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ABSTRACT: Autoantibodies are key biomarkers in clinical diagnosis of autoimmune diseases routinely detected by enzyme-linked
immunosorbent assays (ELISA). However, the complexity of these assays is limiting their use in routine diagnostics. Fiber optic-
surface plasmon resonance (FO-SPR) can overcome these limitations but improved surface chemistries are still needed to guarantee
detection of autoantibodies in complex matrices. In this paper we describe the development of an FO-SPR immunoassay for the
detection of autoantibodies in plasma samples from immune-mediated thrombotic thrombocytopenic purpura (iTTP) patients. Hereto
hexahistidine tagged recombinant ADAMTS13 (rADAMTS13-Hiss) was immobilized on nitrilotriacetic acid (NTA)-coated FO
probes chelated by cobalt (Co(IIl)) and exposed to anti-ADAMTS13 autoantibodies. Initial studies were performed to optimize
rADAMTS13-Hiss immobilization and to confirm the specificity of the immunoassay for detection of anti-ADAMTSI3
autoantibodies with FO-SPR. The performance of the immunoassay was then evaluated by comparing Co(III)- and nickel (Ni(II))-
NTA stabilized surfaces, confirming the stable immobilization of the antigen in Co(III)-NTA functionalized FO probes. A calibration
curve was prepared with a dilution series of a cloned human anti-ADAMTS13 autoantibody in ADAMTS13-depleted plasma resulting
in an average inter-assay coefficient of variation of 7.1 % and a limit of detection of 0.24 ng/mL. Finally, the FO-SPR immunoassay
was validated using seven iTTP patient plasma samples resulting in an excellent correlation with an in-house developed ELISA (r =
0.973). In summary, the specificity and high sensitivity in combination with a short time-to-result (2.5h compared to 4-5h for a regular
ELISA) makes the FO-SPR immunoassay a powerful assay for routine diagnosis of iTTP and with extension for any other
autoimmune disease.

Autoimmune diseases occur when the immune system loses
tolerance to certain self-antigens and generates autoantibodies
against these self-antigens!?. Up to 100 types of different
autoimmune disorders have been described and their frequency
has significantly increased over the last 30 years with a current
incidence of 5-10 % worldwide??. Immune-mediated
thrombotic thrombocytopenic purpura (iTTP) is a rare
thrombotic microangiopathy caused by the presence of
autoantibodies against the von Willebrand factor (VWF)
cleaving protease ADAMTSI3 (A Disintegrin And
Metalloprotease with ThromboSpondin type 1 repeats, member
13)+°. In healthy individuals, ADAMTSI13 cleaves ultra-large
prothrombotic VWF multimers into smaller less active proteins.
IniTTP patients, anti-ADAMTS13 autoantibodies either inhibit
or clear ADAMTSI13, resulting in the accumulation of

prothrombotic VWF multimers, which spontaneously bind
platelets leading to the formation of microthrombi in capillaries
and/or arterioles in different organs. Organs are deprived of
nutrients and oxygen, leading to the death of patients when left
untreated. = The  measurement of  anti-ADAMTSI3
autoantibodies levels in circulation is therefore crucial for the
diagnosis, treatment and prognosis of the disease*’.
Conventional enzyme-linked immunosorbent assay (ELISA)s
are the gold standard for the detection of anti-ADAMTS13
autoantibodies in iTTP patients*®?, however, this type of assay
is complex and has a long turn-over time limiting its use in
routine diagnostics.

Biosensors are analytical devices that can detect a molecule
of interest by generating a measurable signal upon the specific
interaction of this target molecule with a biorecognition
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Figure 1. Schematic representation of FO-SPR immunoassay for the detection of anti-ADAMTS13 autoantibodies. A) Interaction of a
Hisg-tagged protein to NTA-Co(III). B) Sensorgram of the FO-SPR immunoassay for detection of anti-ADAMTS13 autoantibodies in an

NTA-Co(IlI)-rADAMTS13-Hise coated FO probe.

element!®. Among the different biosensing technologies, fiber
optic-surface plasmon resonance (FO-SPR) is a fully automated
platform based on measuring the refractive index shift that
occurs in response to the molecular interaction between the
analyte and the metal surface-bound bioreceptor!!. The sensing
component corresponds to an inexpensive and disposable FO
probe that can be simply dipped in the analyte solution,
allowing execution of sensitive and reproducible assays in short
period of time. This technology has been so far described for
the detection of anti-drug antibodies'>'* and fibrinogen' in
patient samples.

