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Abstract

Background: Thrombotic thrombocytopenic purpura (TTP) is characterized by severe
ADAMTS-13 activity deficiency (<10%). Diagnostic testing is challenging because of
unavailability, high cost, and expert technician requirement of ADAMTS-13 enzyme
assays. Cost-effective, automated fiber-optic surface plasmon resonance (FO-SPR)
platforms show potential for developing diagnostic tests. Yet, FO-SPR has never been
explored to measure enzymatic activities.

Objectives: To develop an easy-to-use ADAMTS-13 activity assay utilizing optical fi-
bers to rapidly diagnose TTP.

Methods: The ADAMTS-13 activity assay was designed and optimized using FO-SPR
technology based on a previously described enzyme-linked immunosorbent assay
setup. A calibration curve was generated to quantify ADAMTS-13 activity in plasma of
healthy donors and patients with acute immune-mediated TTP (iTTP), hemolytic uremic
syndrome, or sepsis. ADAMTS-13 activity data from FO-SPR and fluorescence reso-
nance energy transfer-based strategies (FRETS)-VWF73 reference assays were
compared.

Results: After initial assay development, optimization improved read-out magnitude
and signal-to-noise ratio and reduced variation. Further characterization demonstrated
a detection limit (6.8%) and inter-assay variation (Coefficient of variation, 7.2%) that
showed good analytical sensitivity and repeatability. From diverse plasma samples, only
plasma from patients with acute iTTP showed ADAMTS-13 activities below 10%.
Strong Pearson correlation (r = 0.854) between FO-SPR and reference FRETS-VWF73
assays were observed for all measured samples.

Conclusions: A fast ADAMTS-13 activity assay was designed onto automated FO-SPR
technology. Optimization resulted in sensitive ADAMTS-13 activity measurements with
a detection limit enabling clinical diagnosis of TTP within 3 hours. The FO-SPR assay
proved strong correlation with the reference FRETS-VWF73 assay. For the first time,
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Essentials

this assay demonstrated the capacity of FO-SPR technology to measure enzymatic

activity in pre-clinical context.

ADAMTS-13 protein, diagnostic testing, enzyme assays, optical fibers, purpura, thrombotic

« Easy-to-use ADAMTS-13 enzyme assays support thrombotic thrombocytopenic purpura diagnosis.

« Fiber-optic surface plasmon resonance shows potency for easy-to-use diagnostic testing.

« A new, fast ADAMTS-13 activity assay was designed and optimized on an automated fiber-optic surface plasmon resonance platform.

« Patients’ plasma analysis verified thrombotic thrombocytopenic purpura diagnosis with strong correlation to fluorescence resonance en-

ergy transfer-based strategies reference assay.

1 | INTRODUCTION

Thrombotic thrombocytopenic purpura (TTP) is a rare, but devas-
tating, thrombotic disease caused by a severe deficiency in ADAMTS-
13 protease. ADAMTS-13 deficiency results in the accumulation of
ultra-large von Willebrand factor (VWF) multimers, which spontane-
ously bind platelets. The resulting microthrombi obstruct the micro-
vasculature, leading to thrombocytopenia, microangiopathic hemolytic
anemia, and ischemic organ damage (eg, kidneys, brain, heart) in pa-
tients with TTP [1,2]. These clinical signs and symptoms overlap with
other thrombotic microangiopathies (TMAs), like hemolytic uremic
syndrome (HUS) [2-4]. To prevent misdiagnosis and initiate appro-
priate treatment in time, distinction between TTP and alternative
TMAs within 4 to 8 hours of patient presentation is crucial [5-7]. To
date, TTP diagnosis is only confirmed by an ADAMTS-13 activity
below 10% (equal to 10 International Units (IU)/dL) of normal
ADAMTS-13 activity [1,2,8,9]. Sub-diagnosis can be made based in the
presence of inhibitory and/or clearance anti-ADAMTS-13 autoanti-
bodies for immune-mediated TTP (iTTP) or in the absence of anti-
ADAMTS-13 autoantibodies together with genetic screening for
causative mutations in the ADAMTS-13 gene for congenital TTP [1,2].
Treatment is aimed at restoring ADAMTS-13 activity levels, although
ADAMTS-13 activity remains low in some patients despite clinical
remission, which underlines the need for long-term ADAMTS-13 ac-
tivity follow-up in the management of patients with TTP. Most
commonly used assays to measure ADAMTS-13 activity include gold
standard fluorescence resonance energy transfer-based strategies
(FRETS) [10,11] and in-house or commercial enzyme-linked immuno-
sorbent assay-based assays [12,13]. However, both types of enzyme
assays are considered complex and laborious, requiring well-trained
laboratory technicians, which restricts their availability to highly
expert laboratories. When patients are hospitalized in non-expert
centers, sample shipping for ADAMTS13 evaluation can delay the
diagnostic consolidation up to 5 days, slowing down the initiation of

