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Supplementary Text 
 
 
Section S1. Video of a typical assay  

A video showing the whole assay procedure comprising all the needed steps is provided. 
The video clearly show how easy is to perform the assay as very few steps are needed and the 
manual operations are very minimal requiring no sample treatment at all. It also shows how fast 
the whole assay is. 

  
 

Section S2. Thickness uniformity and stability of physisorbed antibodies on a gold surface 
The uniformity and the long-term stability of the SARS-CoV-2 Spike-S1 antibodies, (anti-

S1) layer physisorbed on a gold surface, is assessed via Surface Plasmon Resonance (SPR) 
characterization. To this aim, a Multi-Parameter SPR (MP-SPR) Navi 200-L apparatus in the  
Kretschmann configuration was used(46) and a schematic of the apparatus is shown in Figure 
S1a. An optical glass coated with a gold (~ 50 nm) on chromium (~2 nm) layer, serves as a semi-
transparent SPR slide (BioNavis Ltd). The slide is allocated in the sample-holder placed into the 
SPR flow-through cell in which the solution for the bio-layer deposition or the phosphate buffer 
solution for the subsequent washing step (to remove the few proteins that were not stably  
physisorbed on the gold surface), is injected. The thickness of the deposit is inspected via the 
evanescent wave generated by a laser beam (λ = 670 nm) totally reflecting on the Au-covered 
optical glass.(47, 48) The gold exposed area, about 0.4 cm2, was inspected simultaneously in two 
different points (3 mm apart) to assess the thickness uniformity of the deposited layer.  

The SPR slide was then put in contact with a solution of anti-S1 and the antibodies  
physisorption on the slide was monitored in-situ and real-time. This was carried out by static 
injection in the SPR cell of 100 μL of the anti-S1 capturing antibodies (100 µg/mL) phosphate 
buffer solution (PBS, ionic strength is 163 mM and pH 7.4). The optical signal changes occurring 
as the biolayer was deposited, were recorded as a function of time. All the experiments were 
performed at 24°C. The measured SPR transient traces, measured in two different points, are  
given as red and blue curves in Figure S1b. The almost identical traces evidence the high 
thickness homogeneity of the anti-S1 surface coverage. 

The PBS anti-S1 solution was kept in contact with the gold surface for 1.5 hours. The rapid 
increase of the optical signal (Figure S1b), indicates that a physisorbed film of anti-S1 
immediately forms on the slide, reaching 95% of the coverage in 15 minutes. The deposited film  
was rinsed with PBS and a negligible 2% loss of antibodies is observed in the timeframe of a 
typical bioelectronics sensing experiment (20 minutes).  

The surface coverage of anti-S1 physisorbed on the gold surface was quantitatively 
assessed, as costumery in SPR experiments, by means the de Feijter’s equation (Equation 
S1):(49)  

 
Γ = 𝑑 ∙ (𝑛 − 𝑛!) ∙ (𝑑𝑛 𝑑𝐶* )"#      (S1) 

 
where Γ, expressed in ng·cm-2, is the surface coverage, d the thickness of the biolayer deposited 
on the gold surface, n-n0 is the difference between the refractive index of the adlayer and that of  



 

the bulk medium while dn/dC is the specific refractivity of the adsorbed biolayer. Deriving this 
further to account for the instrument response, it returns Equation S2: 
 

(𝑛 − 𝑛!) = ∆𝜃$%& ∙ 𝑘       (S2) 
 

where k is the wavelength dependent sensitivity coefficient, and ΔθSPR is the experimental 
angular shift. For a λ = 670 nm laser beam a thin layer (d < 100 nm), the following 
approximations hold true: dn/dC ≈ 0.182 cm3 g-1 and k∙d ≈ 1.0∙10−7 cm deg.(50)  
 

 
Figure S1. SPR monitoring of the anti-S1 deposition - (a) Schematic of the Multi-Parameter SPR (MP-

