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Single Molecule with a Large Transistor — SiMoT cytokine
IL-6 Detection Benchmarked against a Chemiluminescent
Ultrasensitive Immunoassay Array

Cecilia Scandurra, Kim Bjérkstrom, Lucia Sarcina, Anna Imbriano, Cinzia Di Franco,
Ronald Osterbacka, Paolo Bollella, Gaetano Scamarcio, Luisa Torsi,*

and Eleonora Macchia*

Early diagnosis and efficient treatments of oncological, neurological, inflam-
matory, and infectious diseases rely more and more on ultrasensitive detec-
tion of protein markers; the ultimate limit is a reliable immunoassay capable
of single-protein detection. Among protein biomarkers, cytokines play a key
role in clinical diagnosis as they are involved in developing many complex
diseases and disorders, such as chronic inflammatory diseases including
metabolic syndrome, neurodegenerative diseases, and cardiovascular dis-
eases, along with autoimmune diseases and cancer. Herein, the improvement
of a Single Molecule with Transistor (SiMoT) is reported based on an electro-
lyte-gated organic field-effect transistor applied for the detection of cytokine
IL-6 in blood serum, reaching a limit-of-detection (LOD) of 1+ 1 protein in a
sample of 0.1 mL. The analytical performance levels are benchmarked against
the Simoa Planar Array SP-X technology, a benchtop chemiluminescent array.
After comprehensive optimization, Simoa SP-X by using a multivariate experi-
mental design approach exhibits a LOD 10% higher than SiMoT. The proposed
SiMoT electronic assay is label-free, fast (30 min), and selective, paving the
way for an ultra-sensitive point-of-care immunoassay platform enabling pre-

symptomatic disease diagnosis.

1. Introduction

Identifying proteins, peptides, and genomic biomarkers at the
single molecule limit of detection is gaining momentum, as

it will enable the early diagnosis of pro-
gressive, life-threatening, and life-quality-
affecting diseases. From this perspective,
developing more sensitive and reliable
analytical biosensors can trigger great
progress in biomedical research and clin-
ical practice. Indeed, such systems’ avail-
ability will allow clinicians to track many
diseases at the earliest possible stage,
increasing the chances of defeating them.
Molecular technologies, such as Next-Gen-
eration Sequencing (NGS), are able to
sequence genomic markers at the single-
copy level, triggering very high diagnostic
sensitivity and specificity. However, tech-
nologies capable of detecting protein or
peptide markers at the single-molecule
level are still lacking. This is reflected in
the fact that less than 20% of the human
proteome is known, while thousands of
human genomes have been sequenced.?!
In this perspective, a huge effort has been
undertaken by Quanterix, introducing
a micro-beads-based technology named
Single-Molecule-Array, Simoa, proving for the first time that
detection limits of specific proteins into the low femtogram
(fg) mL! (=1-10 x 1078 M, aM) range can be useful in oncology,
neurology, inflammation, and infectious diseases.’”l Recently,
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the Simoa Planar Array benchtop technology (SP-X System)®!

based on a digitalized ELISA has been developed by Quanterix,
being faster and less expensive than the Simoa beads-based
technology. The Simoa SP-X technology can detect protein
markers with LODs in the sub-femtomolar (10 m) range,
which corresponds to 10°-10° proteins in a sample volume of
0.1 mL, hence being sensitive to a lesser extent than NGS. Such
femtomolar sensitivity relies on printing highly packed cap-
ture antibodies with a density of 10°> um™ onto detection spots
holding an area of 0.2 mmZ2.°"l Remarkably, the elicited tech-
nologies are label-needing, requiring more steps and, hence,
more time-consuming than label-free ones. These platforms
are opening to the widespread use of personalized and preci-
sion medicine in everyday clinical practice. Yet, the drawbacks
are that the assays do not reach the single-molecule limit for
protein detection, and the labeling step contributes to the long
time-to-results (several hours at minimum) and costs. Further-
more, none of them can simultaneously assay both proteins
and genomic markers.

The emerging Single-Molecule with a large Transistor
(SiMoT) technology!™ represents the latest development
in ultrasensitive bioelectronic detection, involving the assay
of biomarkers, both genetic (DNA, RNA) and proteins, at
10-20 zm (1072 m) limit-of-detection. This means that one mol-
ecule is included in a sampled volume of 0.1 mL. This prom-
ising technology is based on an Electrolyte-gated field effect
transistor (EG-FET)¥) encompassing a large-area (um?-mm?
wide) detecting interface hosting 10"'-10'> cm? biorecognition
elements. Notably, SiMoT is a label-free technology, indeed
the output signal is directly related to a variation in the elec-
trostatics of the immunocomplex established upon the inter-
action between the biomarker and its recognition element. As
extensively reported in the literature, the SiMoT technology can
detect both proteins (i.e. IgG, IgM, HIV-p24, and CRP),1217
and genomic markers!'®2% also in both buffered solutions and
real serum at the physical limit. Moreover, the covid virus??!
and Xylella fastidiosa bacterium??l have been detected at the
single entity level with such technology. Those studies pave
the way toward developing ultra-sensitive, fast, highly reliable,
and low-cost diagnostic systems for diagnosing diseases like
tumors, viral and bacterial infections early.

Moreover, bioelectronic sensors offer many relevant advan-
tages over optical systems in biosensing applications. Indeed,
electronic devices are generally label-free, fast, and easier to
operate, being the perfect candidate for developing point-of-care
testing. The acquired data also conveniently support the transfer
and archiving into a cloud system for remote processing. Such
an occurrence will put a clinician in the condition to provide an
immediate clinical assessment while in a remote connection.