appropriate treatment. Hence, fast and automated tools for the

analysis of ADAMTS-13 activity, that are cost-effective and easy-to-
use, are required for efficient diagnosis and long-term follow-up of
patients with TTP admitted in expert or non-expert TTP centers
[1,2,14]. Although over the last decade, rapid or automated diagnostic
testing to determine ADAMTS-13 activity became available by means
of the Ceveron s100 [15,16] and AcuStar [17] instruments. However,
there is still room for novel, automated enzyme assays. Indeed, to
date, such automated instruments are used by only 25% to 30% of the
participants in an External quality Control for Assays and Tests ADAMTS-
13 survey, highlighting the unavailability of automated diagnostic
testing [18]. As an alternative, fiber-optic surface plasmon resonance
(FO-SPR) technology could be used to design an ADAMTS-13 activity
assay, as this platform allows the development of fast and automated
diagnostic assays. FO-SPR has initially been developed as a robust and
easy-to-use platform that overcomes many of the limitations of clas-
sical surface plasmon resonance systems (eg, Biacore SPR systems).
Available as a small benchtop device using inexpensive, disposable
dip-in optical fibers, FO-SPR technology has been successfully used to
evaluate DNA [19-21] and protein-protein interactions [22,23].
Diagnostic FO-SPR-based assays with single sample testing have been
described for sensitive monitoring of patient antibodies in complex
matrices such as whole blood and serum. Such examples include
measurement of infliximab, adalimumab, and anti-receptor binding
domain antibodies in patients with inflammatory bowel disease,
including Crohn'’s disease, and COVID-19, respectively [24-27]. As an
innovative technology, FO-SPR platforms have found their way to a
broad range of applications for fundamental and diagnostic research
purposes. Remarkably, FO-SPR technology has not been explored in
the context of enzymatic activity evaluation to the best of our
knowledge. Therefore, this study aimed to develop an FO-SPR assay
to determine the enzymatic activity of ADAMTS-13. Since such an
automated FO-SPR assay would be fast, cost-effective, easy-to-use,
and require minimal sample preparation, it would help to answer this
unmet clinical need in TTP diagnosis in every routine clinical

laboratory.
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2 | MATERIALS AND METHODS

2.1 | Healthy donor and patient plasma samples
Citrated plasma was available from 8 healthy donors (KU Leuven,
Belgium), 8 patients with acute iTTP (C2VN, Marseille, France), 8
patients having sepsis with known Staphylococcus aureus bacteremia
before treatment (UZ Leuven, Leuven, Belgium), and 8 patients with
HUS from the French Reference Center for Thrombotic Microangiopathies
(AP-HP, Paris, France). By pooling plasma of over 20 healthy donors,
normal human plasma (NHP) was generated. The study was approved
by the Ethical Committees of KU Leuven, Belgium (S66725); the
Projet National de Recherche clinique 2007, Marseille, France
(N°#2007/23); UZ Leuven, Belgium (NCT0191162), Hopital Pitié-
Salpétriére, Hopital Saint-Antoine, and Hopital Lariboisiére, Paris,
France (NCT00426686), and informed consent was obtained in
accordance with the Declaration of Helsinki. All samples were stored
at —80 °C, thawed for 5 minutes at 37 °C and vortexed use.

2.2 | FRETS ADAMTS-13 activity assay

An in-house FRETS-VWF73 assay [10,28] was used to measure
ADAMTS-13 activity in the plasma samples of healthy donors and
patients with acute iTTP, HUS, or sepsis. Enzymatic activity was
assessed by mixing plasma, containing ADAMTS-13, with a constant
amount of fluorogenic FRETS-VWF73 substrate (2 uM final concen-
tration, PeptaNova GmbH) in HEPES (4-(2-hydroxyethyl)-1-piper-
azineethanesulfonic acid) buffered saline (50 mM HEPES, 1 uM ZnCl,,
5 mM CaCl,.2H,0, and 150 mM NaCl) with 1 mg/mL bovine serum
albumin in a 96-well White Lia plate (Greiner Bio-One, Vilvoorde,
Belgium) with final volume of 200 pL. The plate was incubated at 37°C
and fluorescence intensity was detected for 30 cycles of 2.5 minutes
using a FLUOstar Optima reader (BMG Labtech GmbH) at 340 nm
excitation and 450 nm emission wavelengths [28]. Detected fluores-
cence signal is directly proportional to the cleavage of FRETS-VWF73
substrate by ADAMTS-13 and was plotted as a function of time with
the slopes of the linear part indicating the proteolysis rate [10]. A
reference curve was obtained from the slopes of different NHP di-
lutions (0.5, 0.75, 1, 1.25, 1.5, 1.75, 2% v/v), allowing the estimation of
relative ADAMTS-13 activity using ADAMTS-13 activity in NHP as
100%. As negative control conditions, 2% v/v NHP in presence of 10
mM of EDTA or 10 pg/mL of inhibitory anti-ADAMTS-13 antibody
3H9 was evaluated [29,30]. Samples of healthy donors, patients with
sepsis, and patients with HUS were assessed using 1.25% v/v plasma,
whereas samples from patients with acute iTTP were analyzed using