SPR) Navi 200-L apparatus in the Kretschmann configuration. (b) SPR trace (plasmon peak angle vs. 
time) of the physisorption of anti-S1 on the SPR gold slide. The dotted panel evidences the first three 
hours of the physisorption of anti-S1 film on gold and the subsequent washing steps. The SPR optical 
signal is recorded for the following 45 hours to accomplish the real-time monitoring of the anti-S1 
stability in PBS for a much longer time. Red and blue curves are relevant to two points of the slide 

surface simultaneously inspected. Black arrows indicate the washing steps with PBS (is, 163 mM, pH 7.4). 
 



 

Therefore, under these assumptions and by substitution of Equation S2 in Equation S1, 
Equation S3 is derived to estimate the surface coverage Γ using the experimental angular shift, 
being: 
 

Γ = ∆𝜃$%& ∙ 550	[𝑛𝑔 𝑐𝑚'⁄ ]      (S3).  
 

An anti-S1 surface coverage of 374 ± 16 ng·cm-2, corresponding to (1.50 ± 0.06) · 1012 
molecules ∙ cm-2, was registered 1 hour after the first PBS washing step.  

 

  
Figure S2. Comparison between SPR angular reflectivity between a bare gold and an anti-S1 covered 

electrode -  SPR angular reflectivity curves measured at a wavelength of 670 nm for the clean gold 
surface (black squares) and the physisorbed anti-S1 (red circles) in PBS; solid lines are the fitting curves 

(see text for details). 
  

The computation of the deposit thickness was based on SPR data like those measured in the 
first 1.5 hours in Figure S2. In fact, the SPR angular reflectivity curves encompassing the 
plasmonic peak(51) were fitted as shown in Figure S2, to achieve an accurate estimation of the 
thickness of the physisorbed anti-S1. These curves were simulated with a multilayer model based 
on the Fresnel equation using Winspall 3.02 software.(52) The thicknesses and apparent  
refractive indexes of the bare Au coated SPR slides were estimated at first, and used to simulate 
the thickness change upon anti-S1 physisorption. The thicknesses and optical parameters 
returned from the simulation of the SPR curves are summarized in Table S1. Those obtained for 
the bare Au coated slides are in perfect agreement with the nominal thicknesses declared by the 
SPR slides’ provider and with the relevant optical parameters given in the literature.(53)   

 

 

 

 

  
 
 



 
 

 
Table S1. Optical parameters used for SPR data simulations. The average values along with the relative 

standard deviation of the simulations performed on four different sampled areas are reported. 
Layer Thickness (nm) Refractive Index, n Extinction Coefficient, k 

Glass BK7 0 1.52 0 

Cr 1.8 ± 0.2 3.12 ± 0.05 3.6 ± 0.3 

Au 48 ± 2 0.17 ± 0.03 3.79 ± 0.02 

anti-S1 12 ± 1 1.38 ± 0.01 0 

PBS 0 1.33 0 
 

This clearly proves the reliability of the simulation approach used. The resulting value for 
the thickness of anti-S1 layer is 12 ± 1 nm, where the error bar was estimated as the relative 
standard deviation of the thicknesses simulated on two different replicates and four different 
sampled areas. To provide an estimation of the homogeneity of the biolayer thickness, the 
simulated SPR angular reflectivity curves were acquired from four different points on two 
different SPR slides. The simulated thickness of the physisorbed layer is compatible with a 
single monolayer of antibodies deposited on the gold slides. An immunoglobulin, such as anti-
S1, holds a y-shaped structure, with typical dimensions of about 14.5 nm x 8.5 nm x 4.0 nm, with 
the antigen-binding sites separated by 13.7 nm.(54). 

 

	
	

Figure S3. SPR trace of a gold slide covered by anti-S1 film deposited from PBS and kept in deionized 
water (HPLC grade) afterward.- The real-time monitoring of the deposit stability in water is shown in the 
timeframe of 24 hours. Red and blue curves are referred to two points simultaneously tested on the same 

surface. Black arrows indicate the time of the injections into the SPR flow-through cell. 
 