In this study, the detection of cytokine interleukin-6 (IL-6)
has been achieved with the SiMoT technology, reaching a LOD
down to the physical limit in human blood serum. In particular,
cytokines are one of the main signaling molecules in charge of
regulating the immune system. Their concentration changes
upon infection, inflammation, or other immune response acti-
vation, thus being important biomarkers for various diseases.
In particular, it has been recently demonstrated that the level
of IL-6 in human blood serum can be correlated to HIV infec-
tion at significantly higher concentrations in samples collected
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from infected patients.?3] Importantly, the detection of these
cytokines is usually accomplished only in the acute disease
state when they reach measurable concentrations.* This usu-
ally takes place well after the appearance of clinical symptoms.
Therefore, developing an ultrasensitive assay for cytokine detec-
tion is desirable to enable pre-symptomatic disease diagnosis.
Here, single-molecule detection of IL-6 has been accomplished
in blood serum with SiMoT technology and benchmarked
against Simoa SP-X assay. To this aim, a user-customizable
Simoa SP-X Homebrew assay has been optimized by means of
an experimental design approach, and a limit of detection of
57 am (10718 M) has been obtained. Instead, the assay performed
with the SiMoT device showed a limit of detection of 20 zm
(102! M), which means detecting 1+ 1 molecule in the sampled
volume of 0.1 mL. This is obtained by means of a sensing gate
electrode covered by highly packed anti-IL6 capture antibodies,
at a density of 10° um™2, comparable to the Simoa assay. This
SiMoT label-free assay is performed through the exposure of
the bio-modified gate electrode to 0.1 mL of the blood serum
samples to be analyzed. Moreover, to prove the selectivity of the
assay, negative control experiments have been accomplished.
These experiments involved a gate electrode merely covered by
bovine serum albumin, exposed to the very same blood serum
samples containing the specie under investigation. There
should be noticed that the overall SiMoT assay is faster than the
Simoa assay with time-to-results as low as 30 min.

2. Results

2.1. Simoa SP-X Assay for IL-6

The user-customizable Simoa SP-X Homebrew assay, com-
bining contact printing technology with anchor antibody/
peptide tag pairs, has been used to detect human Interleukin
6 (IL-6) in blood serum, aiming at benchmarking the Single-
molecule with a large Transistor (SiMoT) technology. Figure 1A
illustrates the main steps of the IL-6 Simoa SP-X assay. To per-
form the Simoa assay, the initial steps of the procedure are very
much like those involved in conventional ELISA sandwiches.["l
Indeed, the Simoa assay encompasses a 96-well ELISA plate,
each hosting 12 distinct circular spots, 600 um in diameter.®!
The anti-IL6 capture antibodies’ immobilization occurs through
a peptide-tag coupling the selected biorecognition elements
with the anchor antibodies printed with high density on spe-
cific circular spots. The IL-6 analyte is sandwiched between
the peptide-tagged capture and biotinylated detector anti-
bodies. In this study, IL-6 standard solutions, prepared in phos-
phate buffer saline (PBS, ionic strength 163 mm and pH 74)
with concentrations ranging from 14 am (0.3 fg mL™) to 14 pm
(300 pg mL™), have been assayed. The target analyte was
captured at the spot hosting the anti-IL6 capture antibodies.
After the incubation step in the analyte solutions, the work-
flow proceeds with the subsequent exposure to the anti-IL6
detector antibodies labeled with biotin, forming sandwich
immunocomplexes with the capture antibody-antigen com-
plexes. Afterward, the plate is washed to remove unreacted
antibodies and incubated with SA-HRP to label the immuno-
complexes with enzymes. Eventually, luminol and H,0, are
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Figure 1. A) Workflow of the Simoa homebrew assay developed for the detection of the IL-6 target molecule. B) Graphical representation of the experi-
mental domain used to develop a 22-factorial design. C) Isoresponse contour plot of the LOD response of the 22 factorial design. D) Calibration curve
for optimized IL-6 assay registered with 0.1 tg mL™" of anti-1L6 capture antibody and 5 pig mL™" of anti-IL6 detector antibodies. IL-6 standard solutions
prepared in PBS with concertation ranging from 14 am to 14 pm have been assayed and are given as black hollow squares. Error bars are shown for
two replicate measurements of IL-6 sensing (black squares) and 6 replicate measurements of blank (red square). The modeling (black solid curve)
has been performed with an analytical model based on a 5-Parameter logistic equation. The triangles are relevant to the endogenous content of IL-6
measured in serum. The dark-blue hollow triangle is relevant to the serum sample 1:4 in PBS, while the light green triangles are the serum samples
diluted by the standard 10-fold dilution method in PBS, ranging from 14 am to 14 fm.

incubated in each well. Consequently, the enzyme-substrate
reaction yields light emitted locally from the immunocom-
plexes. The intensity of the signal is directly proportional
to the concentration of analyte in the analyzed solution and
imaged on a CCD camera.

