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Introduction

A novel point-of-care diagnostic prototype system
for the simultaneous electrochemiluminescent
sensing of multiple traumatic brain injury
biomarkers

Milica Jovi¢, @2 Denis Prim, @2 Ophélie Righini, ©2 David Tagan, ©°
Mélanie Stauble, ©2 Marc Pignat, ©° Steve Gallay, (D}
Martial Geiser ®¢ and Marc E. Pfeifer ®*?

Traumatic brain injuries (TBI) are typically acquired when a sudden violent event causes damage to the
brain tissue. A high percentage (70-85%) of all TBI patients are suffering from mild TBI (mTBI), which is
often difficult to detect and diagnose with standard imaging tools (MRI, CT scan) due to the absence of
significant lesions and specific symptoms. Recent studies suggest that a screening test based on the
measurement of a protein biomarker panel directly from a patient's blood can facilitate mTBI diagnosis.
Herein, we report a novel prototype system designed as a precursor of a future hand-held point-of-care
(POC) diagnostic device for the simultaneous multi-biomarker sensing, employing a microarray-type
spatially resolved electrochemiluminescence immunoassay (SR-ECLIA). The small tabletop prototype
consists of a screen-printed electrode compartment to conduct multi-analyte ECL sandwich assays, a
potentiostat module and a light collection module, all integrated into a compact 3D-printed housing (18.2
x 16.5 x 5.0 cm), as well as an sCMOS detector. Based on this design concept, further miniaturization,
system integration, performance optimization and clinical evaluation shall pave the way towards the
development of a portable instrument for use at the site of accident and healthcare. To demonstrate the
system's feasibility, current performance and efficiency, the simultaneous detection of three mTBI
biomarkers (GFAP, h-FABP, S100B) in 50% serum was achieved in the upper pg mL™ range. The proposed
device is amenable to the detection of other biomarker panels and thus could open new medical
diagnostic avenues for sensitive multi-analyte measurements with low-volume biological sample
requirements.

decentralized way. Especially in the case of mild TBI (mTBI,
concussion), a significant number of people are not seeking

Each year about 70 million people all over the world, and 2.5
million people in Europe suffer from traumatic brain injuries
(TBI). The figures are considerably underestimated partly
because it is currently impossible to diagnose TBI in a
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medical help due to the absence, or presence of only non-
specific, light symptoms (headaches, nausea, etc.)." Typical
causes of TBI are sports accidents (e.g:, American football,
boxing, skiing, mountain biking), vehicle accidents (e.g, car,
e-scooter), and violence (e.g., domestic, military, etc.). Short-
to long-term consequences from TBI can have a strong
correlation with neurodegenerative diseases in later years
(Alzheimer's disease, Parkinson's disease, chronic traumatic
encephalopathy, etc.). Currently, patients suspected of having
suffered TBI are assessed using a Glasgow Coma Scale (GCS),
which mainly evaluates their consciousness level and gives an
indication of the severity of TBI (mild GCS 13-15; moderate
GCS 9-12; severe GCS 3-8). The downside is that the GCS is
based on subjective neurological and physical evaluation and
can be time-consuming for both patients and doctors.>™
Neuroimaging tools (CT, MRI) are also used for TBI

© 2023 The Author(s). Published by the Royal Society of Chemistry
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diagnostics, but their main limitations include long analysis
time (3-6 h), cost (2-million-dollar equipment), and radiation
exposure (radiation equal to 200 chest X-rays®). Furthermore,
according to the study by Korley et al., for 82% of all TBI
patients taking a CT scan, there will for less than 10% of
them evidence of a traumatic abnormality.®

TBI biomarkers can pass the blood-brain barrier (BBB)
following the injury and enter the blood circulation, where
their typical concentration range in serum or plasma is
mostly in the lower picogram range (pg mL™).” As recently
reported, diagnostic screening tests based on biomarker
measurements can significantly improve TBI diagnostics in
three ways: (i) for patients: by having easy access to
diagnostic tools at the site of the accident, avoiding radiation
from medical imaging, and having rapid reassurance and
timely discharge; (ii) for hospitals: by improving patient
triage and staff productivity, reducing the number of
unnecessary CT scans, and reducing the number of patients
being discharged without proper diagnosis; (iii) for the
healthcare system: by improving long-term patient outcomes,
reducing costs of medical analysis and patient waiting times,
and overall in reducing 400 billion dollars of global economic
burden of TBI.

One of the most important challenges for a TBI diagnostic
screening test is to be able to detect multiple biomarkers at
the same time. Given the complexity of the human brain, it
is very unlikely that any single biomarker would have
sufficient clinical sensitivity and specificity,®® so there is a
need for a test that will be able to detect a biomarker panel
and allow decentralized TBI diagnostics. The road has been
paved in January 2021 by Abbott's i-STAT™ Alinity™ hand-
held device, which amperometrically measures two
biomarkers (UCH-L1 and GFAP).'® However, there is still
significant room for technologies and devices that would
enable sensing of a higher number of biomarker targets and
sequential multi-point measurements, which is especially
important  considering  rather  different  post-injury
kinetics."'®> The conception and development of such a
minimally invasive diagnostic device would certainly make a
positive impact on patient management and improve the
current state of healthcare.