2.5% v/v plasma.

2.3 | FO-SPR ADAMTS-13 activity assay

The FO-SPR technology uses dip-in optical fibers (FO probes, FOx
Biosystems) on the automated White FOx 1.0 platform (FOx
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Biosystems). Using FOx software (FOx Biosystems), the robotic arm of
the FO-SPR platform guides the FO probes into all dip-in solutions and
FO probe agitation (0-2000 rpm) is programmed for several binding
steps. Also, FOx software records and visualizes real-time changes in
the refractive index, measured as a nm shift, corresponding to analyte
binding to antibodies present on gold-coated FO probes (Figure 1A).
The setup of the FO-SPR ADAMTS-13 activity assay was based on the
immunoassay described by Kato et al. [12] (Figure 1A) that shows a
graphical representation of the FO-SPR device, together with a close-
up of FO probes dipped in plasma samples giving a real-time FO-SPR
shift. The individual immersion steps, always requiring 150 pL dip-in
solution, are shown in (Figure 1B). First, the carboxyl self-assembly
monolayer (SAM) present on the optical fibers was chemically acti-
vated (Figure 1B; step 1) by dipping FO probes in a 400/100 mM
1-ethyl-3-[3-dimethylaminopropyl] carbodiimide/N-hydroxysuccinimide
solution in 50 mM MES hydrate (2-(N-Morpholino)ethanesulfonic
acid hydrate) buffer for 5 minutes. Next, the probes were submersed
into a polyclonal goat anti-glutathione S-transferase (GST) antibody
solution (in 10 mM sodium acetate (NaAc) buffer, Rockland) for 30
minutes at 400 rpm which allowed covalent coupling of the anti-GST
antibody amino group to the carboxyl SAM of the optical fiber
(Figure 1B; step 2). The nm shift accompanied with binding of the
anti-GST antibodies is referred to as the immobilization shift. Un-
bound antibody was removed by dipping the FO probes twice in 10
mM glycine regeneration buffer (pH 2) for 30 seconds, after which
the remaining free SAM carboxyl groups were blocked by dipping
the FO probe for 8 minutes in SuperBlock buffer (ThermoFisher
Scientific) to prevent undesired protein interactions with the FO
probes (Figure 1B; step 3). Next, the FO probes were dipped into a
solution containing GST-tagged VWF73 substrate (produced and
purified as previously described for murine GST-VWF73 [31]) in
phosphate buffered saline containing 0.01% v/v Tween20 for 20
minutes at 400 rpm (Figure 1B; step 4) to allow capturing of GST-
tagged VWF73 substrate to the covalently coupled anti-GST anti-
bodies. Next, cleavage of immobilized VWF73 substrate by plasma
ADAMTS-13 was initiated by immersing the FO probe in plasma that
was 1/11 diluted in piperazine-N,N'-bis(2-ethanesulfonic acid) (PIPES)
reaction buffer (10 mM PIPES, 5 mM MgCl,.6H,0, 5 mM benza-
midine hydrochloride hydrate, 1 mM tranexamic acid, pH 6) for 20
minutes at 400 rpm (Figure 1B; step 5). Cleaved GST-tagged VWF73
substrate on the probe was then detected by dipping the probe in a
solution containing a monoclonal mouse anti-human VWF-A2
(ADAMTS-13-cleaved) antibody (R&D Systems) in phosphate buff-
ered saline containing 0.01% v/v Tween20 for 20 minutes at 400
rpm. This anti-VWF-A2 antibody specifically binds to the cleaved
VWEF decapeptide (Asp1596-Tyr1605) (Figure 1B; step 6). Finally, the
FO probe was immersed in phosphate buffered saline/0.5% bovine
serum albumin containing goat antimouse antibody conjugated 40
nm gold nanoparticles (GAM-AuNPs) at OD 1 (optical density at 530
nm) for 20 minutes at 400 rpm (Figure 1B; step 7). This last step is
needed to enhance the final signal: the nm shift accompanied with
binding of the GAM-AuNPs which is referred to as the final shift.