The sensitivity of the Simoa SP-X homebrew assay against
IL-6 analyte has been optimized through an experimental
design approach, encompassing two factors: the concentra-
tions of the anti-IL6 capture and detector antibodies. Based
on previous studies,*?’ a typical experimental setting encom-
passing anti-IL6 capture and detector antibodies’ concentra-
tions ranging from 0.1 to 5 ug mL™ has been selected as an
experimental domain. The graphical representation of the
experimental domain explored by the 2? factorial design is
schematically depicted in Figure 1B, where the capture ([CA])
and detector antibodies ([DA]) concentration have been coded
at low and high levels, namely -1 and +1, corresponding to 0.1
to 5 pug mL! respectively. Therefore, considering the geomet-
rical representation of the experimental domain, the 22 factorial
design explores the corner of a square, allowing to simultane-
ously vary both variables under investigation. The output of
the experiment performed at the corners of the experimental
domain, marked by the black points in Figure 1B, has been
used to develop a linear model correlating the LOD, taken as
the response of the model, with the two variables. Therefore,
the following mathematical model has been implemented

LOD = by + b, [CA]+ b,[DA]+ b, [CA][DA] )

Adv. Mater. Technol. 2023, 8, 2201910 2201910 (3 0f10)

encompassing constant term by, two linear terms, and one two-
term interaction that explains possible interactions between the
concentration of capture and detector antibodies. The LOD of
the assays has been computed as the concentration providing a
response equal to I, £ ko,

where I, is the average CCD image intensity of the blank
experiment plus 3 times (k) the standard deviation of the noise
(0).2°%7] Four assays, each one in duplicate, were performed
to estimate the coefficients of the model, with four degrees of
freedom left to define the statistical significance of the model.
In addition, two experiments were performed at the center
point, shown as a red dot in Figure 1B, corresponding to a con-
centration of 2.5 ug mL™ for both anti-IL6 capture and detector
antibodies, to assess the model’s prediction capability. For each
assay, the dose-response curves were registered in duplicate,
incubating the 8 rows of the microtiter plate with IL6 standard
solutions ranging from 14 am to 14 pm. Moreover, 6 wells of
the assay were used to measure the blank signal, resulting in
six replicates of the noise level. The multilinear regression coef-
ficients of the model reported in Equation (1) have been deter-
mined along with their significance to elucidate the effect of the
capture and detector antibodies concentrations, obtaining the
following values:

LOD (aM) =218 +21[CA]" =112[DA]” + 10[CA][DA]"™ (2)

where the significance level is indicated according to the usual
convention: *p < 0.05, **p < 0.01, ***p < 0.001. The terms of
the model are all significant terms, although the linear terms
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of (DA) hold an absolute value larger than the others. The
large coefficient of (DA) indicates that by increasing the con-
centration of the detector antibody, a decrease in the LOD of
the assay is registered, and therefore better results are obtained
by increasing this concentration. Indeed, the coefficient of the
linear term of (DA) is negative, and since the LOD has to be
minimized, it can be said that the assay’s sensitivity improves
working with a higher concentration of detector antibodies.
Moreover, since the coefficient for each term represents the
change in the mean response associated with an increase of
one coded unit in that term, while the other terms are kept
constant, it can be noted that by increasing the capture anti-
body concentration from 0.1 to 5 ug mL™}, an increase in the
LOD of 21 am has been registered. To validate the model, the
predicted response at the center point, namely the assay per-
formed with 2.5 ug mL™! for both concentrations of the cap-
ture and detector antibodies, has been compared with the
experimental value. The predicted LOD value in the center
point is 218 am (4.6 fg mL™), while the experimental value is
238 + 64 am (5.0 + 1.3 fg mL™!), where the error has been com-
puted as the experimental pooled standard deviation with four
degrees of freedom. Therefore, the experimental value of the
LOD measured at the center point is not significantly different
from the predicted value. Thus, the model is validated and
accepted in the whole experimental domain. The isoresponse
contour plot, reported in Figure 1C, provides essential informa-
tion about the interactions between the two variables (CA) and
(DA). The contour plot shows parallel isoresponse lines, indi-
cating a linear model without main interactions among the two
variables. Moreover, the contour plot in Figure 1C clearly shows
that the best condition in the explored experimental domain
corresponds to a higher detector antibody concentration, while
an increase in the capture antibody concentration does not lead
to an improvement in sensitivity. Indeed, the anti-IL6 antibody
footprint occupies a surface of =300 nm?,[*?l and thus =10° anti-
116 can be hosted on the 600 pm? pre-spotted area of the micro-
titer plate wells. The anti-IL6 is thus packed on the spot of the
Simoa SP-X plate at a density of 3 x 10*> um™2.1>°l Considering
an incubation volume of 50 UL for the capture antibody solu-
tion, a minimum concentration of 30 pm, corresponding to
4.5 ng mL7}, is necessary to fully cover the Simoa SP-X spot.
A further increase of the capture antibody concentration does
not improve the anti-IL6 surface coverage, and thus in the assay
binding efficacy. Therefore, the best conditions to perform
the IL-6 assay have been settled at concentrations of 0.1 and
5 ug mL™ for the capture and detector antibodies respectively,
to enhance the assay sensitivity while minimizing the cost of
the assay. In Figure 1D, the calibration curve registered for the
IL-6 assay encompassing the optimized experimental condition
is reported. The black squares are relevant to the average of the
exposure to IL-6 analyte standard solutions evaluated with two
replicates, while the red square is the average of the signal of
the blanks over six replicated experiments. The black line repre-
sents the curve fit, being a 5-Parameter Logistic (SPL) based on
the following Equation:

I=a+—-—— (3)
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where x is the IL-6 concentration, while I is the CCD image
intensity, expressed in arbitrary units. The equation param-
eters a and d are respectively the initial response for x = 0 and
the maximum response of the curve, b is defined as the Hill
Coefficient, ¢ is the inflection point of the curve, and e is the
non-symmetry factor. The fitting procedure was repeated sev-
eral times, and the coefficients were adjusted depending on the
residual errors in the previous iteration. Remarkably, a LOD as
low as (57 £ 26) am (1.1 £ 0.5 fg mL™) has been achieved, being
one order of magnitude lower than the LOD obtained with
commercially available Simoa kit for IL-6 detection, namely
(1.5 £ 0.8) fm (31 £ 17 fg mL™).8283% The optimized experi-
mental setting achieved with the experimental design has been
used to develop the assay to measure IL-6 in blood serum sam-
ples from a human donor. The initially sampled serum fluids
were assayed by Simoa (find details in Experimental Section),
then tenfold standard dilutions in PBS were produced from
these samples. The samples were assayed in duplicate at each
dilution. The intensity of the CCD camera signal is reported in
Figure 1D as blue hollow triangles. Remarkably, the maximum
concentration of IL-6 in the blood serum sample assessed by
Simoa is (14 £ 0.5) fm (294 * 10 fg mL™). The sample encom-
passing a nominal IL-6 concentration of 140 am is above the
LOD level of the Simoa assay, returning a concentration of
(193 £+ 68) am (4.0 £ 1.4 fg mL™). However, the samples with
nominal ligand concentrations of 14 am and 140 zm fall below
the LOD, returning a negative response of the Simoa assay.

2.2. IL-6 SiMoT Assay

The SiMoT device structure is shown in Figure 2A. This com-
prises a Si/SiO, substrate on which the interdigitated source
(S) and drain (D) electrodes are deposited and covered by the
p-type organic semiconductor (P3HT). The third electrode, the
gate (G), controls the conductivity of the electronic channel,
by means of the HPLC-grade water, that acts as an electrolyte
medium. The SiMoT technology uses two circular gate elec-
trodes (=0.2 cm?), one used as a reference for the overall meas-
urements and the other is the sensing bio-modified gate. They
have the same geometry and they are both manufactured on
a PEN substrate by e-beam evaporation (with two layer Ti/Au,
5 nm/50 nm) and they are alternatively measured. In detail
during the analysis, the reference gold gate is stably positioned
in the electrolyte well over the channel area, and it is used to
monitor the device’s stability during the whole assay. Instead,
on the sensing gate electrode trillions of anti-IL6 antibodies
are deposited. The very same antibodies used as capture anti-
bodies in the Simoa assay are used, to highly specifically bind
the IL-6. The biorecognition elements were immobilized on the
sensing gate surfaces via a self-assembled monolayer (SAM)
approach. Both 3-mercaptopropionic acid and 11-mercaptound-
ecanoic acid are mixed and used to define the chem-SAMs on
the gold electrode surface. The well-known EDC/sulfo-NHS
chemistry has been used to covalently bind the biological rec-
ognition elements to the SAM. Indeed, the capture antibodies
can be bound through their amine groups to the activated car-
boxylic moieties of the chem-SAM. After the anti-IL6 has been
coupled, the activated but non-reacted acidic functionalities can
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Figure 2. A) SiMoT device structure encompassing interdigitated source (S) and drain (D) electrodes covered by Poly(3-hexylthiophene-2,5-diyl) —
P3HT. Two gate electrodes are used: a bare gold reference gate and a biofunctionalized one. B) Schematic representation of the covalent biofunction-
alization strategy pursued to immobilize anti-IL6 antibodies on the sensing gate electrode. C) SPR sensogram of the anti-IL6 covalent immobilization
through mixed-SAM on the gold SPR slide. Two areas were sampled on the surface in each experiment, shown as blue and curves. D) SiMoT sensing
transfer characteristics (Ip vs Vg at Vp =—0.4 V). The black curve corresponds to the anti-IL6 functionalized gate incubated in the sole PBS solution.
The same gate is further exposed, in sequence, to PBS standard solutions of IL-6 at concentrations of 14 zm (red-curve), 1.4 am (green-curve), 14 am
(magenta-curve), 140 fm (blue-curve). The gate leakage current I for the anti-IL6 sensing gate incubated in PBS and in IL-6 standard solutions is shown
as an inset. E) SiMoT sensing transfer characteristics (Ip vs Vg at Vp =—0.4 V). The curve in black is the trace recorded for the anti-IL6 functionalized
gate when incubated in the blank PBS solution; the cyan curve is recorded after the gate has been incubated in IL-6 dilution at nominal concentrations
of 140 zm, namely (8 £ 3) IL-6 molecules in the sampled volume. A zoom into the VG range from —0.4 to —0.5 V is reported in the inset.

be saturated with ethanolamine. To complete the biofunction-
alization, BSA is deposited on the electrode to prevent any non-
specific binding. A scheme of the SAM gained through this
protocol is reported in Figure 2B.

The biofunctionalization protocol has been monitored in
situ via Surface Plasmon Resonance (SPR) characterization.
To this aim, a Multi-Parameter SPR Navi 200-L apparatus in
the Kretschmann configuration was used, as reported else-
where 332 An optical glass coated with a gold (=50 nm) on
chromium (=2 nm) layer has been engaged as a semi-trans-
parent SPR slide. The slide is modified with the mixed SAM
and then allocated in the sample holder and placed into the
SPR flow-through cell in which the subsequent biofunction-
alization steps have been performed. The biofunctionalization
protocol is monitored via the evanescent wave generated by a
laser beam (A = 670 nm) reflecting on the Au-covered optical
glass.3334 The gold exposed area, =0.4 cm?, was simultane-
ously examined by two SPR laser sources that hit the sensor
at two points (3 mm apart), to evaluate the uniformity of the
antibody layer deposited on the sensor surface. In this SPR
setup, static injections are used. In detail, 0.1 mL of the anti-IL6
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capturing antibodies (10 pg mL™Y) phosphate buffer solution
(Is = 163 mm, pH 74)are injected over the SAM-modified gold
surface. The optical signal changes occurring as the biolayer
was deposited were recorded as a function of time and shown
as the green and blue curves in Figure 2C. The almost identical
traces served to assess the homogeneity of the anti-IL6 surface
coverage. To observe a plateau upon the binging of anti-IL6, the
solution was let to interact with the activated SAM for up to 5 h.
The increase of the optical signal reported in Figure 2C, indi-
cates that a film of anti-IL6 forms on the slide in 4 h, reaching
95% of the coverage.
An anti-IL6 surface coverage of 103.2

