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Abstract 

Organic electronic transistors are rapidly emerging as ultra-high sensitive label-free biosensors suited 

for point of care or in-field deployed applications. Most organic biosensors reported to date are based 

on immunorecognition between the relevant biomarkers and the immobilized antibodies, whose use is 

hindered by large dimensions, poor control of sequence and relative instability. Here, we report an 
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Electrolyte Gated Organic Field Effect Transistor (EGOFET) biosensor where the recognition units 

are surface immobilized peptide aptamers (Affimerä	proteins) instead of antibodies. We demonstrate 

our peptide aptasensor for the detection of the pro-inflammatory cytokine Tumor Necrosis Factor 

alpha (TNFa) with a 1pM limit of detection. Ultra-low sensitivity is met even in complex solutions 

such as cell culture media containing 10 % serum, demonstrating the remarkable ligand specificity of 

our device. The device performances, together with the simple one-step immobilization strategy of the 

recognition moieties and the low operational voltages, all prompt EGOFET peptide aptasensors as 

candidates for early diagnostics and monitoring at the point-of-care. 

 
1. Introduction 

Assays based on the response of an optically active label have long been the golden standard 

of biosensing, because of their ultra-high sensitivity and flexibility in hybridizing with probes 

for specific recognition.  An optical sensing platform, though, bears an inherent lack of 

portability, the need of processing steps including separation and amplification, and the fact 

that it relies on fluorescent or radioactive expensive labels, which may also significantly alter 

the device response. Label-free electronic biosensors overcomes these shortcomings,[1] 

however they usually do not match the performances of Enzyme-Linked ImmunoSorbent 

Assay (ELISA) or Surface Plasmon Resonance (SPR), despite the inherent amplification 

endowed by the field effect. In organic electronic biosensors (based on the organic field effect 

transistors, OFETs, architecture) the probes are assembled at one of the device interfaces, 

either the channel [2–7] or one of the electrodes.[8,9] These devices can be operated either in 

accumulation mode as Electrolyte Gated Organic Field Effect Transistors (EGOFETs) or in 

depletion mode as organic electrochemical transistors (OECTs). They combine several 

attractive features as ultra-high sensitivity upon direct target-probe hybridization: 

manufacturing with low-cost, large-area, low-temperature processes; integration into in field 

deployed or POC platforms that do not require specialists. In recent years, significant 

advances have pushed OFETs to the forefront of (bio)sensing:[8,10–16] their sensitivity is now 
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comparable to that exhibited by state-of-the-art approaches,[5,12,17] yet still ensuring all the 

other inherent advantages in terms of label-free detection, low-power consumption and 

operability in aqueous environment.  

Among these, EGOFETs are very promising candidates for point-of-care monitoring.[6,8,9,18–23] 

In EGOFETs, an electrolyte solution between an organic semiconductor thin film and the gate 

electrode acts as dielectric layer (Figure 1). The charge density in the semiconductor channel 

is modulated by the gate potential, and due to the tens of µF·cm-2 dielectric capacitance of the 

electrical double layers, operations can be driven at voltages smaller than 0.5 V.[24] 

We recently demonstrated EGOFET immunosensors for the detection of pro- and anti-

inflammatory cytokines.[18,23] The sensing unit was an Au gate electrode functionalized via a 

two-step strategy consisting of i) adsorption of a layer of recombinant His-Tagged Protein G, 

followed by ii) immobilization of the recognition antibody (Ab), whose Fc fragment binds 

Protein G. In this manner, a substantial uniform coverage (estimated around 30%) and a 

controlled orientation of surface-bound viable antibodies are both achieved. This strategy has 

proven effective in detecting cytokines even in complex media.[23] However, the antibody’s 

large size is a limit to obtain a high surface density of recognition sites. The biorecognition 

layer is as thick as a few tens of nanometers, which was considered a theoretically 

insurmountable obstacle to detection, as biorecognition takes place way beyond the Debye 

screening length.[2,25,26] The possibility to detect antigens even at distances larger than 15-20 

nm from the transistor interface opens questions about how the mechanism of coupling 

