.2018.08.015
https://doi.org/10.1016/j.clinbiochem.2013.04.013
https://www.hytest.fi/sites/5cd13840ff4f702c0cbc4c8d/content_entry5cd13897ff4f702c0cbc4cb2/5cd16678a3dd0d112c360e7d/files/Troponins_Booklet.pdf?
https://www.hytest.fi/sites/5cd13840ff4f702c0cbc4c8d/content_entry5cd13897ff4f702c0cbc4cb2/5cd16678a3dd0d112c360e7d/files/Troponins_Booklet.pdf?
https://www.hytest.fi/sites/5cd13840ff4f702c0cbc4c8d/content_entry5cd13897ff4f702c0cbc4cb2/5cd16678a3dd0d112c360e7d/files/Troponins_Booklet.pdf?
https://www.medixbiochemica.com/wp-content/uploads/2017/07/Anti-cTnI-9707-SPTN-5-Product-Specification-v2.pdf
https://www.medixbiochemica.com/wp-content/uploads/2017/07/Anti-cTnI-9707-SPTN-5-Product-Specification-v2.pdf
https://www.medixbiochemica.com/wp-content/uploads/2017/07/Anti-cTnI-9707-SPTN-5-Product-Specification-v2.pdf

	Supersensitive photon upconversion based immunoassay for detection of cardiac troponin I in human plasma
	1 Introduction
	2 Experimental section
	2.1 Materials and reagents
	2.2 Surface modification of UCNPs
	2.3 Bioconjugation of PAA-UCNPs
	2.4 Immunoassay protocol
	2.5 Assay evaluation
	2.6 Reference assay
	2.7 Depletion of cTnI from plasma

	2 Results
	3.1 The effect of base in PAA-coating to monodispersity and assay performance
	3.2 The effect of EDC to sulfo-NHS ratio to monodispersity and binding efficiency
	3.3 Assay performance and cTnI-depletion of health human plasma pool

	4 Discussion
	4.1 Surface chemistry of the reporter
	4.2 Assay optimization
	4.3 Assay performance and reference assay

	5 Conclusion
	CRediT authorship contribution statement

	Declaration of Competing Interest
	Acknowledgments
	Appendix A Supplementary material
	References