Detection of autoantibodies in patient plasma or serum
requires the coupling of the recombinant antigen of interest to
the FO-SPR biosensor surface. Depending on the autoimmune
disease, the antigen of interest can be i.e. an antibody, protease,
glycoprotein or citrullinated peptide. The immobilization of the
antigen is mostly done by covalent amine coupling between
amino groups of the recombinant antigen and the activated
carboxylic linkers on the FO-SPR biosensor surface'.
However, despite the simplicity of this method, the covalent
amino coupling leads to random orientation of the immobilized
antigen'® and can lead to conformational changes in the antigen,
resulting in the loss of binding of some autoantibodies. These
drawbacks can be solved by using a recombinant antigen with
an affinity tag such as a hexahistidine (Hisq)-tag, that allows the
oriented immobilization of the antigen on nitrilotriacetic acid
(NTA)-functionalized surfaces via histidine chelation with
bivalent cations like nickel (Ni(Il)) or cobalt (Co(I1))!°. An
additional advantage of this immobilization strategy is that it
can be used for autoantibody detection against any self-antigen
(in any autoimmune disease), provided the self-antigen is
available as a recombinant protein with a Hiss-tag. However the
low binding affinity between the NTA-Ni(II) or NTA-Co(II)
and the Hisgs-tagged protein makes this approach sensitive to
antigen exchange when using biological samples like plasma
or serum (as metal-binding proteins are found in human plasma)
or when using chelators as ethylenediaminetetraacetic acid
(EDTA)!8:2021,

Several strategies have been described to improve the affinity
between the NTA and the His¢-tagged recombinant proteins in
the context of biosensing?'?2, Wegner et al. (2013) described a
stable immobilization of Hiss-tagged proteins to NTA by
oxidizing the chelating metal cobalt, Co(Il), to Co(III). This

step reduces the dissociation constant of the NTA-Co(III)-Hiss-
tagged protein thereby generating a more stable complex?24,
This approach was validated using a quartz crystal
microbalance with dissipation (QCM-D)* and biolayer
interferometry (BLI)?’. In our recently published report, we
described for the application of Co(IIT)-NTA chemistry in FO-
SPR biosensors?®. However, this strategy was never
characterized with clinical samples neither implemented for
detection of autoantibodies for diagnostic purposes.

In the current study, we present for the first time the
development of an FO-SPR autoantibody assay for efficient,
simple and fast detection of autoantibodies in plasma of patients
suffering from the autoimmune disease iTTP. Hereto,
recombinant Hise-tagged ADAMTS13 (rADAMTS13-Hisy) is
immobilized on the NTA-Co(IIl) activated FO-SPR biosensor.
To develop the autoantibody assay, several steps are studied: (i)
the optimal antigen concentration and buffer for antigen
immobilization on the FO-SPR biosensor, (ii) the sensitivity
and specificity of the immunoassay and (iii) the performance of
the NTA-Co(II1)-rADAMTS13-Hiss complex compared to the
NTA-Ni(II)-rADAMTS13-Hiss complex for the detection of
anti-ADAMTS13 autoantibodies in both buffer and plasma
samples. A calibration curve in diluted plasma is further built to
evaluate the analytical performance of the biosensor for
detecting anti-ADAMTSI13 autoantibodies. Finally, anti-
ADAMTSI13 autoantibody titers are determined in seven iTTP
plasma samples using the FO-SPR immunoassay and compared
to the titers determined in the in-house developed anti-
ADAMTSI13 autoantibody ELISA.

With this study, we are aiming to develop a fast and easy-to-
use FO-SPR assay for the diagnosis of iTTP in healthcare
centers. The applicability of the current FO-SPR platform is
large, as it can be developed for any autoimmune disease where
a Hisg-tagged antigen is available, and autoantibodies need to
be detected.