between the biorecognition site and the active layer actually works. A change of capacitance 

at the electrolyte/biosensing interface upon hybridization has been invoked to explain the 

observations beyond the Debye length.[6,22,23] Other drawbacks of the use of immunoglobulin-

based scaffolds as core elements of the sensing unit are: their high molecular weight, the poor 

control of their sequence, their time instability and, in view of biosensors to be implanted in 

vivo, potential immunogenicity, besides requiring the use of animal models for their 
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development.[27–32] This has led to an increasing interest in the search of smaller binding 

proteins that might replace antibodies. Among these, peptide aptamers (or AffimersÔ) are 

emerging as one of the potential alternative to antibodies.[33–35] Their implementation as the 

core recognition element of the sensing unit of a device yields highly sensitive and 

remarkably stable peptide or protein aptamer-based biosensors (peptide aptasensors hereafter). 

To date, they have been used mostly in impedance measurements,[36–39] or as dielectric or 

semiconductive layer in solid-state FETs,[40–45] while only a few examples of organic 

electronics aptasensors were reported, featuring DNA aptamer immobilized on gold 

nanoparticles,[2,12] or on metal electrodes.[46]  

 

Figure 1. (a) schematic drawing of the experimental setup with electrical connections and (b) 

schematic of the EGOFET cross section. (c) Functionalization of the gate electrode: anti-

TNFα Affimers are directly immobilized on the gold surface by means of the His-tag. 

 

Here, we report an EGOFET peptide aptasensor for the ultra-sensitive detection of the pro-

inflammatory cytokine Tumor Necrosis Factor alpha (TNFα) down to a 1 pM LOD value not 

only in aqueous buffered solution but also in cell culture medium. To the best of our 

knowledge, this is the first example of an organic electronic biosensor exploiting peptide 

aptamers as the core sensing unit on the gate electrode. TNFα is a cytokine plays a crucial role 

in mediating the inflammatory response.[47] Although it is implicated in physiological 
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processes (apoptosis, cell proliferation and morphogenesis), altered levels are linked to a large 

number of diseases, including cancer, autoimmune, cardiovascular, neurologic, pulmonary, 

and metabolic disorders.[47] The quantification of TNFα and, more broadly, of cytokines 

provides essential information regarding the diagnosis, stage, and prognosis of such diseases, 

and is routinely used in mechanistic investigation of pathological pathways. Although 

commercial sensing platforms for measuring TNFα levels are available, an alternative, label-

free and cost-effective method to quantify this cytokine in bodily fluids therefore represents a 

significant step towards the high-throughput, frequent screening of patients, a crucial 

requirement for early diagnose and personalized medicine. 

 

2. Results and discussion 

The schematics of our TNFα peptide aptasensor are depicted in Figure 1. The Au top gate 

electrode is electrically coupled to a 15 nm-thick (10 monolayers) pentacene semiconductor 

film via a phosphate buffer solution (PBS) confined by a polydimethylsiloxane PDMS pool 

(see Figure S1). The gate was functionalized in a single-step procedure by incubating it with 

a 0.25 mg/ml solution of the peptide aptamer for 12 h at room temperature. The binding of the 

peptide aptamers to the gate was achieved by the interaction between the His-Tag at the 

protein C-terminus and the gold surface[48,49] (Figure 1c). After thorough rinsing, the gate was 

incubated in a 100 µg/ml BSA (Bovine Serum Albumin) solution for 1 h at room temperature, 

in order to passivate bare gold spots that may remain after AffimerÔ functionalization.[50,51]  

Electrochemical investigations were performed to quantify the gate electrode coverage with 

protein aptamer, resulting in a reproducible (within 10%) surface coverage of about 2 pmol 

cm-2 (viz. ~ 35 ng cm-2). 