Electrochemiluminescence (ECL) had previously shown to
be a powerful method for bioanalytical applications as it
possesses  high temporal and spatial control of
electrochemical techniques, as well as high sensitivities and
low backgrounds,'® making it superior to photoluminescence
or other optical methods that rely on external light excitation.
The  advantages over its analogous  technique,
chemiluminescence (CL), are based on the electrochemical
reaction that allows the time and position of the light-
emitting reaction to be controlled. Control over position
allows confinement of light emission to a region precisely
positioned to the detector, improving sensitivity by increasing
the signal-to-noise ratio. ECL has been employed for the
detection of a wide range of analytes, including small-size
molecules,"*™® proteins,"”'® nucleic acids,’®*° and in the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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assays involving complex biological samples.*"** In fact,
immunoassays based on ECL are well established products
for the in vitro diagnostic (IVD) use, run on high-throughput
instruments in centralized clinical laboratories (e.g., Roche
Cobas analysers). Thus, while ECL appears to be a proven
assay and read-out technology for high sensitivity
applications in laboratory medicine, to our knowledge its
appropriateness for field deployable and reliable POC
medical diagnostic use has not yet been shown. In recent
years however, various researchers have made significant
efforts to develop and establish miniaturized ECL devices
suitable for biomedical applications. Recent reviews by
Bhaiyya et al.*® and Ying et al.** give an overview of ECL-
based systems/devices developed for POC settings. Even
though it is evident that miniaturized ECL devices are
gaining attention, there is still a need for miniaturized ECL
platforms that will allow a simultaneous multi-analyte
sensing.>*

ECL assays have been rarely combined with protein
microarray approaches, the latter being known for their
multi-analyte detection capabilities, higher throughput, and
potential for miniaturization.”® Like classical ELISA,
microarrays employ a recognition element fixed on the
carrier material and various label-free or labelled-probe
detection methods (mostly limited to fluorescence and
chemiluminescence).”*® It is not obvious, and limited
evidence in the scientific literature show that screen-printed
carbon electrodes (SPCE) can meet demanding multiplex
high-sensitivity sandwich immunoassay performance and
reliability requirements, as is needed for mTBI diagnostic
applications. Inadequate electrode solid-surface properties

may lead to either non-optimal, irreproducible
immobilizations of antibodies, inhomogeneities, high
background  (blank)  signal intensities, or  poor

electrochemical conductivities. In our previous work, we have
combined a microarray approach with an
electrochemiluminescence immunoassay (ECLIA) for the
simultaneous detection of an mTBI biomarker panel on a
single screen-printed carbon electrode (SPCE).>* We observed
significantly different ECL signal intensities as a function of
electrode material employed and physical and chemical
surface modifications had indeed, in some instances, a
signal-amplifying effect when working with homogeneous
luminophore solutions. Herein, we focused on increasing the
technology readiness level (TRL) of our previous laboratory
breadboard and improved the usability for possible early
evaluations in a more relevant environment (e.g., by clinical
partners). We designed and incorporated various hard- and
software components into a miniaturized device that could
be easily expanded to a prototype mini-series. This tabletop
device comprises an SPCE carrying a 3-plex microarray assay,
a potentiostat module and a light collection module,
everything integrated into a 3D-printed housing to completely
shield the signal generation from ambient light and data
acquisition process, as well as an sCMOS detector (12.2 x 8.4
% 8.4 cm). As shown below, this prototype instrument can be

Sens. Diagn., 2023, 2, 964-975 | 965
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employed for single biomarker detection (CRP) and multiple
biomarkers detection (GFAP, h-FABP, S100p), but the degree
of multiplexing can certainly be expanded if required in the
future.

Experimental
Materials

CRP biomarker. Antigen CRP human recombinant (ref.
8CR8, HyTest Ltd., Turku, Finland); monoclonal mouse anti-
human C-reactive protein (ref. 4C28/4C28cc, HyTest Ltd.,
Turku, Finland) clone C2cc and clone Cécc were employed as
capture and detection antibody, respectively.

GFAP biomarker. Antigen GFAP human recombinant (ref.
8G45, HyTest Ltd., Turku, Finland); monoclonal mouse anti-
human glial fibrillary acidic protein (ref. 4G25, HyTest Ltd.,
Turku, Finland) clone 83cc and clone 81cc were employed as
capture and detection antibody, respectively.

h-FABP biomarker. Antigen FABP human (ref. 8F65,
HyTest Ltd., Turku, Finland); monoclonal mouse anti-human
fatty acid-binding protein (ref. 4F29, HyTest Ltd., Turku,
Finland) clone 28cc and clone 22 were employed as capture
and detection antibody, respectively.

S100p biomarker. Antigen S100BB homodimer and
S100A1B heterodimer human (ref. 8S9h, HyTest Ltd., Turku,
Finland); monoclonal mouse anti-human S100 proteins (ref.
4837, HyTest Ltd., Turku, Finland) clone 8B10cc and clone
6Glcc were employed as capture and detection antibody,
respectively.

Screen-printed carbon electrodes (SPCE). The SPCE
(ref. DRP-110, Metrohm DropSens) consist of a three-
electrode setup, printed on ceramic substrates (34.0 mm
X 10.0 mm). Both working (WE; disk-shaped 4 mm
diameter) and counter-electrodes are fabricated from
carbon, while pseudo-reference electrodes and electrical
contact pads are fabricated from silver ink. An insulating
layer is printed over the three-electrode system, leaving
the electric contacts and a working area with an actual
volume of 50 pL.