To further validate the simulations, an independent estimate of the biolayer thickness is 

provided, by evaluating the number of anti-S1 physisorbed on the gold surface from the surface 



 

coverage gathered from the SPR experimental data. The number of anti-S1 laying on the gold 
surface-exposed area (0.42 cm2) was (6.3 ± 3) ∙ 1011 molecules, while the theoretical coverage of 
one layer of almost standing antibodies corresponds approximately to (7 ± 4) ∙ 1011 molecules. 
This implies that the anti-S1 physisorption on the gold surface led to one layer of antibodies, 
which is also perfectly in line with the thickness computed with the Winspall simulations. 

The stability of an anti-S1 film kept in PBS or in water for several hours was also assessed. 
This is to prove that physisorbed proteins on gold can be very stably attached. The data about the 
prolonged exposure to PBS of the anti-S1 layer, are given in Figure S1b. After 45 hours in bare 
PBS of the anti-S1 film, a Γ of 280 ± 1 ng·cm-2, corresponding to (1.13 ± 0.04) ∙1012 
molecules∙cm-2, is measured. In this very prolonged exposition to PBS a 25 % overall desorption 
is observed. The stability of a physisorbed layer of antibodies stored in deionized water (HPLC 
grade) for 24 hours has been investigated too, and the corresponding SPR trace is shown in 
Figure S3. In this case, after the deposition of the anti-S1 film from a PBS solution for 1.5 hours, 
the surface was rinsed with PBS until a stable baseline was recorded. The SPR cell was 
subsequently filled with deionized water and kept in contact with the physisorbed anti-S1 layer 
for 24 hours. The injection of water causes an abrupt decrease in the SPR signal, which can be 
ascribed to a change in the refractive index of the bulk solution. A negligible decrease of the SPR 
signal was registered during the overnight exposure to water, showing, also in this case, 
extremely good stability. To quantify this figure, the refractive index of the solution in the cell 
was brought back to the original value, by substituting deionized water with PBS. The surface 
coverage measured before water injection was 326 ± 16 ng·cm-2, corresponding to (1.31 ± 0.06) 
∙1012 molecules∙cm-2. After the overnight exposure to water, the coverage was still as high as 318 
± 22 ng·cm-2, corresponding to (1.2 ± 0.1) ∙1012 molecules∙cm-2. Remarkably, negligible anti-S1 
desorption (below 3%) was registered. Thus, it is possible to infer that the anti-S1 antibodies are 
more prone to remain segregated onto the gold surface, instead of redissolving in deionized 
water.(55, 56) 
 
 
Section S3. Study of the SPR binding of S1 proteins to the anti-S1 physisorbed layer 

The binding efficacy of the layer of physisorbed anti-S1 capturing antibodies was assessed 
through SPR analysis of the spike S1 target antigen binding. The biofunctionalized SPR slide 
was tested against the binding of S1 in a range of concentrations of 30 nM - 100 nM. The 
relevant sensogram, measured with a physisorbed anti-S1 SPR slide stored in PBS, is shown in 
Figure S4a. The assay was carried out by injecting S1 solutions in PBS at different 
concentrations. Each solution was let to interact with the anti-S1 layer for 40 minutes (Figure 
S4a) which was the typical timeframe to reach a stable SPR signal. Upon stabilization, the 
unbound S1 antigens were removed by rinsing with the PBS buffer solution.  