Figure 1C provides a representative sensorgram of the real-time FO-
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FIGURE 1 Schematic design of the proof-of-concept FO-SPR ADAMTS13 activity assay. A) Graphical representation of the FO-SPR small
benchtop device with close-up of FO probes dipped into plasma samples with real-time FO-SPR shift display. B) The carboxyl self-assembly
monolayer present on the surface of gold-coated FO probes require chemical activation using EDC/NHS chemistry (step 1) to immobilize the
anti-GST antibody onto the FO probe (step 2). After unbound antibody removal and blocking (step 3), the GST-tagged VWF73 substrate is
bound (step 4). Next, the FO probe is dipped into plasma containing ADAMTS13 to cleave VWF73 (step 5) followed by antibody detection of
only the cleaved substrate (step 6). Signal amplification using goat anti-mouse conjugated gold nanoparticles (step 7), generates the final FO-
SPR shift. C) Sensorgram displaying the typical, real-time FO-SPR shifts of the ADAMTS13 activity assay on a dip-in FO probe when analyzing
NHP or HI plasma. D) Proof-of-concept measurement discriminating final shifts from plasma samples rich (NHP & healthy donor, filled bars) and
poor (acute iTTP & HI plasma, unfilled bars) in ADAMTS13 activity. Data is presented as mean with one standard deviation. FO-SPR, fiber-optic
surface plasmon resonance; GAM-AuUNP, goat anti-mouse conjugated gold nanoparticle; HI, heat inactivated plasma; NHP, normal human
plasma; iTTP, immune-mediated thrombotic thrombocytopenic purpura.
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SPR read-out (shift in nm) for both NHP and heat-inactivated (HI;
NHP plasma incubated for 1 hour at 56 °C and spun down at
9600 x g) plasma. This default protocol was programmed into the
FOx software, allowing all FO probe immersion steps to occur fully

automated.

2.4 | Optimization of the different steps in the FO-
SPR ADAMTS-13 activity assay

To further optimize the FO-SPR ADAMTS-13 activity assay, steps 2, 4,
and 6 (Figure 1B) of this FO-SPR assay were evaluated in more detail.
To covalently immobilize the polyclonal goat anti-GST antibody (step
2), different antibody concentrations (20, 10, and 5 pg/mL) and NaAc
buffers with different pH (pH 5, 6, and 7) were assessed. Also, the
effects of several concentrations of the GST-tagged VWF73 substrate
(1,0.5,0.1 pg/mL) (step 4) and the monoclonal mouse antihuman vWF-
A2 (ADAMTS-13-cleaved) detection antibody (5, 1, 0.1 ug/mL) (step 6)
on the final shift were determined.

2.5 | Setting up a calibration curve and measuring
plasma samples using the optimized FO-SPR
ADAMTS-13 activity assay

When setting up a calibration curve for the FO-SPR ADAMTS-13
activity assay, a 1/11 dilution of NHP in PIPES reaction buffer was set
as 100% ADAMTS-13 activity. For each data point (n = 3) of the
ADAMTS-13 activity calibration curve, the 1/11 NHP dilution was
additionally diluted (1/2, 1/2.5, 1/3.33, 1/5, 1/6.66, 1/10, and 1/20)
with HI plasma to adjust plasma ADAMTS-13 activities and maintain a
constant plasma matrix. As for the negative control conditions, 10 mM
EDTA or 10 pg/mL inhibitory anti-ADAMTS-13 antibody 3H9 was
added to NHP plasma. When evaluating ADAMTS-13 activity of
healthy donors or patients with acute iTTP, HUS, and sepsis, plasma
samples were additionally mixed (respectively 1/5, undiluted, 1/3.33
and 1/2) with HI plasma while maintaining the final 1/11 plasma
dilution.