EXPERIMENTAL SECTION

Materials and reagents. Hise-tagged recombinant
ADAMTSI13 (rADAMTS13-Hisg) was produced, purified and
quantified in-house as previously described?’. The human
monoclonal anti-ADAMTS13 autoantibody II-1 is a
recombinant autoantibody cloned from an iTTP patient that
recognizes the spacer domain of human ADAMTS13%. The
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mouse monoclonal anti-human ADAMTS13 antibody 17C7 is
an in-house developed antibody that recognizes the
metalloprotease domain of human ADAMTSI13%. NTA-
terminated self-assembled monolayers (SAMs) formation
reagent was obtained from Dojindo Laboratories (Kumamoto,
Japan). 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES, > 99.5 %), hydrogen peroxide solution (H,0O,, 30 %),
bovine serum albumin (BSA, > 98 %), Sodium phosphate
dibasic  dihydrate = (Na,HPO4.2H,0, > 99 %), o-
phenylenediamine (OPD) and rabbit anti-goat immunoglobulin
G (IgG) labelled with horseradish peroxidase (HRP) were
purchased from Sigma-Aldrich (Bornem, Belgium). Ethanol
(C,HsOH, 99.8 %), cobalt(I) chloride hexahydrate
(CoCl, 6H,0), nickel(Il) sulfate hexahydrate (NiSO,-6H,0),
potassium chloride (KCl, 99 %) and monopotassium phosphate
(KH,PO,4, 99 %) were purchased from Acros Organics (Geel,
Belgium). Sodium carbonate (Na,COj3) was purchased from
Chemlab (Zedelgem, Belgium) and Trident 1 M Tris-HC1 was
supplied by Bio-Connect (Huissen, the Netherlands). Tween 20
was purchased from AppliChem GmbH (Darmstadt, Germany)
and powdered milk was purchased in Carl Roth (Karlsruhe,
Germany). Sodium chloride (NaCl), Dynabeads™ M-280
tosylactivated, SuperBlock™ (TBS) blocking buffer, Pierce™
nickel-coated plates (clear, 96-well), goat anti-human IgG
antibodies, human IgG Isotype control (non-specific IgG) and
tetramethylbenzidine (TMB) Substrate Solution were
purchased from Thermo Fisher Scientific (Merelbeke,
Belgium). Gold nanoparticles (AuNPs) with a diameter of 20
nm were purchased by BBI solutions (Cardiff, UK). Buffers
were prepared as follows: HEPES buffer (10 mM HEPES at pH
7.4), phosphate buffered saline (PBS) (13.7 mM NaCl, 0.27
mM KCl, 0.65 mM Na,HPO,.2H,0 and 0.15 mM KH,PO, at
pH 7.4) and Tris-NaCl buffer (50 mM Tris-HCI and 300 mM
NaCl at pH 7.4). All buffers were prepared with deionized water
purified by a Milli-Q plus system (MQ water) (Millipore,
Marlborough, USA).

Plasma samples. Citrated plasma samples from seven iTTP
patients (Aix Marseille Univ, Marseille, France) and one
healthy donor (HD) (KU Leuven Campus Kulak Kortrijk,
Kortrijk, Belgium) were collected and stored at -80 °C until
further use. A normal human plasma pool (NHP, plasma from
> 20 healthy donors) was prepared at KU Leuven Campus
Kulak, Kortrijk and stored at -80 °C until further use. The study
protocol was approved by the local Ethical Committees (for Aix
Marseille Univ: Projet National de Recherche Clinique 2007:
#2007/23; for KU Leuven Campus Kulak Kortrijk: project
260220). Informed consent was obtained from each patient
according to the Declaration of Helsinki.

Preparation of ADAMTS13-depleted plasma.
Tosylactivated magnetic beads (2.5 mg) were functionalized
with 50 pg of mouse monoclonal anti-human ADAMTSI13
antibody 17C7 in PBS as previously described?®3°. One
milligram of the functionalized magnetic beads was transferred
to an Eppendorf tube and washed twice with HEPES buffer.
With help of a magnet, all supernatant was removed and 500 uL.
of HD plasma was added. The suspension was rotated for 1 h at
room temperature to allow the binding of plasma ADAMTS13
to the monoclonal antibody 17C7. Next, the Eppendorf tube was
placed on a magnet and the plasma was transferred into a new
tube containing 1 mg of functionalized beads. This process was
repeated twice. Plasma was collected into a new Eppendorf tube

Analytical Chemistry

and stored at -80 °C until further use. The successful depletion
of ADAMTSI13 was confirmed by ELISA as previously
described?’?!  with minor modifications (Figure S1).
Colorimetric development was performed with TMB substrate
solution. The reaction was stopped with 2 M H,SO,, and the
absorbance was measured at 450 nm.