The signal after each rinsing was compared to the initial baseline, acquired in PBS buffer 
solution, taken as the zero-level signal in the sensogram. Also in this case, the exposed sensing 
area was sampled in two different points (blue and red signal in Figure S4a). The capturing 
efficacy against the S1 antigens of a biofunctionalized SPR slide stored overnight in deionized 
water, was assessed as well. The relevant sensogram, given in Figure S4b, shows features that 
are like those registered for the SPR slide stored in PBS. The SPR angular shifts recorded upon 
exposure to three subsequent S1 standard solutions (30 nM, 50 nM, and 100 nM) are reported in 
Table S2 for both the biofunctionalized SPR slides stored in PBS and in a deionized water (is = 5 
µM) environment. The measured SPR responses are comparable within one standard deviation. 
Indeed, the data summarized in Table S2 clearly show that physisorbed anti-S1 antibodies retain 



 

their full biological functionality also when the layer is exposure to a deionized water 
environment. This is important because the bioelectronic sensor used is operated in deionized 
HPLC water. Remarkably, the SPR analysis demonstrates the long-term stability of physisorbed 
antibodies stored in deionized water, as well as how their capturing efficacy against the target 
antigen is fully retained under these conditions.  

 
Table S2. SPR angular shift (∆θSPR) measured for the binding of S1 protein to physisorbed anti-S1, after 

overnight storage of the anti-S1 biofunctionalized SPR slide in PBS and water (HPLC grade). 
 
  

Nominal Concentration S1 (nM) 

 

∆𝝑SPR (deg) PBS storage Water storage 

30 0.15 ± 0.02 0.12 ± 0.02 

50 0.29 ± 0.02 0.25 ± 0.02 

100 0.37 ± 0.02 0.34 ± 0.01 

 
Last but not least, the functionalized gate was also still functional after storage for two 

weeks in PBS. The data are given in Figure S5, where the biofunctionalized SPR sensor slide 
was tested against the binding of S1 in the 30 nM to 100 nM concentration range.  

  

 
Figure S4. S1 sensing with anti-S1 functionalized gates - (a) Sensogram of the SPR gold slide with the 
anti-S1 physisorbed film exposed to different concentrations of the S1 affinity antigen. (b) Sensogram of 
the binding of the S1 antigens at the anti-S1 film on Au, kept overnight in water. Both the experiments 

were performed with S1 solutions whose range of concentrations is 30 nM - 100 nM.  
 



 

 
Figure S5. S1 sensing after storage of the anti-S1 functionalized gate in PBS for two weeks - 

Sensogram of the SPR gold slide covered with the anti-S1 physisorbed film exposed to different 
concentrations of the S1 affinity antigen after storage for two weeks in PBS. The experiment was 

performed with S1 solutions in the 30 nM - 100 nM concentrations range. 
 
The sensogram of Figure S5 shows features that are like those registered for the SPR slide 

freshly measured and given in Figure S4. The measured SPR responses are comparable within 
one standard deviation. These data clearly show that the physisorbed anti-S1 capturing 
antibodies layer retains its full biological functionality also when it is stored for two weeks in 
PBS. 

 
Section S4. Assessment of the zero response at the reference electrode during sensing  

The bioelectronic sensor disposable cartridge, described in the main text, encompasses a 
reference electrode that must return a zero-level signal throughout the whole sensing 
measurement. Namely, no long-lasting spurious physisorption or interaction of a substance 
present in the fluid to be analyzed should occur at the reference electrode. To serve on this task, 
the reference electrode must provide a stable level of response, or equivalently, no variations 
should be measured when it is exposed to different concentrations of S1. This is demonstrated by 
the SPR characterization of a gold electrode biofunctionalized with anti-S1 and the same gold 
slide coated with an antifouling proprietary conducting layer. The anti-S1 functionalized slide 
was prepared as described in the Methods section and was mounted in the SPR cell. The 
antifouling layer covering the gold surface was exposed to an increasing concentration of the 
target antigen S1 with concentrations ranging from 1 nM to 1 µM (Figure S6a, black hollow 
circles). The same concentration range was assayed with the SPR gold slide coated with the anti-
S1 layer (Figure S6a, red hollow triangles). As it is apparent, the SPR angular shift measured 
with the antifouling polymer is negligible. Consequently, the suitability of the antifouling 
proprietary polymer coating for the reference electrode has been successfully demonstrated, 
minimizing the undesirable non-specific binding and enabling reliable detection of analytes with 
the BioScreen platform. 