responding to (4.28 £ 0.02) x 10" molecules x cm™ was com-
puted by using the de Feijter’s equation.:183132 Hence, the
anti-1L6, deposited from a 10 ug mL™ solution, is packed at a
density of 4 x 103 um™, comparable to the capture antibody
density achieved with the Simoa technology. The sensing gate,
biofunctionalized with anti-IL6 according to the protocol moni-
tored with SPR, has been engaged in the SiMoT assay to detect
human IL-6. To this aim, the sensing gate is immersed for ten
minutes into an incubation well hosting 0.1 mL of the blood

+ 0.4 ng cm™2, cor-
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serum samples or the IL-6 standard solutions in PBS, that is
the high ionic strength (162 mm) media. The sensing gate is
then washed and positioned in the measuring SiMoT well with
low ionic strength (=5 pm) deionized (DI) water to maximize
the Debye’s length and hence the output electronic sensing
response. The binding event produced a variation of the source-
drain current (Ipg) of the SiMoT device, by capacitively coupling
the sensing gate to the transistor channel, ascribable to a shift
of the sensing gate work function.'?3% The bare gold reference
gate, stably positioned over the SiMoT electronic channel, con-
trols the device’s stability during the whole assay. Remarkably,
the bare gold electrode engaged in the SiMoT technology does
not act as an ideally non-polarizable reference electrode (such
as an Ag/AgCl one), which is required to operate amperometric
sensors.®l In contrast, the SiMoT technology foresees a poten-
tiometric measurement, since no Ig current flows. The tran-
sistor transfer characteristics, namely the I, as a function of the
gate voltage (V) at a fixed source-drain voltage (Vpg) of —0.4 'V,
measured with the sensing gate assaying IL-6 standard solu-
tions, are reported in Figure 2D. The baseline (Iy) is reported
as a black curve, and it is measured after the sensing gate was
incubated in a bare PBS (I; = 162 mwm) solution. Then, the same
sensing gate is incubated in 0.1 mL of IL-6 PBS spiked solu-
tion at a concentration of 14 zm (1.4 x 1072° m), which means
1 + 1 target molecule can be found in the assayed volume,
where the indetermination is the Poisson sampling error.[220
Thus, upon the binding of a single IL-6 molecule a new trace
is recorded. Here, in Figure 2D, the red curve is related to the
signal level I, which is measured in the SiMoT device after
binding the target species. As shown in Figure 2D, the sensing
gate is then tested against the exposure to increasing concentra-
tions of IL-6 spiked PBS solutions at a concentration of 1.4 am
(green-curve), 14 am (magenta-curve), and 140 fm (blue-curve).
In the inset of Figure 2D, the curves corresponding to the gate
leakage currents (Ig) of the device are shown, which are always
at least three orders of magnitude lower than I,. Thus, no fara-
daic activity can be evidenced by the I curve of the sensing
gate, proving that mild electrochemical processes have been
prevented by fine-tuning the inspected gate voltage window.
Moreover, Figure 2D also shows no correlation between the I
current and the ligand concentration. These are compelling evi-
dence, proving that the field-effect induced current I, provides
a capacity-coupled related sensing response. In particular, when
the gate voltage is applied, the gate modulates, according to its
electrochemical potential, the conduction in the EG-FET semi-
conductor through the charge double layer (CDL) at the gate—
membrane/electrolyte interface. The electrolyte/semiconductor
interfaces hold a second CDL, that capacitively couples to the
gate/electrolyte one. Those CDLs are built via transient ionic
currents (non-faradaic) measured as an I gate-leakage ionic
current that extinguishes once the electrostatic equilibrium is
reached. Relevantly, to prevent any electronic-faradaic current,
the gate voltage is swept across ranges where no redox reac-
tions occur. Thus, if no leakage gate current I flows between
the gate and the source/drain electrodes, the zero-current
(Ig = 0) equilibrium potential governing a Nernstian behavior
is satisfied.*®) These working conditions mean that the EG-
FETs operate as a potentiometric sensor, where the capacitive
coupling between the gate/membrane and the semiconductor

Adv. Mater. Technol. 2023, 8, 2201910 2201910 (6 of 10)

www.advmattechnol.de

channel transduces the gate/membrane electrochemical poten-
tial shift by modulating the Iy current.