Other reagents. All chemicals were used as received
without further purification and all aqueous solutions were
prepared with MQ water. GOLD SULFO-TAG NHS-Ester
lyophilized (ref. RA19A0), read buffer T 4X (ref. R92TC),
conjugation buffer (ref. R60AJ), and conjugation storage
buffer (ref. R60AC) were purchased from Meso Scale
Discovery (MSD). Other materials included: Zeba Spin
desalting columns 40 K MWCO 0.5 mL (ref. 87766,
ThermoFisher, Waltham, MA, USA), Millex-GV Filter 0.22 pm
(SLGV004SL, Sigma-Aldrich, MO, USA), syringe 1 mL BD
Luer-Lok tip (ref. 309628, BD, New York, NJ, USA), Trizma
base (ref. 1002134476, Sigma-Aldrich, MO, USA), bovine
serum albumin fraction V (ref. 10735078001, Roche
Diagnostics, Rotkreuz, Switzerland), glycerol (ref. 49770-250
mL, Sigma-Aldrich, MO, USA), PBS 10x pH 7.4 phosphate
saline buffer (ref. 7011-044, Gibco, Billings, MT, USA), Tween-
20 (ref. P1379-100 mL, Sigma-Aldrich, MO, USA), CaCl,-2H,0
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(ref. 223506, Fluka, Buchs, Switzerland). Technical grade
ethanol was used for cleaning the SPCE. The FABP free
human serum was provided by HyTest (ref. 8FFS, HyTest
Ltd., Turku, Finland). The GFAP and S100p levels in this
serum are negligible.

Assay protocols

Detection antibody labelling. Detection antibodies of all
biomarkers were conjugated with the Ru(bpy);*"-label using
the GOLD SULFO-TAG NHS-Ester reagent provided by Meso
Scale Discovery (MSD GOLD SULFO-TAG Conjugation Quick
Guide). A challenge ratio of 50:1 was used for all detection
antibodies, while the labelling incorporation ratio was
calculated by measuring the OD455 values using the
NanoDrop OneC Microvolume UV-VIS Spectrophotometer
(Thermo-Fisher Scientific, Waltham, MA, USA). The
calculated label ratio for detection antibodies was 9: 1.

Microarray fabrication & assay. SPCE were first washed
using a mixture of ethanol/water (2:1) for 20 min, then
rinsed with MQ water, and dried with argon. Then an S3
contactless nano-spotting device from Scienion AG (Berlin,
Germany) equipped with a Piezo Dispense Capillary (PDC-70,
coating type 3, p/n: P-2030 S-6051) was used to dispense
drops of 350 pL (+10 pL). For the microarray sandwich assays,
capture antibody solutions of biomarkers were spotted on
pre-defined positions of SPCE to form spots with diameters
of ~450 um (+50 um). The source plate temperature was set
at 15 °C and the relative humidity in the spotting area at
60%. After the spotting process SPCE were left in the spotting
area during 30-60 min before blocking with 50 pL of 2% BSA
(w/v) in PBS 1x solution (60 min, RT). The electrodes were
then washed with wash buffer (PBS 1x with 0.06% Tween-20
(v/v)) and placed inside the custom-made incubation cells
fabricated from Teflon, as previously reported.”* The
incubation cells were designed to accommodate 12 SPEs,
leaving only the WE areas exposed to the reagents during
various incubation/mixing/washing  steps of  the
immunoassay. Mixtures of antigens or blank solutions (50
pL) were added to the wells and incubated (60 min, 500 rpm,
RT). After the second washing step (3 x 300 uL), 50 uL of the
detection antibody mixture was added and incubated (60
min, 500 rpm, RT). After the final washing step (6 x 300 pL),
the electrodes were taken out of the cells, were rinsed with
wash buffer, and 75 pL of read buffer T 2x solution was
added to initiate the signal generation and read-out process.
Image] software (v1.53) was used for image processing.

Prototype components

Potentiostat module. The OEM potentiostat module of
EmStat3 from PalmSens was used for applying the potential
to SPCE and for triggering the ECL signal generation.
EmStat3 is a single channel potentiostat module that works
with DC potential range of +3 V (DC potential resolution 0.1
mV) and compliance voltage of +5 V. The current range is
from 1 nA to 10 mA (maximum 20 mA). The module has

© 2023 The Author(s). Published by the Royal Society of Chemistry
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dimensions of 51.50 x 34.00 mm. EmStat3 supports nine
different electrochemical techniques (chronoamperometry
was employed for the ECL signal trigger) and can be
connected using USB or the Virtual COM port.

Light collection module. A 3D-printed tube with an outer
diameter of 30.50 mm, an inner diameter of 25.00 mm and a
height of 40.00 mm contained two aspheric lenses (Edmund
Optics, #49-101, diameter 25.00 mm, numerical aperture
0.66, effective focal length 18.75 mm at 587.60 nm,
magnification ~1x) positioned inside the tube. The bottom
side of the optical tube was directly positioned on the
electrode, while the top side was connected via C-mount to
the sCMOS detector.

Detector. The ORCA-Fusion BT Digital CMOS camera
(C15440-20UP, dimensions of 12.2 x 8.4 x 8.4 cm) from
Hamamatsu was used as a detector (5.3 MPx, 2304 x 2304
resolution, 0.7 electrons rms read-out noice, >95%
quantum efficiency at 610 nm, sensor size 15.00 x 15.00
mm).