2.6 | Statistical analysis

GraphPad Prism v9.0.0 statistical software (GraphPad Software)
was used to test Shapiro-Wilk normality, one-way analysis of
variance with multiple comparison using Tukey’s correction, Pearson
r correlation coefficient, simple linear regression, and for Bland-
Altman analysis during statistical analysis of the assay optimiza-
tion, characterization, and validation. All data are presented as
mean + one SD. A P value of <.05 was considered statistically

significant.

rp.u.‘ 5 of 11
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3 | RESULTS

3.1 | Initial proof-of-concept of FO-SPR-based
measurement of ADAMTS-13 enzymatic activity

Based on previous expertise, we first used an initial assay setup (in
detail described in the method section) to determine ADAMTS-13
activity in plasma. As depicted in Figure 1B, optical fibers required 1-
ethyl-3-[3-dimethylaminopropyl] carbodiimide/N-hydroxysuccinimide
chemical activation of the carboxyl groups of the SAM (step 1). Af-
terward, the initial setup included 20 pg/mL anti-GST antibody (in 10
mM NaAc buffer at pH 5) immobilization (step 2), FO probe washing
and blocking (step 3), and binding of GST-tagged VWF73 substrate
(1 pg/mL, step 4). Bound VWF73 substrate was cleaved by plasma
ADAMTS-13 (1/11 diluted, step 5) and detected using monoclonal
mouse antihuman VWF-A2 (ADAMTS-13-cleaved) antibody (5 pg/mL,
step 6). Signal amplification was done using GAM-AuNPs (step 7).
Samples used in initial proof-of-concept experiments included NHP,
healthy donor plasma, acute iTTP plasma and HI plasma. Interestingly,
using this first assay setup, the FO-SPR assay gave a specific and
guantitative final shift for ADAMTS-13 activity (Figure 1D). Indeed,
this assay resulted in high final shifts reflecting high ADAMTS-13 ac-
tivity in NHP (26.8 nm + 2.4 nm; 8.8% CV, coefficient of variation
percentage) and healthy donor (15.8 nm + 5.1 nm; 32.1% CV) plasma
but not in patients with acute iTTP (5.5 nm + 2.7 nm; 48.4% CV) and HI
plasma (4.4 nm + 0.2 nm; 4.7% CV) (Figure 1D). However, large stan-
dard deviations with corresponding high % CVs prompted us to further
optimize the different binding steps of this FO-SPR ADAMTS-13 ac-

tivity assay.

3.2 | Optimization of assay steps to measure
ADAMTS-13 activity via FO-SPR

To improve inter-assay repeatability and sensitivity of the ADAMTS-
13 activity assay, the binding steps of the anti-GST antibody
(Figure 1B; step 2), the GST-tagged VWF73 substrate (Figure 1B; step
4) and the antihuman VWF-A2 (ADAMTS-13-cleaved) detection
antibody (Figure 1B; step 6) were optimized. By measuring both NHP
and HI plasma, the effect of different buffer compositions, buffer pHs,
and antibody concentrations on the immobilization or final FO-SPR
shift were studied. Preferential binding conditions were selected
based on the magnitude of the immobilization or final FO-SPR shift,
the SD, the % CV of repeated measurements, and on the NHP/HI
plasma signal-to-noise ratio of the final shift. First, by evaluating the
immobilization shift, the efficiency of the anti-GST antibody immobi-
lization onto the FO probe was measured by varying both the anti-
body concentration (20, 10, 5 pg/mL) and NaAc buffer pH values (pH
5, 6, 7) (Figure 2A). No statistical differences in the immobilization
shifts were observed among different antibody concentrations. In

contrast, the NaAc buffer pH largely impacted the immobilization
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FIGURE 2 FO-SPR ADAMTS13 activity assay optimization. Ai) Effect of the anti-GST antibody concentration and sodium acetate buffer pH
on the antibody immobilization efficiency onto the FO probes (n = 6). Aii) Effect of the anti-GST antibody concentration and sodium acetate
buffer pH on the magnitude of the final shift after signal amplification when assessing NHP (n = 3) and HI (n = 3) plasma. B) Evaluation of the
effect of various GST-tagged VWF73 substrate concentrations on the magnitude of the final shift in NHP (n = 3) and HI (n = 3) plasma. C) Effect
of different anti-VWF detection antibody concentrations on the final shift in NHP (n = 3) and HI (n = 3) plasma. Data represents mean with one
standard deviation, statistically significant difference is indicated using an asterisk (*) when P < .05. HI, heat inactivated plasma; NHP, normal

human plasma.

efficiency as this was significantly higher at pH 6 and pH 7 compared
with pH 5 (P < .0001). These results suggest higher immobilization
efficiencies at higher pH values. When evaluating the final shift, the
higher antibody immobilization efficiency at pH 6 and pH 7 was
minimally reflected (Figure 2A). Yet, the condition using 10 pg/mL
anti-GST antibody showed significantly higher final shifts when using
NaAc buffer of pH 6 compared with pH 5 (P = .0308). This condition
gave the highest immobilization and final shifts for NHP plasma and
showed the lowest SD and % CV. As expected for measuring HlI
plasma, background signals remained equally low when using different

immobilization conditions, which suggests low variation and high

NHP/HI plasma signal-to-noise ratios. Therefore, this immobilization
condition (10 pg/mL anti-GST antibody in NaAc buffer of pH 6) was
chosen for all further experiments.