In Figure 2E the baseline current level is shown as a black
curve, and it is compared to the transfer characteristic recorded
after the sensing gate is incubated in the IL-6 standard solution at
a nominal concentration of 140 zm (cyan-curve), corresponding
to 8 £ 3 target molecules in the assayed volume of 0.1 mL.
A large current decrease is observed as well as a shift of the
transfer characteristic toward more negative V. The transfer
characteristics are analyzed by taking into account the relative
shift of the measured current (I), compared to the baseline (Iy),
namely (AI/Iy) = [(I — Iy)/I), at the maximum transconduct-
ance, and this was taken as the SiMoT response.'>?%l Also, as
validation methodology for the assay, the Ip current recorded
with the bare gold reference gate were monitored for the whole
sensing assay, and these variation in the current relative shift
remained below 5%. In Figure 3A the dose-response curves of
the (AI/I;) SiMoT assay for both the sensing (black squares)
and the negative control (red circles) experiments carried out
in IL-6 spiked PBS solutions are reported. The sensing experi-
ment encompasses a sensing gate biofunctionalized with anti-
IL6 antibodies, while the negative control experiment has been
conducted with a bare BSA biofunctionalized gate. The mod-
eling of the SiMoT sensing response (solid black curve) was
carried out utilizing an analytical model based on Poisson dis-
tribution probability!®! encompassing the following five param-
eters logistic equation:

Al d
=gt ——— )

TN
. (1+(") )
c

where x is the IL-6 concentration, while AI/I; is the SiMoT
response. The fitting parameters engaged in Equation (4) are
the same used to fit the Simoa response reported in Equa-
tion (3) (vide supra). This accounts for the occurrence of a
few binding events, as described in detail elsewhere.l??l The
assay noise level is given from the negative control experi-
ment, resulting in (AI/Iy) = 0.03 £ 0.02. The LOD level, taken
as the concentration corresponding to the noise average level
plus three times its standard deviation,?! is as low as 20 zm
(2 x 1072° m). The sampled solutions are all 0.1 mL hence the
LOD corresponds to 1+ 1 target molecule. Therefore, according
to Poisson’s distribution, there is a 64% probability that a 20 zm
solution host at least one molecule.

In Figure 3B the SiMoT and Simoa assays are compared for
the experiments performed with human blood samples from
a healthy donor. Here, the human serum was first assayed by
Simoa, and from this, 10-fold standard diluted solutions in PBS
were produced. Each dilution was tested twice, taking 0.1 mL
for each assay. The normalized (AI/Iy) (black hollow squares)
and intensity of the chemiluminescent signal collected by the
Simoa CCD camera (grey hollow triangles) are plotted. The
noise levels, computed as the average response of the BSA
biofunctionalized gate assaying whole human blood serum,
resulted in a (Al/I,) of 0.11. This leads to a LOD of 1+ 1 target
molecule in 0.1 mL. Remarkably, a recent study has demon-
strated that a single antigen (out of a few) in a 0.1 mL sam-
pled volume, acting as a Browning particle obeying Einstein’s
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Figure 3. A) IL-6 dose-curves obtained with the electronic SiMoT assay, performed in PBS standard solutions in a range of concentration of
14 zm-140 fm. The data determined with the sensing gate biofunctionalized with anti-IL6 and incubated into the IL-6-standard solutions are reported
as black hollow squares, while the response measured from the negative control experiments, encompassing a bare BSA biofunctionalized sensing
gate, are shown as red hallow circles. Error bars over three replicates are set as one standard deviation. The modeling (black solid curve) has been
performed with an analytical model based on a 5-Parameter logistic. The LOD, taken as the average of the control experiment data (noise level) plus
three times the standard deviation, is equal to 1+ 1IL-6 in 0.1 mL. B) The SiMoT and the Simoa dose curves were measured on the same blood serum
samples from a healthy donor. The maximum concentration of IL-6 assessed by Simoa is 14 fm. The other points are relevant to tenfold standard dilu-
tions of the blood serum in PBS reference fluid. The red hollow square is relevant to the SiMoT negative control experiment, performed using a bare
BSA functionalized gate exposed to the undiluted bold serum sample, while the red hollow triangle is the blank experiment of the Simoa assay. The
data have been acquired from nominally identical samples and the error bars are taken as one standard deviation. On the left, the (Al/ly) normalized
data of SiMoT response are shown, while on the right, the Simoa values of the intensity registered with the CCD camera for each assayed sample are
reported. Also in this case the modeling (black solid curve) has been performed with an analytical model based on a 4-Parameter logistic equation

based on the same set of parameters derived from the calibration dose curve in PBS.

diffusion theory, can strike with a very high probability, a
0.2 cm? large-area gate functionalized with 10" antibodies,
within a few minutes.’) Moreover, a recent study has directly
measured through Kelvin probe force microscopy (KPFM) the
surface potential changes associated with antigen—antibody
bindings at a large-area biofunctionalized metal surface.’¥ In
particular, KPFM data have directly and independently dem-
onstrated that the binding of less than 10 ligands to an equal
number of biorecognition elements is capable to shift the
surface potential of 10® antibodies that are highly packed on a
90 X 90 um? wide gate. Meaning that the electrostatic interac-
tions spread on highly packed layers of capturing antibodies,
as the one deposited on the gate surface, allow the propaga-
tion of the electrostatic change of the single capturing antibody
through the whole surface.

The curves for this set of measurements were fitted by
means of a 5-parameter logistic equation, as previously men-
tioned, which is based on the same parameters resulting
from the calibration dose curve obtained in the experiments
involving IL-6 standard solutions in PBS, and a good agree-
ment with the experimental data was found. For the assay
conducted with the Simoa platform, the LOD was evaluated as
the concentration corresponding to the average signal of the
blank plus three times its standard deviation. A value of 57 am
was found, corresponding to (1.7 £ 0.4) x 103 target molecules
in 0.05 mL incubation volume. Hence the LOD obtained with
SiMoT technology is three orders of magnitude lower than the
one achieved with the Simoa SP-X system.