Prototype housing. The housing (18.2 x 16.5 x 5.0 cm) and
two drawers containing the compartments for the electrode
and the potentiostat module were all 3D-printed using
Original Prusa i3 MK3S+ printer and Prusament PETG Prusa
Galaxy Black filament.

a)

Potentiostat
compartment (C)

/

<)

\
\

)

e)

--SCMOS camera (E)

Y2 Light collection module (D)

Electrode compartment (B)
]

Potentioéf;;t
ECL read buffer

1 D

\Electrode
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Software and data acquisition. A dedicated software was
developed in order to trigger a potential stimulus on the
electrode (via the potentiostat module) and to timely acquire
the ECL image (via the detector), to generate a 16-bit
grayscale TIFF image file and text file with employed settings
and measurement data. The software was written in C++ by
combining Qt libraries and libraries supplied by the
potentiostat module and detector providers (PalmSens and
Hamamatsu).

Results and discussion
Prototype development and performance evaluation

The POC diagnostic prototype system is composed of the
following carefully selected, pre-existing as well as newly
designed elements (Fig. 1a and b, SI-1 and SI-2}):

A. Housing;

B. Electrode compartment;

C. Potentiostat compartment;

D. Light collection module (Fig. 1c);

E. sSCMOS camera;

F. Computer and software.

The prototype device housing (A) had a role to shield the
ECL and detection process from ambient light. The housing

BRIdGE

V. ’

Connector

Light collection module

Electrode compartment (B)

UIluX
Qt Interface
@

Electrode (B)

Hamamatsu ORCA-Fusion
C++ Core SDK BT
Software
PalmSens SDK —m

Fig. 1 Prototype build-up: a) a layer rendering image of the prototype main components; b) photo of the prototype device; c) schematic
representation of the light collection module; d) schematic rendering of the electrode placed inside the electrode compartment: (i) depicts the
system when the electrode and potentiostat compartments are disconnected (some parts are made transparent here), and ECL read buffer is
manually added; (ii) depicts the system during the measurement step when the compartments are engaged and properly positioned beneath the
light collection module (transparent blue); e) software architecture diagram. The graphical interface is shown in the SI-3.f

© 2023 The Author(s). Published by the Royal Society of Chemistry
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included a 3D-printed case with two compartments (B and
C) that contained the electrode and the potentiostat,
respectively. The light collection module (D) was accurately
positioned on top of the electrode (B) and aligned with the
SCMOS camera (E) located on top of the housing. The
disposable electrode was placed into a dedicated
rectangular groove of the lower part of the electrode
compartment (B), which, when assembled with the upper
part, incorporated a small reservoir for the addition of the
ECL read buffer (SI-2f). The potentiostat module was
placed inside the potentiostat compartment (C), opposite to
the electrode compartment, and was used to trigger the
ECL signal generation by applying a small external
potential (Fig. 1d).

The ECL light emitted from the electrode was collected by
an optical system named light collection module (D),
consisting of two reversed identical lenses, where the
aperture was not clearly defined to prioritize the photon
collection efficiency over the image quality (Fig. 1c). We
chose aspheric lenses from Edmund Optics (USA) with a 0.66
numerical aperture (cos(d) = 0.606), a focal length (f) of
18.75 mm and a diameter (D) of 25.00 mm. The photon
collection efficiency (17, 19.7%) was calculated using the eqn
(1) where Q is the solid angle sustained by the optical system
in the object space:

n(%) = (%) X100 :%(1 ~ cos(0)) x100 (1)

After passing through the light collection module (D), the
ECL light was detected by an sCMOS camera (E)
positioned on top of (D). The sCMOS cameras are
considered as high-end product line of CMOS with very
low average readout noise that enables very good low light
signal detection, high dynamic range, high frame rates,
sensor control and signal processing, and large field of
view, making them very promising candidates for ECL
imaging and POC diagnostic applications. Considering the
quantum efficiency (QE) of the sCMOS detector (>95% at
610 nm) and the photon collection efficiency obtained
from the eqn (1) (7, 19.7%), it was calculated that the
SCMOS detector converts ~18.7% of photons generated on
the electrode into electrons. In the literature, there are
plenty of reported miniaturized ECL systems mainly based
on smartphone cameras (CMOS),>**” photo-diodes,***® or
photomultiplier tubes (PMT).>*** The main limitations of
the smartphone cameras are the small light sensitive area
and aperture, which limit the applications where ultra-low
ECL signals are generated.*****>  Moreover, the
performance of the smartphone cameras varies depending
on the specific models and providers.”> On the other
hand, miniaturized PMTs are attractive options due to
their size and photon counting sensitivity,>® however they
are not suitable candidates for microarray imaging type
assays, as they detect total photon counts. Design
solutions that use multiple (e.g,, small) electrodes (cf

arrays) and several micro-PMTs (or an actuation

968 | Sens. Diagn., 2023, 2, 964-975
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mechanism with a single PMT sequentially acquiring data
from the different electrodes) are conceivable, but likely
would be more complex and expensive to build.

The last component of the prototype system was the
software (F) that has been programmed to control and
synchronize the potentiostat module (C) with the sCMOS
camera (E) (Fig. le). The graphical interface allows the
user to select the sCMOS exposition duration and binning,
as well as the potentiostat stimulus duration and the
voltage (SI-31). After the measurement, an image file and
a corresponding text file containing the generated data
and the measurement parameters are saved to the hard
disk.