The morphologies of bare gold electrode and gold functionalized with AffimerÔ were 

analyzed by semi-contact mode AFM in air, and the resulting topographies are shown in 
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Figure S2 (Supporting Information). The average surface roughness and the average heights 

of the analyzed samples are given in Table 1: immobilization of the peptide aptamer on the 

gate causes an increase of the surface roughness, and a difference of the average height of 

about 4 nm, that is compatible with the size of the AffimerÔ scaffold as estimated from the 

three-dimensional structure of human cystatin C (3GAX PDB).[52] 

 

Table 1: Surface roughness and average heights of bare gold electrode and functionalized 

electrode. 

 Roughness (nm) Height (nm) 
Bare gold 0.75 ± 0.06 7.1 ± 0.6 

AffimerÔ 3.3 ± 1.6 11.1 ± 3.0 

 

The device response towards TNFα was monitored by recording the transfer characteristics 

(IDS vs VGS at a fixed VDS = -0.1 V) first in PBS only and then upon incubation of the gate 

electrode in PBS solutions containing increasing TNFα concentrations, spanning four orders 

of magnitude from 1 pM to 10 nM (see Figure 2a). The current IDS decreases as the [TNFα] 

increases, and we also observe a decrease in the slope of the linear region of the transfer 

characteristics. In order to construct the corresponding EGOFET peptide aptasensor 

calibration curve, we define the response signal S = -∆I/I0, i.e. the change in the device current 

normalized by the current in the absence of analyte (I0), at a given VGS. S was then plotted as a 

function of [TNFα]; in Figure 2b, the dose curve at VGS = -0.5 V is shown. 

EGOFETs are multi-parametric devices: the effect of the biorecognition event at the gate can 

also impact on the transconductance gm, i.e. the product of charge carriers mobility μ times the 

effective capacitance Ceff (gm= μCeff), and the threshold voltage Vth.[14,53] We chose to monitor 

the analyte levels through the relative variation in IDS, since, in view of high-throughput or in 

field-deployed applications, it is technologically more straightforward to develop a device 
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providing a current value as output, rather than requiring the acquisition of a full transfer 

curve and numerical fitting to extract parameters such as gm or Vth. 

The changes in gm and Vth as a function of [TNFα] are shown in Figure 2c and 2d, 

respectively. The gm trend closely mirrors that of the current variation S, while the trend 

between Vth and the analyte concentration is more complex.[54] 

 

Figure 2. a) Transfer characteristics of the EGOFET-based sensor resulting from exposure to 
different [TNFα] solutions in PBS (TNFα concentrations are reported in the legend). (b) Dose 
curve S vs [TNFα] acquired at VGS = -0.5V. The continuous red line is the best fit with 
Langmuir functional; inset shows the first selectivity tests: a comparison between the specific 
response of the aptasensor towards TNFa ranging from 1pM to 10nM (black) and the 
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negative control experiment towards Interleukin-6 (IL-6) 800 pM (blue), and the response of a 
non-functionalized gate electrode (i.e. bare gold) towards 800 pM TNFa (red). (c) 
Transconductance of EGOFET-based sensor as a function of [TNFα]; solid blue line is the 
best fit using Langmuir functional. (d) Variation of threshold voltage vs [TNFα] for 
EGOFET-based sensor. The error bars correspond to the r.m.s. of S averaged over eight 
devices measured from two different test patterns. 
 

Up to [TNFα] 1 nM, both gm and Vth trends show the same behaviour of signal S, as reported 

in ref. [23]; nonetheless, at higher TNFα concentration, Vth decays via a slower power law 

towards a less negative plateau. It is difficult to disentangle the contributions of Vth and gm to 

this complex behaviour: our hypothesis is that at lower concentrations the binding of TNFa to 

the immobilized Affimerä molecules leads to a decrease of the interfacial capacitance 

between gate and electrolyte, directly affecting Ceff[55] and, subsequently, gm. This would 

cause an increase of the voltage drop across this interface, resulting in the lowering of the 

modulus of the effective gating potential, and eventually in a negative shift of Vth. Moving to 

the nM concentration range, subsequent analyte additions do not impact on Ceff, as it is shown 

by the quasi-plateau reached by both S and gm; this might indicate a complete coverage of the 

available sites on the gate surface by a layer of TNFa. The observed Vth trend above 1 nM can 

be rationalized in terms of charge distribution: at the operational pH the charge of TNFα is 

slightly negative, being its isoelectric point 6.44, and these additional charges could constitute 

an additive contribution to the effective gating potential, positively shifting Vth.  