FO-SPR platform and functionalization of the FO probes.
Experiments were performed at 37 °C on an FO-SPR platform
(White FOx 1.0) commercialized by FOx Biosystems
(Diepenbeek, Belgium). A detailed description of the FO-SPR
platform and the preparation of the gold-coated FO probes can
be found in Lu et al. (2016). The gold-coated FO probes were
functionalized with a 0.2 mM solution of NTA-SAM upon
overnight incubation at 4 °C. Before use, NTA functionalized
FO probes were rinsed with ethanol and transferred to HEPES
buffer. Depending on the experimental set-up, FO probes were
chelated with Co(II) or Ni(Il) by immersing the FO probes in
40 mM CoCl, or 40 mM NiSO, (dissolved in MQ water) for 10
min. Next, the FO probes were washed by immersing the probes
in HEPES buffer for 5 min. rADAMTS13-Hiss (diluted in
HEPES buffer) was then immobilized on the NTA-Co(II) or
NTA-Ni(IT) FO probes for 20 min while shaking at 300 rpm. To
study the optimal concentration for antigen immobilization,
NTA-Co(Il) FO probes were immersed in rADAMTS13-Hisg
solutions of different concentrations (2.5, 5, 7.5, 10, 12.5 and
15 pg/mL). For further experiments, 10 pg/mL rADAMTS13-
Hiss was used. Afterwards, FO probes with NTA-Co(Il)-
rADAMTS13-Hiss complex were immersed for 30 min in 10
mM H,0, (diluted in Tris-NaCl buffer) to oxidize Co(Il) to
Co(III). In the case of NTA-Ni(Il)-rADAMTS13-Hiss complex
this step was not performed.

FO-SPR assay for anti-ADAMTS13 autoantibody
detection in buffer and plasma. To detect anti-ADAMTS13
autoantibodies in buffer or plasma, functionalized FO probes
were first blocked using SuperBlock™ blocking buffer for 12
min after which the FO probes were immersed in Tris-NaCl
buffer for 6 min. The FO probes were then immersed in the
samples for 20 min while shaking at 150 rpm. The samples were
prepared as follows: (i) To evaluate the assay specificity, 50
ng/mL of anti-ADAMTS13 autoantibody II-1 and 1 pg/mL
non-specific IgG were diluted in Tris-NaCl buffer. (ii) To build
a calibration curve, a serial dilution of anti-ADAMTSI13
autoantibody I1-1 was prepared in 80-fold diluted ADAMTS13-
depleted plasma in Tris-NaCl buffer. The final concentration of
anti-ADAMTSI13 autoantibody II-1 ranged from 0 to 100
ng/mL (0, 1.56, 3.13, 6.25, 12.5, 25, 50, 100 ng/mL). (iii) To
measure the presence of autoantibodies in plasma samples of
iTTP patients, samples were thawed for 5 min at 37 °C and 80-
fold diluted in Tris-NaCl buffer. After binding of the
autoantibodies, the FO probes were immersed once again in
Tris-NaCl buffer for 6 min followed by another 6 min
incubation step in Tris-NaCl buffer with 0.5 % BSA (w/v). To
enhance the SPR signal, FO probes were immersed in an anti-
human IgG-AuNPs solution (preparation described below) for
20 min. A typical sensorgram of the SPR immunoassay for anti-
ADAMTSI13 autoantibody is shown in Figure 1B.

Surface functionalization of AuNPs with anti-human IgG
antibodies. The AuNPs were conjugated with goat anti-human
IgG antibodies via physical adsorption as described
previously'3. Briefly, the pH of the AuNP solution was adjusted
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to 9.2 using 0.2 mM of a sodium carbonate solution (pH 11).
Then, goat anti-human IgG antibodies were added to 800 pL of
the AuNPs solution at a final concentration of 5 pg/mL. The
solution was incubated for 20 min at room temperature under
continuous rotation. Next, 560 uL of Tris-NaCl buffer with 0.5
% BSA (w/v) was added to block the remaining free active sites
on the functionalized AuNPs. The solution was incubated for 1
h at room temperature under continuous rotation and then
centrifuged for 30 min at 7000 rpm. The supernatant was
carefully removed, and the pellet was resuspended in Tris-NaCl
buffer with 0.5 % BSA (w/v). Finally, the optical density (OD)
of the anti-human IgG-AuNPs was measured using a
spectrophotometer (SpectraMax iD3, Molecular devices, San
Jose, California, USA) and the OD value was adjusted to 0.5
using the Tris-NaCl buffer with 0.5 % BSA (w/v)

ELISA for measurement of anti-ADAMTSI13
autoantibodies. Anti-ADAMTS13 autoantibodies in plasma of
iTTP patients were measured using our in-house developed
ELISA. In brief, 15 nM of rADAMTS13-Hisg (diluted in PBS
with 0.3 % milk (w/v)) was added to the wells of a Pierce™
nickel-coated plate for 1.5 h at room temperature under constant
shaking (150 rpm). Next, the plates were washed three times
with PBS containing 0.1 % Tween 20 (v/v). To build a
calibration curve, a serial dilution of anti-ADAMTSI13
autoantibody II-1 was prepared in PBS with 0.3 % milk (w/v).
The starting concentration of anti-ADAMTS 13 autoantibody I1-
1 was 25 ng/mL which was then further diluted to 1:2. Before
measuring the presence of autoantibodies in plasma samples of
iTTP patients, the samples were thawn for 5 min at 37 °C and,
starting from dilution of 1/80, a % dilution series was prepared.
Samples were then added to the rADAMTS13-Hisg coated
wells and incubated for 1 h at room temperature. Bound
autoantibodies were detected using goat anti-human IgG
antibodies (1:10 000 in PBS with 0.3 % milk (w/v)) followed
by addition of rabbit anti-goat IgG HRP labelled antibodies
(1:10 000 in PBS with 0.3 % milk (w/v)). Colorimetric
development was performed with OPD and H,0,. The reaction
was stopped with 4 M H,SO,, and the absorbance was measured
at 492 nm.