Using the selected immobilization condition, the effect of the
GST-tagged VWF73 substrate concentration bound to the immobi-
lized anti-GST antibody (Figure 1B; step 4) was evaluated. Various
concentrations (1, 0.5, 0.1 pg/mL) were used and final shifts were
assessed. As shown in Figure 2B, the final shifts when measuring
ADAMTS-13 activity in NHP were highest for the 0.5 pg/mL condition,
only reaching statistical significance compared with the 0.1 pg/mL
condition (P = .0303). As the final shift for all HI plasma conditions
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FIGURE 3 Calibration curve of the FO-SPR ADAMTS13 activity assay and negative controls. A) Non-linear regression calibration curve of
plasma ADAMTS13 activity: y = (29.27*x)/(39.03+x); R? = 0.9907. Error bars represent one standard deviation (n = 3). B) As a negative control,
NHP plasma was preincubated with 10 mM EDTA or 10 pg/mL of the inhibitory anti-ADAMTS13 mAb 3H9 which abolished ADAMTS13
activity as shown by the undetectable ADAMTS13 activity (below the FO-SPR assay detection limit of 6.8%, dotted line). Error bar represents
standard deviation (n = 3). EDTA, ethylenediaminetetraacetic acid; NHP, normal human plasma.

showed low signals, similar NHP/HI plasma signal-to-noise ratios were
observed for all substrate concentrations. The condition using 0.1 pg/
mL GST-tagged VWF73 substrate resulted in the lowest SD and % CV,
which was therefore selected for all further experiments. Finally, the
effect of different antihuman VWF-A2 (ADAMTS-13-cleaved) anti-
body concentrations (5, 1, 0.1 pug/mL) (Figure 1B; step 6) on the final
shift was evaluated. Using NHP plasma, a strong dose-response was
observed for the antihuman VWF-A2 (ADAMTS-13-cleaved) antibody
concentration and the final shift. As expected, different detection
antibody concentrations did not affect the low final shifts observed for
HI plasma. The condition using the highest antibody concentration (5
pg/mL) was selected for further experiments, as it showed the highest
final shift and highest NHP/HI plasma signal-to-noise ratio with a good
SD and % CV below 10% (Figure 2C).

Taken together, after optimizing crucial binding steps in the setup,
we defined the fully optimized FO-SPR ADAMTS-13 activity assay as
the one using 10 pg/mL anti-GST immobilization antibody coupled at
pH 6, 0.1 pg/mL GST-tagged VWF73 substrate, and 5 pg/mL anti-
human vVWF-A2 (ADAMTS-13-cleaved) detection antibody. These
conditions allowed to reproducibly discriminate plasma samples with
high or low final shift (reflecting ADAMTS-13 activity) with limited
variation.

3.3 | FO-SPR ADAMTS-13 activity quantification

To further characterize the potential of the FO-SPR ADAMTS-13
activity assay for TTP diagnosis, we used the optimized FO-SPR
ADAMTS-13 activity assay to generate a calibration curve in

triplicate. All data points used a fixed 1/11 plasma dilution, with 1/11
diluted NHP set as the 100% ADAMTS-13 activity reference. Cali-
bration data points were obtained by additionally diluting NHP with
HIl plasma to enable plasma sample preparation with variable
ADAMTS-13 activity (50%, 40%, 30%, 20%, 15%, 10%, and 5%) while
maintaining constant plasma matrix conditions (ie, 1/11 diluted
plasma). A non-linear regression, one-site specific binding calibration
curve (y = 29.27*x/(39.03+x); R? = 0.9907) was generated with the
x-axis representing plasma ADAMTS-13 activity and y-axis the final
shift (in nm). In Figure 3A, the average final shifts for the plasma
ADAMTS-13 activity were plotted with corresponding standard de-
viations. All individual data points showed a % CV below 12.5%, and
the mean inter-assay % CV was 7.2%. Also, the limit of detection (LoD,
LoD = 29.27*(x(0)+30) / (39.03+(x(0)+30))) and lower limit of quan-
tification (LLoQ, LLoQ = 29.27*(x(0)+10c) / (39.03+(x(0)+10c))) for
ADAMTS-13 activity were calculated from repeated measurements
using HI plasma (n = 9) and equaled 6.8% and 11.3%, respectively.
Additional negative control conditions included incubation of NHP
plasma with 10 mM EDTA or 10 pg/mL inhibitory anti-ADAMTS-13
antibody 3H9 to overrule plasma ADAMTS-13 activity. As pre-
sented in Figure 3B, undetectable ADAMTS-13 activity levels (ie,
below the 6.8% detection limit) were observed.