 
 

 
Figure S6. Antifouling properties of the reference gate - (a) SPR angle shift as a function of the nominal 

ligand concentrations of di S1 analyte exposed to an anti-S1 functionalized gold slide (red-hollow-
triangles) as well as with an antifouling coated gold slide (black-hollow-circles). (b) Transient traces of 
the ID current measured at VG = - 0.5 and VD = - 0.1V, for a reference gate coated with an antifouling 

layer. The first 5 minutes are relevant to cycles 1st to 30th, measured in DI water after incubation in 
PIPES reference fluid; in the subsequent 5 minutes (cycles 31st-60th), the same reference gate is measured 

in DI water, after incubation in the sample in the whole saliva. 
 

The stability of the reference electrode coated with an antifouling layer immersed in whole 
saliva has been assessed with the BioScreen platform as well. Figure S6b shows the transient 
traces of the ID current measured at VG = - 0.5 V and VD = - 0.1 V, for the reference gate. The 
first 5 minutes are relevant to cycles 1st to 30th, measured in DI water after incubation in PIPES 
refence fluid; in the subsequent 5 minutes (cycles 31st-60th), the same reference gate is measured 
in DI water, after incubation in the sample in whole saliva. The comparison with the traces 
measured for the negative samples shown e.g., in Figure 4b, as well as the artificial intelligence-
based analysis (vide infra), show that a negative response is registered with the antifouling 
polymer exposed to a whole saliva sample, in agreement with the SPR characterization.  
 
 
Section S5. Negligible faradaic currents involved during the electronic sensing 

The ID – VG transfer curves at a fixed VD = - 0.1 V are shown in Figure S7a. The curves 
were measured in the forward and reverse mode to evidence the occurrence of any hysteresis. 
The black curve is the current measured on a sensing-extended gate biofunctionalized with anti-
IgG during the 30th cycle, carried out by sweeping the gate bias from 0.2 V to - 0.5 V with steps 
of 10 mV in water. The blue curve is the current measured on the very same sensing gate, upon 
exposure to a PBS standard solution of IgM at a concentration of 6 nM, serving as a negative 
control experiment. The red curve has been subsequently registered on the same sensing gate, 
upon exposure to a PBS standard solution of IgG at a concentration of 6 fM. 

The curves given in Figure S7b are the correspondent gate leakage currents IG, which are 
always about three orders of magnitude lower than ID. No faradaic activity can be evidenced by 
the IG curve of the anti-IgG gate, proving that mild electrochemical processes have been 
prevented by the fine-tuning of the inspected gate voltage window. Moreover, Figure S7b shows 
also no correlation between the IG current and the ligand concentration. These are compelling 
evidence, proving that the field-effect induced current ID provides a capacity-coupled related 
sensing response. No other current flowing in the device can provide the same information. All 



 

this rules out that any detrimental faradaic current is flowing through the gate and the polarizing 
counter electrode (Figure 1g), as expected in a stably operated bioelectronic transistor.(45) 

 
Figure S7. Limited hysteresis and leakage current during the transfer characteristics 

measurement - (a) Transfer characteristics, ID (drain current) - VG (gate bias) at VD (drain bias) 
= - 0.1 V, (b) along with the IG (gate current) - VG curve at VD  = - 0.1 V, registered upon 

exposure to PBS, being the baseline (black curve), PBS standard solution of IgM at a 
concentration of 6 nM, being the negative control experiment (blue curve) and PBS standard 
solution of IgG at a concentration of 6 fM, being the sensing experiment (red curve) assessed 

with an anti-IgG biofunctionalized sensing-extended-gate transistor (sensing-EGT). The gate is 
incubated in the samples to be assayed for 5 minutes. Here 30 transfer characteristics are 

measured; this is addressed as the cycling step, taking 5 minutes. In the panel, only the curves 
measured during the last (30th) cycle at each concentration assayed are shown. 