Data analysis. The SPR signals (in nm) were recorded with
FOx software (FOx Biosystems) at a 2 Hz sampling rate. The
data was processed using Graphpad Prism v5.03 software
(GraphPad Software, San Diego, CA, USA). A non-linear
regression (one-site binding) was applied for curve fitting (eq.
(1)) where x represents the autoantibody concentration, Y the
final SPR shift and A and B the fitting curve parameters'3.

(1) y=(x*A)/(x+B)

To calculate the limit of detection (LoD), eq. (2) was applied
where y(0) is the mean SPR shift of the depleted plasma and o
is the standard deviation on this signal '3.

(2) LoD=((y(0)+30)*B)/(A-(y(0)*+30))

The coefficient of variation (CV) was applied to evaluate the
dispersion of the dataset and was calculated by dividing the
standard deviation (c) by the mean (X). To compare different
groups, the data was statistically analyzed with one-way
ANOVA with Tukey's multiple comparison test (a-level of
0.05). Pearson correlation was used to determine the correlation
between two groups.

RESULTS AND DISCUSSION

FO-SPR immunoassay for the detection of anti-ADAMTS13
autoantibodies. To detect anti-ADAMTS13 autoantibodies,
rADAMTS13-hiss was first immobilized on the FO-SPR
surface based on the Co(III)-NTA strategy 2* as represented in
Figure 1A. In the following step, the anti-ADAMTSI3
autoantibodies were then bound to the immobilized antigen and
detected by AuNPs pre-functionalized with anti-human IgG
antibody as a signal enhancement strategy (Figure 1B). In the
following sections we discuss the optimization and
characterization of this bioassay in more detail.

Optimization of rADAMTS13-His; immobilization on the
FO probe surface. The efficiency of rADAMTSI13-Hisg
immobilization on the sensor surface depends on the
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Figure 2. Optimizing the concentration of rADAMTS13-Hise in
the FO-SPR immunoassay A) Immobilization SPR shifts obtained
at the end of the rADAMTS13-Hiss immobilization step (step 2,
Figure 1) when adding different concentrations of rADAMTS13-
His¢ (in HEPES buffer). Error bars represent one standard
deviation (n=3). B) Final SPR shifts at the end of the anti-human
IgG-AuNPs amplification step (step 6, Figure 1) when using
different rADAMTS13-Hisg concentrations in the immobilization
step. A concentration of 50 ng/mL anti-ADAMTS13 autoantibody
II-1 was used in each experiment (step 5, Figure 1). Error bars
represent one standard deviation (n=3). Significant differences are
indicated with (*) (p < 0.05).
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rADAMTS13-His, concentration. Hereto we first evaluated the
magnitude of the obtained SPR shift as function of the
rADAMTS13-Hisg concentration (2.5, 5, 7.5, 10, 12.5 and 15
pg/mL diluted in HEPES buffer). The SPR shift was evaluated
at the end of two different steps — the end of the rADAMTS13-
Hiss immobilization step (immobilization SPR shift, step 2) and
the end of the anti-human IgG-AuNPs signal amplification step
(final SPR shift, step 6). The immobilization SPR shifts and the
final SPR shifts are represented in Figure 2A and 2B,
respectively. Using concentrations between 2.5 and 15 pg/mL
rADAMTS13-Hiss did not result in significantly different
immobilization SPR shifts (Figure 2A). However, when adding
50 ng/mL of anti-ADAMTS13 autoantibody II-1 to the different
rADAMTS13-Hisg concentrations, differences in final SPR
shifts were observed (Figure 2B). The highest SPR signal was
observed when rADAMTS13-Hiss concentrations of 10 and
12.5 pg/mL were used. Hence, for all future experiments, we
worked with 10 pg/mL rADAMTS13-Hisg (Figure 2B).