Conceptualization of an ECL microarray on SPCE

The concept of microarray immunoassays is based on the
ambient analyte theory’® and the use of very small
amounts of antibodies (or other recognition elements) that
are typically orders of magnitude lower than those in
classical immunoassays. In microarray methods the signal-
to-background ratio will increase with the decrease of the
spot area containing recognition elements, leading to
higher assay sensitivity (SI-41)."® Some of the advantages
of immunoassays conforming to ambient analyte assay
principles include the possibility to detect multiple targets,
having minimized diffusion constraints on analytes
binding to antibodies, faster reaction kinetics, and higher
assay sensitivities compared to the other immunoassay
designs.*®

The first step in the conceptualization of the ECL
microarray on SPCE was to spot the carbon working
electrode with various amounts of proteins carrying ECL
labels (Ru(bpy);>") to test the detector's sensitivity,
spatial resolution, and dynamic range. For this purpose,
1 ug mL™ of BSA protein labelled with the SULFO-TAG
was spotted on the carbon WE in the form of a 5 X 5
spot microarray, using the following approach (Fig. 2a):
5 drops per spot (1.75 pg of BSA@SULFO-TAG protein,
~250 pum spot diameter), 10 drops per spot (3.50 pg of
BSA@SULFO-TAG protein, ~300 um spot diameter), and
20 drops per spot (7.00 pg of BSA@SULFO-TAG protein,
~400 um spot diameter). To perform the ECL read-out
the electrode was placed inside the prototype device and
75 upL of MSD Read Buffer T 2X -containing
tripropylamine was added on top of it. The obtained
ECL images showed excellent spatial resolution obtained
with the sCMOS detector and good reproducibility of
signals from the different spots of the microarray. In
the second step, SPCE were spotted with increasing
amounts of BSA@SULFO-TAG protein by using solutions

of different concentrations and different spot sizes
(Fig. 2b). Obtained ECL images and corresponding
signals are shown in Fig. 2c, indicating that

BSA@SULFO-TAG quantities as low as 0.1 pg could be
successfully detected, with excellent correlation between

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Detection of a BSA@QSULFO-TAG microarray on SPCE: a) ECL images obtained from SPCE spotted with 5 x 5 spot patterns with: 5 drops
(1.75 pg, ~250 um spot diameter), 10 drops (3.50 pg, ~300 um spot diameter), and 20 drops (7.00 pg, ~400 um spot diameter) of 1 ug mL™ of the
BSA@SULFO-TAG protein. Images were treated with ImageJ by 8 x 8 binning (sum) and dark subtraction; b) conditions of the ECL microarray
established on the SPCE by spotting various quantities of BSA@SULFO-TAG solutions (from 0.0625 pg mL™ to 1.0000 pg mL™); ¢) correlation
between spotted quantities of BSA@QSULFO-TAG on SPCE from b) and obtained ECL signals intensities. The top inset image shows zoomed-in
single lines of microarrays from images presented in a) obtained from spots with different number of 5, 10, and 20 drops. Second inset shows
zoomed-in part of curve in the range of 0.1-1 pg of BSA@QSULFO-TAG. The error bars represent the standard deviation for different spots; bars are
in some cases smaller than the data symbol employed. Images treated with ImageJ color palette “red-hot”, 8 x 8 binning (sum) and dark
subtraction. MSD Read Buffer T 2x (75 uL) was used for ECL read-out.

spotted quantities and detected ECL signals, and with
very good  spot-to-spot and  electrode-to-electrode
reproducibility. Based on these findings it can be
concluded that the ECL microarray approach combined
with the sCMOS based prototype system offers great
potential for detection of very low quantities of proteins.

Microarray-type spatially resolved ECL immunoassay (SR-
ECLIA) for single biomarker detection

Once the ECL microarray concept has been established on
SPCE using POC diagnostic prototype system for the read-
out, the next step was to evaluate the performance of such
system for single biomarker detection. For that purpose, a
microarray-type spatially resolved ECL immunoassay (SR-
ECLIA) was developed for C-reactive protein (CRP) biomarker.
CRP is well-known and widely used biomarker of
inflammation, however, recently there has been growing
evidence implicating high sensitivity CRP (hsCRP) as a
biomarker for neurological diseases. hsCRP is being
particularly interesting as a potential biomarker for TBI*'*°
or part of mTBI biomarker panel, due to high sensitivity,
specificity, and negative predictive value during the acute
mTBI phase.>®

The SR-ECLIA-type sandwich assay for hsCRP was
developed by spotting carbon working electrodes with CRP
capture antibodies and BSA@SULFO-TAG protein as control/
alignment spots. The spotting pattern was composed of 3
control spots (BSA@SULFO-TAG) and 5 spots for the CRP
assay (Fig. 3a). Methods and conditions of the assay are listed
in SI-5F The rest of the protocol is the same as for any

© 2023 The Author(s). Published by the Royal Society of Chemistry

immunoassay, with blocking, antigen addition, washing, and
detection antibody (carrying ECL labels in form of SULFO-
TAG being Ru(bpy),>") addition steps. ECL detection was
accomplished by adding the read buffer containing
tripropylamine (TPA). The ECL signal on SPCE was triggered
using chronoamperometry at a potential of 1.55 V. Once the
detection step was finished, the recorded ECL images were
processed using the Image] software, where the signal
intensity of each spot area was calculated for each spot.