 
 
Section S6. Estimated viral concentration in real samples 

The viral concentration in real samples was estimated from the S1 antigen level determined 
quantitatively using the LUMIPULSE SARS-CoV-2 antigen test (Fujirebio, Inc., Tokyo, Japan) 
in accordance with manufacturer’s instructions. Saliva samples have been diluted 1:2 in 
Piperazine-N,N′-bis(2-ethanesulfonic acid), Piperazine-1,4-bis(2-ethanesulfonic acid), 1,4-
Piperazinediethanesulfonic acid (PIPES) diluent, vortexed, transferred into a sterile tube, and 
centrifuged at 1000xg for 15 min. Aliquots (100 µL) of the supernatant were used for testing on 
the LUMIPULSE G1200 system (Fujirebio). According to the LUMIPUSE standards, samples 
with an antigen level > 10 pg/mL were considered positive, samples with an antigen level > 1.0 
pg/mL and < 10.0 pg/mL were considered inconclusive, and samples with an antigen level < 1.0 
pg/mL were considered negative. The S1 antigen level is correlated to the viral load determined 
by quantitative rtRT-PCR,(57, 58) as follows: mean viral load (log10 virus/µL) of 5.4 in RT-
PCR-positive samples corresponds to a mean antigen level of 4.4 log10 pg/mL.(58),(57) Hence, a 
viral concentration of 1 virus/µL (100 + 10 viruses per 100 µl) can be estimated with a S1 
antigen concentration of 0.15 pg/mL (2 10-15 M, 2 fM, 1.2 · 105 antigens in 100 µl). The 
supernatants collected from patients’ saliva and analyzed with LUMIPULSE G1200 system have 
been assayed with the BioScreen platform. In particular, the saliva samples at different virion 
concentrations ranging from 1.66 virus/µL to 169.39 virus/ml were prepared by a serial dilution 
process in the PIPES saliva diluent from a saliva sample of a positive patient with an antigen 

a b



 

level of 25 pg/mL (327 fM, 2 · 107 in 100 µl). The nominal number of S1 antigens (# S1) at each 
concentration is given by the following equation: #𝑆1 = 𝑐𝑉𝑁( where c is the ligand 
concentration (in molarity), V is the volume of the solution in which the gate is incubated (100 
µL) and NA is the Avogadro number. The uncertainty associated with the sampling in the serial 
dilution can be estimated, according to Poisson’s distribution, as the square root of the expected 
number of S1 antigens corresponding to one standard deviation. 

 
 

Section S7. Evaluation of the Limit-of-Detection (LOD) and Limit-of-Identification (LOI) 
A qualitative test measures the smallest amount of an analyte (e.g., the targeted marker) that 

can be distinguished from the noise level (random error) at an acceptable level of confidence: 
false-positives are lower than 1% but false-negatives can reach up to 50%. This is addressed as 
limit-of-detection, LOD that is evaluated as the noise-average-level (n) + 3 times the noise-
standard-deviation (3·s).(3) The Gaussian distribution of the noise’s statistical parameters, has 
been evaluated in negative control experiments. The overlap between the LOD and the gaussian 
distribution of the noise’s statistical parameters sets the false-positive as and false-negative 
probabilities. Point-of-care, single-use, lateral-flow, rapid screening tests are typically qualitative 
and work at the LOD. While time-to-results of tens of minutes can be realistically obtained and 
the assay is low-cost, drawbacks include large errors (false negatives up to 50%) and LODs, in 
the micromolar (µM) range, often too high to effectively serve in early diagnosis.(59),(60) The 
BioScreen platform is proven capable of reliably discriminating a sample containing not even 
one virus from those with at least one. Reliability is guaranteed by operating at the limit-of-
identification, evaluated as the noise-average-level (n) + 6 times the noise-standard-deviation 
(LOI = n + 6· s) that assures a level of confidence larger than 99 % and, differently from the 
LOD, both false positives and false negatives, are lower than 1%. 