34 | FO-SPR ADAMTS-13 activity assay for the
diagnosis of TTP

To validate the diagnostic testing potential of the FO-SPR ADAMTS-
13 activity assay, 8 plasma samples from healthy donors, 8 plasma
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FIGURE 4 Diagnostic validation of the FO-SPR ADAMTS13
activity assay. Evaluation of ADAMTS13 activity levels in 8 plasma
samples of healthy donors, acute iTTP patients, HUS patients or
sepsis patients with known Staphylococcus aureus bacteremia
before treatment. For each sample type, mean ADAMTS13 activity
with error bars representing standard deviation, is shown.
Statistical significant differences are indicated with an asterisk (*)
when P < .05. Dotted line represents the detection limit (6.8%) of
the FO-SPR ADAMTS13 activity assay, whereas the striped line
indicates the ADAMTS13 activity diagnostic cut-off value (10%) for
TTP disease. HUS, hemolytic uremic syndrome; iTTP, immune-
mediated thrombotic thrombocytopenic purpura.

samples from patients with acute iTTP, and 8 plasma samples from
patients with HUS were screened. As an additional reference, 8
samples from patients with sepsis were tested, as these patients are
known to have decreased ADAMTS-13 activity levels, although typi-
cally not <10% [4,32]. ADAMTS-13 activity levels measured from
healthy donor plasma ranged between 52% and 81% (mean = 66%),
which fits the reported ranges for healthy individuals [4,33]. All acute
iTTP patient samples showed an ADAMTS-13 activity below the 6.8%
LoD, confirming their diagnosis of acute iTTP with an ADAMTS-13
activity below the diagnostic cut-off of 10% (Figure 4;
Supplementary Table S1). ADAMTS-13 activities ranged between 26%
and 107% for patients with HUS (mean = 59%) and between 14% and
44% for patients with sepsis (mean = 32%). Hence, the fully optimized
and characterized FO-SPR ADAMTS-13 activity assay allows to di-
agnose patients with acute iTTP and could successfully discriminate
acute iTTP from HUS (another TMA) and from sepsis.

3.5 | FO-SPR vs FRETS comparative analysis

Finally, we compared quantitative results from the FO-SPR ADAMTS-
13 activity assay with those measured via the FRETS-VWF73 assay, a
reference assay in many research and clinical laboratories [10,11].
ADAMTS-13 activity of all healthy donors, and patients with acute
iTTP, HUS, and sepsis were evaluated in our in-house FRETS-VWF73
assay (Supplementary Table S1). Compared with the FO-SPR assay,
similar ranges were found for the ADAMTS-13 activity levels in
healthy donor (72%-101%, mean = 83%), HUS (27%-145%, mean
66%), and sepsis (12%-52%, mean = 36%) plasma samples. Similarly,
patients with acute iTTP showed undetectable ADAMTS-13 activity
(<10%) when evaluated using the FRETS-VWF73 assay. Strong
Pearson r correlation (r = 0.854; P < .0001; y = 1.05*x + 6.92) was
observed between ADAMTS-13 activity determined by FO-SPR and
FRETS-VWF73 assays (Figure 5A). As reflected by the 95% confidence
intervals (95% CI) of the slope (95% Cl: 0.7646-1.327) and the y-
intercept (95% Cl: —9.209 to 23.05), no statistically significant pro-
portional (95% ClI of the slope encloses 1) and systematic bias (95% Cl
of the y-intercept encloses 0) were observed. To visualize the
behavior of the differences between both methods, Bland-Altman
analysis was performed (Figure 5B) [34]. Similarly, no significant sys-
tematic bias was observed (zero equality line fits the 95% Cl of the
mean bias), whereas a small proportional bias (—9.31%) was identified
when measuring plasma samples with ADAMTS-13 activity above
50%.