Specificity of the FO-SPR immunoassay. The specificity of
the FO-SPR immunoassay was studied by testing several
negative controls. For these controls each time one reagent from
the FO-SPR immunoassay was omitted or changed in different
experiments and final SPR shifts (step 6, Figure 1) were
reported for every experiment (Figure S2): absence of
rADAMTS13-His (Figure S2, column A), absence of the anti-
ADAMTSI13 autoantibody II-1 (Figure S2, column B) and
addition of a non-specific IgG instead of anti-ADAMTS13
autoantibody II-1 (Figure S2, column C). As a positive control,
rADAMTS13-Hiss and 50 ng/mL the anti-ADAMTSI3
autoantibody II-1 were used (Figure S2, column D). The data in
Figure S2 shows that the FO-SPR immunoassay was specific as
all negative controls were not significantly different from zero.

Biosensor performance as function of the Co(IIl) versus
Ni(II)-NTA coupling strategy. In our recently published
report, we described the application of Co(IIT)-NTA chemistry
for oriented patterning of bioreceptors on FO-SPR biosensors
in complex matrices using a model system?¢. The application of
Co(II)-NTA chemistry for binding of autoantibodies to the
bioreceptor in clinical samples has not been explored yet. We
hypothesized that rADAMTS13-Hiss immobilization on a
Co(II)-NTA surface would result in an increased surface
stability of rfADAMTSI13-Hiss when working with plasma
samples compared to immobilization on a Ni(I)-NTA surface.
An increased surface stability of rADAMTS13-Hiss on a
Co(III)-NTA surface would then result in a higher and more
stable final SPR shift when detecting anti-ADAMTSI13
autoantibodies present in plasma of an iTTP patient compared
to the use of an Ni(II)-NTA surface.

We therefore performed the FO-SPR immunoassay using a
40-fold diluted plasma sample of an iTTP patient, known to
have a high titer of anti-ADAMTSI13 autoantibodies®?, and
compared the final SPR shift when rADAMTS13-Hiss was
immobilized via the Co(III)-NTA strategy or via the Ni(II)-
NTA strategy (Figure 3). A significantly higher final SPR shift
(step 6, Figure 1) was observed for the Co(III)-NTA strategy
compared to Ni(I[)-NTA strategy (Figure 3A, left two
columns). As a control, we performed the same experiments in
a plasma-free environment, using anti-ADAMTSI3
autoantibody II-1 in buffer and also here compared the final
SPR shift (step 6, Figure 1) when rADAMTSI13-Hiss was
immobilized via the Co(III)-NTA strategy or via the Ni(Il)-
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Figure 3. Influence of the rADAMTS13-Hisg-coupling strategy
(Ni(IT)-NTA versus Co(III)-NTA) on the FO-SPR immunoassay.
A) Stability of the rADAMTS13-Hisg-coupling in buffer or plasma
as function of the coupling strategy. Final SPR shift measured after
the IgG-AuNPs amplification step with either 40-fold diluted
plasma sample of an iTTP patient known to have a high titer of
anti-ADAMTS13 antibodies (plasma sample) or 50 ng/mL anti-
ADAMTSI13 autoantibody II-1 (target in buffer). Error bars
represent one standard deviation (n=3). Significant differences are
represented with (*) (p < 0.05). B) SPR sensorgram recorded for
the Co(III) and Ni(Il) surface, during incubation with a 40-fold
diluted plasma sample containing anti-ADAMTSI13 antibodies
(left shaded zone) and during the amplification step with anti-
human IgG-AuNPs (right shaded zone).

NTA strategy. No significant difference in the final SPR shifts
between the two conditions was observed (Figure 3A, right two
columns).

Similar experimental design was performed to compare
Co(IIT) to Co(II) strategy and we observed that the charge of the
chelating ion plays a critical role in the stability of the complex
(data not shown). Hence, the higher final SPR shift observed
using the Co(II)-NTA strategy compared to the Ni(I[)-NTA
and Co(I)-NTA strategy, when working in a plasma
environment, might be explained by the increased stability of
the rADAMTS13His-NTA complexes formed with trivalent
ions as Co(IIT) compared to divalent ions as Ni(II) and Co(II).
Indeed, during the exposure of the plasma sample to the Ni(Il)-
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Figure 4. Summary of final SPR shifts obtained from testing
different dilutions of iTTP plasma samples. A) Serial dilution of a
plasma sample with high anti-ADAMTSI13 autoantibody titers.
Final SPR shifts measured after the anti-human IgG-AuNPs
amplification step in 20-, 40-, 80-, 160-, 320-, 640-fold diluted
plasma samples. Error bars represent the standard deviation (n=3)
B) Signal-to-noise ratio (SNR) of two iTTP patient plasma samples
with high and low anti-ADAMTS13 autoantibody titers. To
calculate the SNR, final SPR shifts obtained for each sample were
divided by final SPR shifts obtained for NHP sample with 40- and
80-fold dilution. Error bars represent the standard deviation (n=4).