 
 

Section S8. The BioScreen Artificial Intelligence (AI) based binary classifier   
In Figure S8 the transient exemplary traces of the ID current measured at VG = - 0.5V and 

VD = - 0.1V, for a positive (panel-a, red curves) and a negative (panel-b, blue curves) sample, 
are shown. The cycles from 1st to 30th (first 5 minutes) are measured after incubating the sensing-
gate in the reference fluid for 5 minutes. The cycles from 31st to 60th (subsequent 5 minutes) are 
measured after incubating the same gate in the sample to be assayed for 5 minutes. These sets of 
measurements addressed as the cycling of the gate electrode (see Method section), are carried out 
in DI water to minimize the screening of the electrostatic effects, by maximizing the Debye 
length. The curves in Figure S8 are relevant to the immunometric system involving an anti-
SARS-CoV-2 Spike-S1 (anti-S1) functionalized gate exposed to the non-binding MERS-CoV-2 
Spike-S1 for the negative sample, and to the SARS-CoV-2 Spike-S1 (S1) for the positive one. 
The two assays are carried out in the PBS reference fluid and in whole blood. Relevantly, the 
evolution of the current with time evidences a characteristic dynamic behavior. 



 

	
Figure S8. Examples of sensing measurements with the Bioscreen system - Two examples of 

transient traces of the ID current measured at VG = -0.5 and VD = -0.1V, for a negative (panel-a, blue 
curves) and a positive sample (panel-b, red curves). The cycles from 1st to 30th are carried out in DI 

water after incubating the sensing gate in the reference fluid. The cycles from 31st to 60thare measured in 
DI water after incubating the same gate in the sample to be assayed. In panel-a, the trace is relevant to 

the response of a gate functionalized with anti-S1 measured in PBS (reference fluid) that is then 
measured in whole blood added with the non-binding MERS-CoV-2 Spike-S1. As the latter does not bind 

to anti-S1, this is a negative sample. In panel-b a second gate functionalized with the anti-S1 is first 
measured in PBS and afterward, the anti-S1 assays S1 added in whole blood. This is a positive sample. 

 
Typically, a sensing response is taken as the current fractional change with respect to the 

baseline level.(39) In the present case, given the dynamic behavior of the gate, the last point of 
each set of 30th  cycles is considered and the sensing response is defined by: 

𝑅	 =
(+!
" 	"		+!,$

" )

+!,$
"        (S4) 

where 𝐼-
. is the final drain current value (at VG = - 0.5 V and VD = - 0.1 V) measured after 

incubation of the gate in the sample, at the end of the 60th cycle while 𝐼-,!
.  is the final current 

value (measured at VG = -0.5 V and VD = -0.1 V), in the reference fluid (baseline), at the end of 
the 30th cycle. As it is apparent the value for the R response (called “feature” in the artificial 
intelligent algorithm, vide infra) for the negative sample (Figure S8, a-panel) is + 0.042 while it 
goes down to + 0.022 in the positive sample (Figure S8, b-panel). The choice of the R 
parameter in this exemplary case, can lead to an erroneous classification so panel-a can feature a 
false-positive while panel-b can feature a false-negative, depending on the chosen threshold.  

	



 

	
Figure S9. R feature output of the BioScreen responses in PBS and blood - In panel-a R values 

from the assays carried out in PBS (42 assays) are shown while panel-b shows R values for the data 
gathered in whole blood (40 assays). Panel-a’ and panel-b’ are zooms into the central area highlighted 

with the black dotted lines. In all panels, blue dots feature the negative samples while the red ones 
indicate the positive samples. The vertical black dotted lines in panel-a’ and panel-b’ mark the central 
confusion region where the positive and the negative outputs overlap, resulting in 2% of false positives 

and 11% false negatives. 
 