The Ru(bpy);*"/TPA co-reactant system was used to
generate the ECL signals, as it offers the best ECL
performance, it is bio-stable, well-validated and widely
applied in commercial diagnostic applications.”® The ECL
signal generation of the co-reactant couple is produced by
the reaction between deprotonated TPA' radical and
electrogenerated Ru(bpy);**, as indicated in the following
reactions (eqn (2)-(5)):>*

Ru(bpy);*" — Ru(bpy);™ + e~ (2)
Ru(bpy);*" + TPA — Ru(bpy);>" + TPA’ (3a)
TPA — TPA" + ¢~ (3b)

Ru(bpy),®" + TPA" — Ru(bpy);>** (4)
Ru(bpy)s>™ — Ru(bpy)s** + hv (Amax = 610 nm) (5)

The TPA' radical can be generated via catalytic oxidation by
electrogenerated Ru(bpy);** (eqn (3a)) and by direct electrode
oxidation (eqn (3b)).>?
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Fig. 3 Microarray-type spatially resolved (SR-ECLIA) CRP singleplex assay performance in “clean target” (buffer solution) using POC prototype
detection system: a) capture antibody spotting pattern (letter “C” - BSA@QSULFO-TAG control spots; letter “I” - inflammatory (CRP) biomarker spot;
and corresponding ECL raw data images generated at various CRP concentrations (0, 25, 50, 100, and 250 pg mL™) (8 x 8 binning and dark
subtraction, but no other postprocessing); b) obtained calibration curve. The error bars represent the standard deviations from two replicates (n =
2) and the fitting was performed with a 4-PL equation; dashed horizontal curve represent the evolution of the background measured on the
electrode surface, in the surrounding area of the spots. The signals were not normalized. Dotted vertical line represent the LOD (calculated at 34

pg mL™). Assay conditions are listed in SI-5.

To evaluate the performance of the POC diagnostic
prototype  system, buffer solutions containing CRP
concentrations from 25 to 250 pg mL™" were analysed and
based on the obtained images (Fig. 3a) a calibration curve
was established (Fig. 3b). Data was analysed assuming that
the ECL signal was proportional to the CRP concentration
through a four-parameter dose-response regression fit model
(4PL). The LOD value of 34 pg mL™" [CI 95%, 19-44 pg mL™]
was calculated by interpolating the curve using the average
value of the blank plus three times the standard deviation of
the blank. The obtained LOD in double-digit pg range is
impressive, considering the miniaturize size of the device/
detector system, which often presents limitations for
reaching high sensitivities. The background is kept at an
acceptable level (~1500 a.u.) at all concentrations, while the
variability, knowing the work in progress stage of the
demonstrator, is below 20% (ranging from 5% to 15%). The
focus was made on the low antigen concentration level to
determine the device/assay sensitivity; however, further
evaluations are planned at higher concentration levels to
determine the dynamic range.

Microarray-type spatially resolved ECL immunoassay (SR-ECLIA)
for mTBI biomarker panel detection

In our previous publication, we have developed three single-
plex assays for the mTBI biomarkers GFAP, h-FABP, S100p,
and shown the proof-of-concept of how these three assays
can be combined into a 3-plex microarray type assay format
on a single SPCE using the SR-ECLIA approach (Fig. 4a).*’
The protocol is similar to single biomarker detection protocol
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described in the previous chapter, with the difference that
carbon working electrodes were spotted with BSA@SULFO-
TAG protein (control/alignment spots, 3 spots) and with
capture antibodies of all three biomarkers (2 spots)
(Fig. 4a, STEP 1). After the rest of the sandwich assay was
performed (Fig. 4a, STEP 2), the ECL detection was done by
adding the read buffer solution containing tripropylamine
(Fig. 4a, STEP 3) and performing chronoamperometry at a
potential of 1.55 V. Recorded ECL images were processed
using the Image] software, where the signal intensity of each
spot area was calculated for each biomarker (Fig. 4a, STEP 4).

The obtained 3-plex microarray SR-ECLIA assay was
further optimized by fine-tuning the quantity of spotted
capture antibodies (cAbs) on the electrode surface. The cAbs
in the assay should provide optimal electrode surface
coverage and proper orientation for the best recognition of
target antigens. For that purpose, SPCE were spotted with
four different concentrations/quantities of cAbs of each
biomarker: (i) 25 ug mL™" (0.18 ng per spot); (ii) 100 ug mL™
(0.70 ng per spot); (iii) 300 ug mL™ (2.10 ng per spot); and
(iv) 1000 ug mL™ (7.00 ng per spot), according to the pattern
shown in Fig. 4a (the assay conditions are listed in SI-5}). For
each spotting condition, a complete multi-analyte assay was
performed with four different antigen concentrations in
triplicate (0, 1, 10, and 50 ng mL™"). Fig. 4b shows obtained
S/B ratios for all tested conditions and for all three
biomarkers. It was observed that when cAb quantities on the
electrodes were higher than >0.70 ng per spot (2.10 and 7.00
ng per spot, respectively) and lower than <0.70 ng per spot
(0.18 ng per spot), low S/B ratios were obtained, possibly
indicating sub-optimal electrode surface coverage. The best