Analysis of the dose curve in Figure 2a shows that the signal S rises very steeply at [TNFα] 

<100 pM, then sets into a linear or slowly varying region. Based on the standard deviation of 

the response of blank samples (i.e. PBS only or cell culture medium only), we determined the 

limit of detection (LOD) to be as low as 1 pM. Plasma TNFα levels under physiological 

conditions may vary among individuals, but usually lie in the 1-10 pg/mL (1-10·10-14 M) 

range and raise significantly to the picomolar range under pathological conditions related to a 
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large number of diseases, such as leukemia, rheumatoid arthritis, HIV infection, obesity, 

psoriasis.[56–61] 

The presence of two distinct response regions suggests that the device sensitivity (which 

corresponds to the slope of the sensor response) is not constant throughout the investigated 

range. 

We used surface plasmon resonance imaging (SPRI) to achieve an additional evaluation of the 

interaction between TNFa and AffimerTM. With this aim, we reproduced the experimental 

conditions used to prepare the reactive surface of the EGOFET peptide aptasensors. Figure 3 

shows the SPRI signal change over time detected during the incubation of the SPRI sensor 

gold surface in anti-TNFα AffimerTM.  

Figure 3: SPRI signal change over time recorder during the immobilization of AffimerTM on 
gold surface. The immobilization was obtained by incubating the gold surface in anti-TNFα 
AffimerTM (0.25 mg/ml in PBS -100mM, 75mM NaCl, 0.02% sodium azide- at pH 6.5) for 12 
h. A change of the detected signal of about 90 pixels (0-255 scale) was achieved after the 
immobilization. After about 130 minutes a change in the time dependence of the adsorption 
process is observed.  
 

The pixel signal change (about 80 on a 0-255 scale) confirmed that the adopted protocol 

provided an effective immobilization of the anti-TNFα AffimerTM with a kinetics that was 

initially limited by the surface chemical interaction process. After about 2 hours incubation 

time (about 130 min.) the kinetics of the adsorption process became limited by the diffusion 

of reacting species towards the surface thus testifying that the anti-TNFα AffimerTM almost 
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saturated reactive sites available on the gold surface. The diffusion-limited adsorption 

process is testified by the observed linear binding rate that replaces the exponential rate 

observed for analyte-receptor interactions. The diffusion-limited adsorption occurs 

when the binding rate of an analyte (TNFa in our case) to the receptor (anti-TNFα 

AffimerTM in our case) is faster than its diffusion rate to the surface.[62] 

The reversibility of the recognition process between the immobilized AffimerÔ and TNFa 

molecule was tested with a control experiment: transfer characteristics for the aptasensor were 

registered in PBS only and after incubation in [TNFa] 500pM, resulting in the previously 

described decrease in IDS. After a second incubation in PBS only, the current response was 

completely restored to its initial value, as shown in Figure S4 (Supporting Information), thus 

demonstrating the full reversibility of the interaction. The detection of biorecognition events 

with FET biosensors also allows for the investigation of the thermodynamics of the 

process.[9,23,63] Different functions could be used to fit the dose curve in Fig. 2b, viz. the 

Langmuir function: 

𝑺 = 𝑺𝒎𝒂𝒙 ∙
𝑲𝑳∙𝒙

𝟏*𝑲𝑳∙𝒙
          (1) 

the Hill function: 

𝑺 = 𝑺𝒎𝒂𝒙 ∙
𝑲𝑯𝜶∙𝒙𝜶

𝟏*𝑲𝑯𝜶∙𝒙𝜶
          (2) 

and our recently proposed function: 

𝑺 = 𝑺𝒎𝒂𝒙 ∙
[𝑪𝒘𝜶∙0𝟏1𝒆𝒙𝒑(1(𝒙 𝝃⁄ )𝜶)8*𝑲𝒂∙𝒙]