NTA-rADAMTS13-Hiss FO-SPR probe (step 5, Figure 1), a
decrease in SPR shift was observed which was not observed
when the Co(III)-NTA-rADAMTS13-Hiss FO-SPR probe was
used (Figure 3B). This decrease is very likely caused by the
dissociation of rADAMTS13-Hisg from the Ni(II)-NTA surface
under influence of the metal-binding proteins present in
plasma?’.

FO-SPR immunoassay: analyzing different dilutions of
iTTP plasma samples. For the abovementioned experiment,
we used a 40-fold dilution of an ITTP plasma sample. However,
it is important to study the dilution factor of plasma that gives a
good signal-to-noise ratio (SNR) in our FO-SPR immunoassay.
Therefore, two iTTP plasma samples were selected: one sample
known to have a high and one with a low anti-ADAMTS13
autoantibody titer (high >0.5 pg/mL II-1 equivalents; low < 0.1
pg/mL II-1 equivalents). As a negative control, NHP was used.

Initially, a dilution series of an iTTP plasma sample with high
anti-ADAMTS13 autoantibody titers was measured in the FO-
SPR immunoassay (Figure 4A). A serial dilution was
performed ranging from 20-, 40-, 80-, 160-, 320- and 640-fold
dilution. As demonstrated in Figure 4A, the three lowest
dilutions (20-, 40- and 80-fold dilution) demonstrated the

highest final SPR shift for detection of anti-ADAMTS13
autoantibodies. Since the final SPR shifts with the 40- and 80-
times diluted plasma samples gave high final SPR shifts and
lower amounts of plasma were needed than when using the 20
diluted plasma samples, we used these two conditions to further
look into the SNR. For this purpose, a plasma sample from an
iTTP patient with low anti-ADAMTS13 autoantibody titers and
one NHP sample were measured under 40- and 80-fold dilution.
Figure 4B shows that the SNR was higher when applying an 80-
fold plasma dilution and for this reason we opted to use the 80-
fold plasma dilution for detecting anti-ADAMTSI13
autoantibodies in plasma samples.

Calibration curve and LoD of the assay. Next, a calibration
curve was made where anti-ADAMTS13 autoantibody II-1 was
diluted in 80-fold diluted ADAMTS13-depleted plasma (Figure
5A). To evaluate the repeatability of the assay, the calibration
curve was performed in triplicate, with each repetition being
performed on a different day on two different FO-SPR
platforms. The SPR shifts are plotted as a function of the anti-
ADAMTSI13 autoantibody II-1 concentration (Figure 5A). The
corresponding coefficients of variation (CV) are given in Table
S1. Each point of the calibration curve displayed an inter-assay
CV below 15 % and the average inter-assay CV was 7.1 %. The
LoD was calculated as described in Section 2.3 using 80-fold
diluted ADAMTS13-depleted plasma and was equal to 0.24
ng/mL II-1 equivalents. This result is comparable with the LoD
of our in-house ELISA (LoD < 1 ng/mL). The detection of 0.24
ng/mL II-1 equivalents in 80-fold plasma translates to a 19.2
ng/mL II-1 equivalents detection limit in undiluted plasma
showing the high sensitivity of the presented FO-SPR
immunoassay. The final SPR shift of the calibration curve with
anti-ADAMTS13 autoantibody II-1 diluted in the depleted
plasma was also compared with same antibody dilution series
performed in buffer (Figure S3). Comparable final SPR shifts
were obtained demonstrating the stability of the assay when
adding plasma.

Validation of the biosensor performance with ELISA
using plasma samples of iTTP patients. Finally, we validated
the developed FO-SPR immunoassay using seven plasma
samples from iTTP patients known to have anti-ADAMTS13
autoantibodies. For the FO-SPR immunoassay, all plasma
samples were 80-fold diluted and the concentrations calculated
using the calibration curve established using anti-ADAMTS13
autoantibody II-1 spiked in 80-fold diluted ADAMTSI13-
depleted plasma (Figure SA). The experiments were performed
in triplicate, on three different days, and then compared with
those obtained from the in-house developed ELISA. The in-
house developed ELISA consisted of a similar setup as the FO-
SPR bioassay (capturing TADAMTSI13-Hiss via NTA and
detecting bound anti-ADAMTSI13 autoantibodies using the
same anti-human IgG), as we have recently shown that anti-
ADAMTS13 autoantibody titers in iTTP patients is influenced
by the way ADAMTS13 is coated and by the type of detection
antibody used (Dekimpe et al. unpublished).