There should be highlighted that the SiMoT technology is a
time-to-result and label-free technique in which the assay can
be performed in =30 min, instead, the Simoa label-needing
technology requires at least 4.5 h analysis because of the multi-
steps needed to complete the assay.
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3. Conclusion

In conclusion, the analytical performance of the SiMoT device
capable of electronic label-free detection of IL-6 in human
blood serum at a LOD of 1 + 1 target molecule in 0.1 mL, is
benchmarked toward a commercially available chemilumi-
nescence-based Simoa SP-X IL-6 assay. This is performed
utilizing a millimeter-wide (0.2 cm?) gate bearing a layer of
10™ anti-IL6 capture antibodies packed at the same density of
103 um~2 engaged in the Simoa assay. The sensing experiment
can be performed by the direct incubation of the gate electrode
for 10 minutes into reduced volume (0.1 mL) of blood serum,
whose IL-6 content has independently been assayed by Simoa.
By means of the SiMoT technology, a label-free, fast, and cost-
effective assay is feasible, reaching detection limits about three
orders of magnate lower than Simoa. Negative control experi-
ments involved a bare BSA biofunctionalized gate exposed to
whole human blood serum. The results obtained with this pro-
posed assay unfold the development of a point-of-care immuno-
metric sensor, that can perform ultra-sensitive analysis even for
the large-scale screening of a plethora of progressive diseases.

4. Experimental Section

Materials: The Simoa Planar array homebrew starter kit was purchased
from Quanterix. Those kit encompassed the monoclonal Anti-human
Interleukin 6 (anti-1L6) Capture Antibody in an aqueous buffered solution,
with sodium azide preservative (Molecular weight My, = 150 kDa), the
monoclonal Anti-human Interleukin 6 (anti-IL6) Detector Antibody in
aqueous buffered solution, with sodium azide preservative (Molecular
weight My = 150 kDa), and lyophilized human Interleukin-6 antigen
(IL6) affinity ligand. PBS pH 7.2 and ionic strength 163 mm, Tween 20,
Sulfosuccinimidyl ~ 4-(N-maleimidomethy)  cyclohexane-1-carboxylate
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(Sulfo-SMCC), 1 M Tris HCl pH 7.4, NHS-PEG4-Biotin, Streptavidin
Horseradish Peroxidase (SA-HRP), Horseradish Peroxidase Substrate-
(SuperSignal Luminol), sample diluent (Phosphate buffer with BSA
and sodium azide as preservative) were purchased from Quanterix.
Universal ELISA plates pre-spotted with an anchor (immobilized
protein) were purchased from Quanterix and stored at 2-8 °C. Anti-IL6
capture antibodies against the IL-6 target proteins were exchanged into
PBS and incubated for 30 min at 23 °C with Sulfo-SMCC. Maleimide-
activated capture antibodies were subsequently incubated with a peptide
tag purchased from Quanterix and used without further purification at a
1.2 mg mL™" concentration for 30 min at 23 °C. The maleimide-activated
antibody with the peptide occurred through a cysteine group on the
peptide. Peptide labeled capture antibodies were purified via dialysis in
PBS using an Amicon Ultra-0.5 Centrifugal Filter Devices. The capture
antibodies solution concentration was adjusted to 0.25 mg mL™" in
1 x PBS, 4% BSA, 0.1% sodium azide, and stored at 2-8 °C until ready
to run the assay. According to standard protocols, anti-IL6 detection
antibodies were exchanged into PBS and then biotinylated using NHS-
PEG4-Biotin (50X molar excess of biotin to antibody). The biotinylated
antibodies were purified from excess biotin by dialysis into PBS using
an Amicon filter. IL-6 calibrator antigen stocks were prepared through
serial dilution using the sample diluent. Human serum samples were
obtained from blood samples collected from a different healthy donor
(age between 18 and 60, Research Donors Ltd of London (UK)) and
centrifugated at 10000 x g for 5 min and successively diluted 1:4 with
PBS, before the Simoa and SiMoT assays.

Simoa Assay Development: Anchor antibodies pre-spotted arrays
on dried microtiter plates were washed with 25 X Wash Buffer (Tris-
based buffer with Tween 20 detergent) on a Simoa washer (Quanterix
Corporation) prior to use it. The peptide-tagged anti-IL6 capture antibody
solution in the sample diluent, with a concentration in the range of 0.1
to 5 ug mL™", with a volume of 50 uL was added to each well of the
washed plates. The plates were incubated for 30 min at 23 °C while
shaken at 525 r.p.m. on an orbital plate shaker. Those shaker parameters
were used for all subsequent incubation steps. When the peptide-labeled
anti-IL6 capture antibody immobilization was accomplished, the plates
were washed, and a volume of 50 pL of IL-6 calibrator solutions with
concentration ranging from 14 am (0.3 fg mL™) to 14 pm (300 pg mL™)
was added into each well. Plates were incubated for 120 min before
washing and incubating with 50 uL of biotinylated anti-IL6 detection
antibodies for 30 min. Plates were rewashed, and 50 UL of streptavidin-
horseradish peroxidase (SA-HRP) enzyme conjugate was added to each
well and incubated for 30 min. Finally, the plates were washed before
adding 50 pL of luminol and hydrogen peroxide to each well. Plates were
imaged on the Simoa SP-X (Quanterix Corp.). Fluorescence images were
acquired (577 nm excitation, 620 nm emission) and recorded using a
CCD camera.l"®l

Design of Experiments: A replicated, two-factors, full factorial design
was implemented to optimize the Simoa assay. The factors examined
were the concentration of anti-IL6 capture antibody (CA) and detection
antibody (DA), coded with X; and X, variables, respectively. Following
a two-level design, these variables were set at a low and high level,
coded as —1 and +1. For each factor, the levels of 0.1 and 5 ug mL™" were
selected for both capture and detection antibodies. The concentration
range selected for the capture and detection antibodies was customary
to develop ELISA and Simoa SP-X assays.253%4% The experimental
matrix is given in Table 1.