𝟏*[𝑪𝒘𝜶∙0𝟏1𝒆𝒙𝒑(1(𝒙 𝝃⁄ )𝜶)8*𝑲𝒂∙𝒙]
       (3) 

In both models equation 1 and 2, the affinity constants KL and KH represent the inverse TNFα 

concentration at which S=Smax/2.[64,65] In the Hill model (equation 2), the real positive valued 

exponent α indicates positive (α>1) or negative (α<1) cooperativity that stems from multiple 

coexisting equilibria. In the model equation 3, the first term embodies the spatial correlation 

of recognition events, while the second represents a Langmuir-type uncorrelated event. The 
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two terms are additive and their relative weight is measured by Cwα× Ka. In this respect, the 

affinity constant Ka in equation 3 is directly comparable to KL in equation 1, while the 

comparison with the Hill model (i.e. an equilibrium constant comparable with KH, resulting 

from the application of equation 2 can be achieved through the following equation: 

𝐾; ≅
=>
?

           (4) 

In equation 3, ξ is the concentration that marks the crossover between the two regimes, i.e. 

spatially-correlated and Langmuir-type, uncorrelated events. 

We choose the functional described in equation 3 to describe the thermodynamics of the 

Affimerä-analyte recognition at the gate, since this functional allows us to take into account, 

through the Cw parameter, the relationship between the recognition events and the electronic 

structure of both the gate electrode and the organic semiconductor[23]. As a comparison, the 

fitting of the dose curve in Figure 2b with the Langmuir model is provided as Figure S8 in 

the Supporting Information.  

Using equation 4, we obtain KH = 1.0 1010 M-1. This value is comparable with previously 

reported equilibrium affinity constant for the binding of gold-immobilized Affimerä binders 

with their corresponding cognate antibody.[33,66] On the other hand, this value is one order of 

magnitude larger than the Hill-like binding constant (1.7 x 109 M-1) that we extract, using the 

fitting functional described in equation 3, from previous experiments with EGOFET 

biosensors endowed with monoclonal antibodies against TNFα.[23] The affinity constants 

displayed by AffimerÔ binders are known to be comparable with those of antibodies.[67,68] 

The higher Ka value for the Affimerä/TNFα pair with respect to the corresponding 

Antibody/TNFα pair hints to a higher affinity of this specific Affimer compared to the 

monoclonal Ab used in our previous experiments, as well as to the reported higher stability of 

Affimers once immobilized on a substrate. Other factors might also play a role in determining 

the high sensitivity of these EGOFET peptide aptasensors: for example, the smaller 
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dimensions of the Affimerä and the resulting larger coverage on the gate electrode could 

increase the areal density of analyte binding sites. Please note that because KH is the affinity 

constant of the binding process at the gate electrode-solution interface, the value found might 

differ, even by orders of magnitude, from the binding constant measured in solution, since it 

includes the surface work associated with a molecule binding to a layer of (orderly) 

immobilized receptors,[9,69] with steric and electrostatic inter-protein interactions altering the 

overall energetics of the process.  

Again, SPRI investigations were performed to validate our approach, with the aim of 

comparing Ka values for the Affimer/TNFα and of Antibody/TNFα pairs. To this aim, we 

investigated the binding of TNFα with the surface immobilized AffimerTM by sequentially 

adsorbing increasingly concentrated TNFα solutions on the AffimerTM modified SPRI surface. 

Figure S5 (Supporting Information) shows the average SPRI signal intensity detected after 

the adsorption of each solution. We used a Langmuir isotherm to fit experimental data shown 

in Figure S5 by obtaining a binding constant value (Kaff = 1.34 x 1011 M-1). Similarly, we 

could obtain via SPRI (Figure S6, Supporting Information) a binding constant value of Kab = 

2.47 x 1010 M-1 for the binding of TNFα to its corresponding surface immobilized Antibody, 

following the immobilization procedure described in ref. [23]. The two affinity constant 

values that we obtain via SPRI differ by about one order of magnitude, in very good 

agreement with those that we obtain with the EGOFET biosensors, indicating that our 

platform can indeed serve as a tool for comparing the binding thermodynamics of 

intermolecular interactions. 