Figure S9 shows the R values computed for all the assays carried out in PBS (panel-a) and 
in whole blood (panel-b). Here the outputs relevant to different immunoassays (details in 
Method section) are included. Negative samples are given as blue dots while the positive ones 
are given as red dots and the R values range from - 0.10 to + 0.10. Panel-a’ and panel-b’ are the 
zooms into the central regions and the vertical black dotted lines mark where the positive and the 
negative samples overlap. This is around 0.017 for the data in PBS and around 0.020 for those in 
whole blood. These overlaps define confusion regions where false-positive and false-negative 
errors occur as in the exemplary cases shown in Figure S8 that leads to a misclassification 
whatever threshold is selected. As it is apparent, by using only the R-feature to perform the 
binary classification of our sample, leads to a rather large number of points falling in the 
confusion region. More quantitatively, applying only feature R to classify the whole database of 
240 samples, results in a 2% of false-positives and 11% false-negatives. This results into a 
diagnostic sensitivity = true-positives/(true-positives + false-negatives) = 89.9 %, a diagnostic 
specificity = true-negatives/(true-negatives  + false-positives) = 97.8 % and a diagnostic 
accuracy = (true-positives + true-negatives)/(true-negatives + false-positives + false-negatives + 
true-positives) = 93.5 %. Such a high error rate would not make the BioScreen platform 
significantly better than already commercially available point-of-care systems (see Table S3 in 
Section S9). Moreover, the approach lacks generality as the degree of overlap depends on the 
fluid (PBS, blood, saliva, …) in which the assay is carried out (data not shown).  
 

 



 

 
Figure S10. 2D Feature Space for the R and RD values - (a) All the 240 samples assayed in the 

present study plotted in the 2D Feature Space. The negative samples are given in blue while the positive 
ones are given in red. (b) Zoom into the central region of the plot; black lines 1, 2, and 3 are the 

boundaries defined by the first layer perceptrons of the binary classifier (see text for details). (c) The 
convex regions A and B are defined by the perceptrons in the second (hidden) layer of the binary 

classifier (see text for details). 
 
 

 
Figure S11. Multi-Layer Perceptron network, MLPn, binary classifier - reading raw sensor data is 
based on two features, six perceptrons, and three layers. It produces the binary output from the 

classification layer node CL setting 0 for negative answers and 1 for positive ones. 
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Figure S12. BioScreen output quality parameter - Histograms of the density of (a) negative and (b) 

positive samples vs. the BioScreen output quality parameter for all the 240 samples assayed. Blue bars 
stand for negative outputs while red ones address positive answers. 

 

 
Section S9. Benchmarking BioScreen data 

The benchmark of the BioScreen platform against the most advanced sensor technologies 
and platforms is displayed in Table 3S. The most relevant figures-of-merit, including time-to-
results, output signal, LOD, LOI, diagnostic sensitivity, specificity, selectivity, AUC (Area Under 
the Curve in a Receiver Operator Characteristic graph), demonstration of POC, 
biofunctionalization time, and the shelf-life of the gate already covered with the capturing layer. 
This is relevant information to provide because the biofunctionalization process can be time-
consuming and, if it has to be carried out just before the sensing, a much longer time-to-results is 
needed. The best performance level for each figure of merit is evidenced, highlighting the entry in 
bold.  
Table S3: Benchmarking the BioScreen platform. The comparison accounts for the state-of-art where real-sample 
analysis is demonstrated.  

 
entry: 1 ,(39)  2,(16) 3,(26) 4,(11) 5,(12) 6,(44) 7,(13) 8,(7) 9(8) 

The entries in Table 3S show how the BioScreen platform uniquely reaches best 
performance levels, compared to the state-of-the-art platforms and technologies, in all the 
categories. 
	
Movie S1.  

Caption to the movie S1: The whole BioScreen assay procedure comprising all the needed 
steps that are completed in 21 minutes 

a b
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