The LOD of each assay, computed according to the IUPAC
definition,*l was used as the response to the full factorial design. In
addition, the LOD at the center point in duplicate was evaluated and
used to validate the linear model with interactions provided by the
factorial design. Multilinear regression was performed. The full factorial
22 design and the validation were performed using CAT (Chemometric
Agile Tool) open-source software.*

Samples from Human Serum: Human serum samples from blood
samples collected from a different healthy donor were first centrifugated
at 10 000 x g for 5 min and successively first diluted 1:4 with PBS. The
serum samples were diluted (by the standard tenfold dilution method) in
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Table 1. Experimental matrix, experimental plan, and responses of the
22 Full Factorial Design, along with the center point used for the model
validation.

(CA) (DA (A)[ugml]  (DA) [ugmL’] LOD [av]
-1 -1 0.1 0.1 487
-1 -1 0.1 0.1 319
1 -1 5 0.1 395
1 -1 5 0.1 378
-1 +1 0.1 5 56
-1 +1 0.1 5 64
1 1 5 5 137
1 1 5 5 149

PBS. The endogenous IL6 concentration in each sample was quantified
by Simoa assay,l using Simoa Planar Array Homebrew Starter Kit
(Product number 100-0464). The SiMoT technology also analyzed the
same samples.

Electrolyte-Gated Organic Thin-Film Transistor Fabrication: EG-FETs
with spin-coated organic semiconductors®*1 were prepared on a Si/
SiO, substrate as previously reported.l”l The sensing and reference gold
PEN gates were fabricated as previously reported.*’!

Gate Bio-Functionalization and Measurements Protocol: The gate
biofunctionalization protocol was optimized and described in detail
elsewhere and herein adapted for anti-IL6.%# The SiMoT device was
stabilized before performing sensing experiments, according to the
protocol defined and validated elsewhere.[1%20]

SiMoT Assay Measurement Protocol: The SiMoT device was stabilized
before performing sensing experiments, according to the protocol
defined and validated elsewhere.®?% The protocol described in the
following section was used for the sensing measurements. In detail,
each sensing gate modified with anti-IL6 was let to interact for 10 min
with 100 pl of the reference fluid, and then properly rinsed with HPLC
water and positioned on top of the SiMoT electrolyte cell. Then, an
iteration of 20 transfer characteristics was acquired to establish the
initial 1, baseline level. The sensing gate was then incubated in 100 pl
of the IL-6 standard solutions in PBS (ionic strength 162 mm and pH
7.4) at concentrations ranging from 14 zm (1.4 x 102 M) to 140 fm
(1.4 x 107 m) for 10 min. After each incubation in the IL-6 containing
solutions, the sensing gate was washed carefully in HPLC grade water
to remove any excess of species not bound to the biofunctionalized
surface, and a further set of SiMoT transfer characteristic was recorded,
thus providing the current signal | from each concentration. In the
case of negative control experiments, a gate surface biofunctionalized
merely with BSA (0.1 mg mL™") was used to acquire a control dose
curve involving the exposure to IL-6 of this BSA-passivated electrode.
These control experiments were also used to define the LOD level of the
bioelectronic assay. Also, in the experiments involving the samples from
human serum, in the SiMoT assay, negative control experiment the BSA-
functionalized gates were exposed to an undiluted blood serum sample.

The IL-6 standard solutions in PBS were prepared by a serial dilution
process according to the following equation: ¢, = ¢; X V; / V, =k X c;.
Here ¢; and ¢, are the ligand concentrations in the stock and in the
diluted solution, respectively, while V; and V, are the corresponding
solution volumes and k =V, / V, is the dilution factor. As customary,
the former dilution was the stock solution for the subsequent dilution in
the series. Standard ten-fold serial dilutions starting from concentrated
analytes” mother solution were performed. On each concentration of
the standard solutions, the absolute uncertainty was calculated as the
propagation error of the dilution factor, while the uncertainty of the
volume, given by the supplier company of the pipettes used, was 1%.
This value of the uncertainty of the volume considers both random
and systematic errors in pipetting. The nominal number of IL-6 at each
concentration was given by the equation c x V x N,, where c is the IL-6
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concentration, V is the volume of the standard PBS solution in which the
gate is incubated (100 pL) and N, is the Avogadro number. The error
associated with the sampling procedure could be estimated according to
Poisson’s distribution. The total uncertainty of the ligand concentration
was evaluated as the square root of the sum of the squares (RSS) of
the dilution (op) and Poisson’s (0p) errors. This means that the 100 ul
of human serum solutions, in which the sensing gate was incubated,
hosted a number of IL-6 ligands ranging from 1 £ 1 molecules (14 zm)
to (8 x 10% + 3 x 10% molecules (140 fm). For monitoring the device
stability during the assay, the time required for each incubation of the
reference gate in the fluids was used to measure 5 repeated transfer
characteristics, delayed by 10 s, in the same voltage range used for the
sensing gate. All data acquired during the experiments were plotted and
analyzed using the Origin2018 software.
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