As represented in Figure 5B, the concentrations measured by
the developed FO-SPR immunoassay were correlated with
those measured via the in-house developed ELISA and a
significant Pearson correlation of 0.973 was obtained. In
addition, advantages of the FO-SPR bioassay over ELISA are a
short assay time and the potential for full automation of the
assay (plasma samples are simply added to the FOx device and
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Figure 5. FO-SPR immunoassay to quantify anti-ADAMTS13 autoantibodies in patient plasma. A) Calibration curve obtained from a two-
fold dilution series of anti-ADAMTS13 autoantibody II-1 in 80-fold diluted ADAMTS13 depleted plasma. A nonlinear regression (one-site
binding) was applied to fit the entire concentration range. Fitting parameters are A=22.16 nm (95% CI=21.09 to 23.31) and B=12.06 ng/mL
(95% CI=10.26 to 14.18). Error bars represent one standard deviation (n=3). B) Comparison of the FO-SPR assay and the ELISA to measure
anti-ADAMTS13 autoantibodies in plasma samples of seven iTTP patients. The Pearson correlation was 0.973 with a p-value of 0.0002. A
linear regression was applied to fit the data. Fitting parameters are slope=1.05 (95% CI=0.8571 to 1.248) and Y-intercept=15.77 (95% CI=-

depleted plasma. The FO SPR immunoassay demonstrated a
high sensitivity with an LoD of 0.24 ng/mL II-1 equivalents.
Finally, we validated the developed FO-SPR immunoassay
using seven plasma samples from iTTP patients and compared
the results with the in-house developed ELISA. An excellent
correlation of 0.973 between both methods was observed. The
results confirmed the reliability of the FO-SPR immunoassay
and its suitability for clinical diagnostics of iTTP.

iTTP is only one of many life-threatening autoimmune
diseases that requires simple and automated analytical tools to
support clinical decisions. With our biosensor-based assay, we
aim to improve diagnosis and prognosis of immune-related
disorders as rheumatoid arthritis and type 1 diabetes mellitus by
allowing fast and simple detection of antigen-specific
antibodies.
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23 dipping of the FO-SPR in the plasma and addition of the
24 reagents can be fully automated). The total FO-SPR assay time
25 of 2.5 h as reported here is shorter than the total assay time of
26 ~4-5 h and can even be reduced to 5 mins when the assay runs
27 fully automated. These results show the potential of optical
28 sensors as FO-SPR for automated, reliable and fast detection of
29 autoantibodies in plasma samples. The reduction of detection
30 time to up to 5 mins and multiplexing are some of added
31 features of the FO-SPR method that can be further explored!3-2¢,
32 CONCLUSIONS
2431 One of the biggest challenges in modern diagnostics is the
timely diagnosis of diseases which makes biosensors an
35 invaluable tool for the simple and rapid detection of a multitude
36 of analytes. However, complex matrices often pose a problem
37 for achieving the needed sensitivities. Therefore, the
38 development of biosensors with robust surface chemistries to
39 enable sample detection in complex matrices becomes crucial.
40 In this study we described for the first time the development
41 of a fast and easy-to-use FO-SPR immunoassay for the
42 detection and  quantification of  anti-ADAMTSI3
43 autoantibodies in plasma. To achieve this, rADAMTS13-Hisg
44 was immobilized on an FO probe by Hiss-tag interaction with
NTA-SAM using Co(III)-NTA strategy. After blocking, FO
45 probes were exposed to autoantibodies and the signal was
46 amplified using anti-human IgG-AuNPs. The performance was
47 improved by optimizing the immobilization of rADAMTS13-
48 Hiss and the reliability of the developed biosensor was studied
49 by measuring different quality controls. At a concentration of
50 10 pg/mL of rADAMTS13-Hisg, the results demonstrated high
51 specificity of the immunoassay. The stability of this method
52 was also confirmed by challenging Co(IIl)- and Ni(II)-NTA
53 surface with a plasma sample with high anti-ADAMTSI13
54 autoantibody titers, observing a significantly higher SPR shift
in probes with Co(III)-NTA compared to Ni(II)-NTA. For
33 analysis of anti-ADAMTS13 autoantibodies in plasma samples,
56 a calibration curve was built using dilutions of the anti-
57 ADAMTS13 antibody II-1 in 80-fold diluted ADAMTS13-
58
59
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Measurement of autoantibodies using FO-SPR
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Fiber optic-surface plasmon resonance (FO-SPR) assay for efficient, simple and fast detection of
autoantibodies in plasma of patients suffering from the autoimmune disease immune-mediated thrombotic
thrombocytopenic purpura (iTTP).
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