4 | DISCUSSION

For optimal prognosis of patients with TTP, correct diagnosis and
subsequent treatment initiation within 4 to 8 hours after admission is
crucial [5-7]. To date, ADAMTS-13 enzyme assays, typically including
FRETS- and enzyme-linked immunosorbent assay-based assays, are
only available in highly expert laboratories as diagnostic testing re-
mains time-consuming, laborious, and require well-trained staff. When
patients are hospitalized at non-reference centers, patient samples
need to be shipped, delaying the diagnostic consolidation up to 5 days.
Currently, automated instruments, such as the HemosIL AcuStar and
Ceveron s100, are still limitedly present in routine clinical laboratories
and discrepant lower ADAMTS-13 activity levels were reported when
using the HemosIL AcuStar instrument resulting in false positive TTP
diagnosis of alternative patients with TMA [15]. The rapid Tech-
noscreen assay is also available but is, however, semi-quantitative and
potentially less useful to diagnose TTP [35]. To try to answer the
unmet needs of clinical ADAMTS-13 testing for the diagnosis of pa-
tients with TTP, this study aimed at developing a fast, easy-to-use
diagnostic assay using automated, cost-effective FO-SPR technology
to measure ADAMTS-13 activity in real-time. The FO-SPR ADAMTS-
13 activity assay was characterized by a non-linear calibration curve,
an inter-assay variation of 7.2%, and LoD and LLoQ of 6.8% and
11.3%, respectively. Given this analytical sensitivity, plasma samples
from healthy donors and patients with acute iTTP, HUS, and sepsis
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FIGURE 5 Comparative analysis of FO-SPR and FRETS
ADAMTS13 activity assays. A) Pearson r correlation testing of
ADAMTS13 activities measured using both FO-SPR and reference
FRETS-VWF73 methods showed strong statistically significant
correlation (r = 0.854, P < .0001) and simple linear regression

(y = 1.05*x + 6.92) indicated positive correlation. B) Bland-Altman
analysis estimates the agreement between both quantitative
methods by constructing the 95% limits of agreements (39.66-
21.03, dotted lines) and calculates the mean bias (—9.31, striped
line) of the FO-SPR ADAMTS13 activity assay compared with the
FRETS-VWEF73 reference method.

were validated to illustrate the diagnostic potential of the FO-SPR
ADAMTS-13 enzyme assay to discriminate patients with acute iTTP
from patients with alternative TMA (HUS) or sepsis. Similar ranges for
ADAMTS-13 activity were observed and strong Pearson r correlation
(r = 0.854) was defined when comparing ADAMTS-13 activity deter-
mined by both FO-SPR and reference FRETS-VWF73 assays. Bland-
Altman analysis illustrated good agreement and no systematic bias
between ADAMTS-13 activity measurements by FO-SPR and FRETS-
VWEF73 methods. A small proportional bias was identified, suggesting
lower FO-SPR ADAMTS-13 activity measurements for plasma sam-
ples with ADAMTS-13 activity above 50%, hence not affecting the
diagnostic potential to discriminate TTP disease from other TMA or

sepsis.
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Interestingly, FO-SPR technology comes as a small benchtop de-
vice that could easily be setup in routine clinical laboratories. Auto-
mated FO-SPR technology is easy-to-use, which reduces the handling
complexity and restricts staff training required to perform
ADAMTS13 testing. After minimal sample preparation, technicians
only have to start the default software protocol. The robotic arm is
programmed to automatically pick up and direct the disposable, dip-in
optical fibers, which allows crude sample processing without cleaning
or any risk of system clogging. In future, pre-functionalization of the
FO probes and direct detection antibody labeling toward gold nano-
particles could further reduce the assay time, whereas regeneration
strategies [23] will allow the use of reusable FO probes to further
lower the assay cost. Further validation of the FO-SPR ADAMTS-13
activity assay should include TTP remission samples and samples from
patients with relapse, whereas mixing studies would allow the vali-
dation of plasma inhibitor presence. Despite being described in a
broad range of applications, such as patient (auto)antibody [22,24-27]
or hormone [36] detection and as well as in real-time polymerase
chain reaction applications [19-21], to the best of our knowledge, this
article is the first to report the use of FO-SPR technology in the
context of enzymatic activity measurements. As a consequence, FO-
SPR technology could be exploited to commercialize diagnostic as-
says for a broader range of diseases (eg, von Willebrand disease), as
well as to expand its relevance in fundamental research on protein
interactions and conformations.

In conclusion, our easy-to-use ADAMTS-13 activity assay using
the automated and cost-effective FO-SPR technology proves great
potential to diagnose TTP disease within 3 hours. Introducing this fast,
on-demand ADAMTS-13 enzyme assay into more (non-expert) hos-
pital laboratories could largely improve TTP diagnosis and patient
management, whereas the cost-savings and ease-of-use of our FO-
SPR ADAMTS-13 activity assay could still benefit expert centers.
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