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Microarray-type SR-ECLIA 3-plex protocol: a) schematic representation of the assay established for detection of three mTBI biomarkers
(GFAP, h-FABP, S100B) on a single SPCE. STEP 1 includes the spotting of small quantities of capture antibodies of each biomarker on the
predefined spot positions on the SPCE using a spotter device (BSA labelled with SULFO-TAG was used for control/alignment purposes); STEP 2
includes the typical sandwich assay protocol composed of a blocking step, addition of three antigens, and addition of detection antibodies
modified with the SULFO-TAG label carrying Ru(bpy)s>*; STEP 3 is the detection step that includes addition of the tripropylamine (TPA) co-reactant
and applying a potential on the SPCE to trigger the ECL signal generation from each biomarker spot; STEP 4 comprises the raw data processing; b)

optimization of capture antibody amount per spot (cAb amount for all

biomarkers: 7.00 ng per spot, 2.10 ng per spot, 0.70 ng per spot, 0.18 ng

per spot). The antigen concentrations were 0, 1, 10 and 50 ng mL™. The other assay conditions are listed in SI-5.f

S/B ratios were obtained with spots containing 0.70 ng of
cAbs, thus this condition was used for further experiments.
Once the conditions for the 3-plex assay were optimized,
its analytical performance was assessed by establishing
biomarker calibration curves in 50% human serum (v/v), in
the concentration range from 0 to 1 ng mL™ (Fig. 5). The
obtained ECL images (Fig. 5a) were treated using Image]
software, and calculated signal intensities from the spots
were used for the construction of a calibration curve using
the four-parameter dose-response regression fit model (4PL)
(Fig. 5b). The analytical performance of the 3-plex assay was
reasonably good, reaching LODs of 742 pg mL ™" (R* = 0.78),
237 pg mL™" (R? = 0.97) and 583 pg mL ™" (R* = 0.82) for GFAP,
h-FABP and S1008, respectively. When the LODs are
compared with biomarkers' cut-off values (physiological
concentrations used to distinguish “healthy” vs. “mild TBI
cases”), which are 22 pg mL™" for GFAP,>* 2620 pg mL™" for
h-FABP,”* and 42 pg mL™" for S100B,>" it can be concluded
that current sensitivity of the assay/prototype is sufficient to
detect h-FABP biomarker (LOD is at 1/10 of biomarker's cut-
off value), but for GFAP and S100p further improvements of
analytical sensitivities will be required. The differences in

© 2023 The Author(s). Published by the Royal Society of Chemistry

analytical sensitivities are presumably due to lower binding
affinities of the GFAP and S100p antibodies (compared to the
h-FABP ones). Based on the obtained results with single
biomarker detection (CRP, LOD 34 pg mL™"), it is conceivable
that further optimization of the h-FABP assay part will lead to
an LOD in the lower double-digit pg mL™" range, the sSCMOS
detector sensitivity thereby not being a limiting factor.
Furthermore, higher LODs obtained for the 3-plex assay vs.
singleplex assay are certainly not surprising, considering the
complexity of multianalyte interactions and cross-reactivities
between antigens and/or antibodies.

It should be noted that the SPCE were spotted, with
capture antibodies, and blocked, with the appropriate
reagents, on the day of the experiments and used for one
single measurement due to the adsorption of tripropylamine
on the carbon surface. Further experiments are planned to
evaluate and, if necessary, improve the shelf-life of the
prepared electrodes upon prolonged storage. To show that
there was no major 3-plex assay specificity issue, i.e., that the
antibodies did not recognize non-target antigens, a set of
electrodes were spotted with all three capture antibodies
before probing the assays with the individual analytes at a
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BSA@SULFO-TAG control spots; letter “G” - GFAP biomarker spots; letter “H” - h-FABP biomarker spots; letter “S” -

S100pB biomarker spots); and corresponding ECL raw data images generated at various biomarker concentrations (0, 250, 500, 750, and 1000 pg
mL™) (8 x 8 binning and dark subtraction, but no other postprocessing), and b) obtained 3-plex calibration curves. The error bars represent the
standard deviations from two replicates (n = 2) and the fitting was performed with a 4-PL equation; c) assay specificity heatmap at single antigen

concentrations of 2.5 ng mL™.

concentration of 2.5 ng mL™" and subsequent detection with
the mixture of GFAP, h-FABP and S1003 detection
antibodies. Under the not yet fully optimized assay
conditions the presence of the S100p antigen showed a 7%
non-specific reaction with the GFAP spot position and a
12% non-specific reaction with the h-FABP spot position,
respectively. This cross-reaction signal could be further
resolved by using more specific Ab clone, adding detergent
and/or buffer composition change. With samples containing
either h-FABP or GFAP antigens no non-specific signals were
observed (0%) (Fig. 5c¢). The mixture of all three detection
antibodies when added to the spotted electrodes in absence
of antigens did not reveal any cross-reactivity (see “Blank”
in Fig. 5a). The positional accuracy of the spots
functionalized with cAbs and BSA@SULFO-TAG across
multiple SPCE (inter-electrode spot position variability) was
remarkably good. A close-up view on the ECL images also
reveals well-defined and reasonably symmetrical spots with
no evidence for significant bleeding or spreading. This
suggests a certain robustness with regards to both the
automated spotting process and the implemented multi-step
sandwich immunoassay.

Assay repeatability and preliminary recovery test

The applicability and reliability of the multiplex SR-ECLIA
for the quantification of the mTBI biomarkers on the POC
diagnostic prototype device was evaluated in a complex
physiological matrix by the method of standard addition.
Biomarker concentrations were spiked into human serum
diluted 2x with assay diluent (“spiked” concentration).

972 | Sens. Diagn., 2023, 2, 964-975

Based on the obtained ECL signal intensity, the
corresponding  biomarker  concentrations (“detected”
concentration) were calculated according to the regression
equation performed using the same matrix (4PL dose-
response curve). The recoveries were calculated by the ratio
between the “detected” and “spiked” concentrations. The
obtained results are summarized in Table 1. The
determined recoveries ranged from 95% to 111%, which
suggests a reasonable preliminary performance at this stage
of development.

Table 1 Results of the inter-assay variability (CV) for the 3-plex SR-ECLIA
for three independent experiments made in duplicate measurements.
Preliminary recovery results for the mTBI biomarkers with 50% human
serum (v/v) in assay diluent spiked at 800 pg mL™. The calculations were
made with calibration curves generated in complex matrix

Concentration Inter-assay Recovery of controls
Biomarker  (pg mL™") CV (%) in serum (%)
h-FABP 250 11 95

500 14

750 15

1000 5
GFAP 250 7 105

500 6

750 9

1000 9
S1008 250 9 111

500 14

750 16

1000 11

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Future & Perspectives

It is evident that miniaturized ECL systems/devices can be
very powerful analytical and medical diagnostic tools that
can enable detection of low-level biomarkers in body fluids at
the point-of-care. Table SI-6} gives a brief overview of recently
published articles on such systems/devices, including details
on used reagents, detectors, electrodes, analytes and reported
LODs (non-POC diagnostic type device publications were not
considered). What most of these systems are lacking, as
pointed out in the review by Bhaiyya et al,” is the
simultaneous sensing of multiple analytes. This feature is
particularly important when biological samples with limited
volumes need to be analysed (e.g., paediatric patients), and/
or when the diagnosis cannot be established based on a
single biomarker measurement like for mTBI.

Device compactness and lightweight, thus portability of such
a detection system is certainly another key advantage
considering the need for early post-injury measurements at the
site of accident which is clearly beneficial in the case of mTBI
diagnosis. The possibility to utilize the device, for instance in
the ambulance, or at a general practitioner's cabinet in remote
regions, allows the acquisition of multiple measurement values
useful for biomarker kinetic assessments. We tried to answer
that need by combining a microarray approach with a spatially
resolved ECL detection and integrating this methodology into a
compact prototype with an sCMOS detector to enable
simultaneous multi-analyte detection on a cheap and disposable
SPCE. Even though full system integration is not without
technical challenges, we have shown that all key components
can be successfully integrated into a well-performing and
reasonably small-size tabletop read-out device that can serve as
a good starting point for further miniaturization, assay
optimization and for early-stage pre-clinical evaluations. In fact,
valuable feedback for design improvements by early healthcare
adopters/end-users is always helpful. The smart integration of
already existing and proven components, that are
manufacturable at large scale (e.g., SPCE, potentiostat, board-

© 2023 The Author(s). Published by the Royal Society of Chemistry

level sCMOS, etc.), may from a product development and
fabrication cost point-of-view be seen as economically favourable
and de-risking, thus could support a path forward towards
ultimate regulatory approval and commercialization.

The next development effort towards a comprehensive system
prototype (TRL 4-5) focuses on the device docking unit for the
sample processing cartridge currently under development.
Incidentally, the cartridge is a disposable item that must meet
minimal cost-of-goods-manufactured (COGM) and rapid assay
time-to-results requirements. Our vision of the future device is
shown in Fig. 6. Beyond the mTBI biomarker panel, other multi-
analyte medical applications (e.g., cardiovascular, inflammation,
oncology, etc.) can be envisioned, however, the advantages of
such as POC diagnostic device against existing laboratory
platforms would have to be evaluated carefully in terms of
economic viability and clinical utility.

Conclusions

In summary, this publication introduces and describes the
concept and fabrication of a miniaturized preliminary POC
prototype system for the simultaneous sensing of multiple
analytes in a single sample based on a microarray-type
ECLIA. The motivation to develop such prototype was:
1) to demonstrate that the spatially resolved
electrochemiluminescence immunoassay concept (SR-ECLIA)
was robust enough and had the potential for good and reliable
test performances, and 2) to expedite the construction of a small
tabletop instrument to investigate the possibilities of designing
and manufacturing in detail a comprehensive advanced
prototype solution of a future handheld POC diagnostic device
for mTBI. The basic components of the prototype are a screen-
printed carbon electrode compartment, an OEM potentiostat
module and a specifically designed light collection module, all
integrated into a 3D printed housing, as well as an sCMOS
detector. This prototype device was evaluated for the detection
of single biomarker in clean target (CRP, LOD 34 pg mL ™), as
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well for simultaneous detection of three mild traumatic brain
injury (mTBI) biomarkers (GFAP, h-FABP, S100B), achieving
LODs close to 200 pg mL™ (for h-FABP) in 50% human serum
and reasonable recoveries with spiked serum samples.

So far, no major obstacles in this endeavour have been
encountered. However, the efficient and cost-effective
functionalization (spotting) of the SPCE and the scalable
assembly into cartridges are challenges on the horizon,
although rather engineering than scientific ones. Aside of
further assay analytical sensitivity improvements, the next
instrument development milestone will include the detailed
design of the docking system comprising the sample
processing cartridge and the docking port of the reader
device. The prototype and assay performances are intended
to be evaluated with mTBI patient samples in the next step.
In conclusion, the prototype system described in this
publication can already serve as an “enabling” tool on the
possible path towards industrial product development.
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