Control experiments were performed to assess the specificity of the sensor response. We 

monitored the interaction between the sensor and a non-specific analyte, the pro-inflammatory 

cytokine Interleukin-6 (IL-6): exposure of a gate, functionalized with TNFa AffimerÔ, to a 

solution containing 800 pM IL-6, yielded a signal S = 0.05 ± 0.03, negligible with respect to 
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the value of S 0.61 ± 0.05 obtained for TNFa at the same concentration (see inset of Figure 

2b). We also checked for the response in the absence of gate functionalization, by incubating 

a bare gold gate to an 800 pM TNFa solution. Again, the signal S = 0.042 ± 0.018 was found 

to be negligible with respect to the response to that recorded for TNFa at the same 

concentration with a specific sensing surface, i.e. functionalized with the TNFa Affimer (see 

inset of Figure 2b). The response of the EGOFET with non-functionalized gate in the 10 pM-

10 nM range is shown in Figure S7, Supporting Information. 

 

 

Figure 4. (a) Transfer characteristics of the EGOFET-based sensor resulting from exposure to 

different [TNFα] solutions in cell culture medium. The TNFα concentrations are shown in the 

legend. (b) The corresponding dose curve S vs [TNFα] acquired at VGS = -0.8V. The red line 

is the best fit for Langmuir functional.  

 
 

To further assess the selectivity of our EGOFET peptide aptasensor and its operability in real 

biological samples, we constructed the whole dose curve in a complex matrix such as a cell 

culture medium. As model, we used the cell culture medium RPMI-1640 enriched with 10% 

Fetal Bovine Serum (FBS), antibiotics, amino acids and other small molecules needed for cell 
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proliferation. Cell culture medium and the added FBS are rich of non-specific binders and 

interfering agents (see Supporting Information for the full composition of the medium), and 

selective detection in such complex environment well demonstrates the robustness of the 

sensing architecture.  The transfer characteristics (IDS vs VGS at a fixed VDS = -0.2 V) recorded 

in cell culture medium are shown in Figure 4a, and the corresponding dose curve, 

extrapolated by calculating the signal S at VDS = -0.8 V, is shown in Figure 4b. As expected, 

the dramatic difference in electrolyte composition (if compared with PBS) is mirrored by 

differences in the transistor performances, and, in particular, a Vth shift towards more negative 

values and a decrease of the maximum obtained IDS can be observed; this behavior is not 

surprising, since the presence in solution of high-molecular-weight, charged moieties 

influences the structure and the build-up dynamics of the electrical double layer, both at the 

gate/electrolyte and at the electrolyte/semiconductor interfaces, resulting in a decreased areal 

charge density under the same biasing conditions. Nonetheless, the evolution of the 

performances in response to TNFα in cell culture medium strongly resembles what already 

observed for PBS, with IDS decreasing with increasing TNFα concentration. Also in this case, 

the dose curve displays a super-exponential signal increase at [TNFα] < 300 pM and then 

reaches a plateau, with a LOD value of 1 pM, remarkable for a “real medium”. This result is a 

significant estimator of how our approach could be effectively translated to real human 

samples. 

 

3. Conclusions 

In this work, we have demonstrated the use of an EGOFET-based sensor for the detection of 

the pro-inflammatory cytokine TNFα both in PBS test solutions and in undiluted cell culture 

media containing 10% serum. A remarkably low limit of detection could be obtained by using 

peptide aptamers instead of monoclonal antibodies as the recognition unit. The 

functionalization strategy is simple, robust and reproducible. The sensor has been operated in 
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a pathological to physiological range of TNFα concentrations, demonstrating the potential of 

EGOFET peptide aptasensors in clinical practice. Our strategy can be readily applied to any 

aptamer/analyte pair, thus opening the way to label-free sub-pM detection (corresponding to 

ng/ml or even lower depending on the target molecular weight) amounts of a large range of 

targets. 

  

4. Experimental Section 

Device Fabrication          

The Test Patterns (TPs) (1 cm2 total area) were purchased from “Fondazione Bruno Kessler” 

(FBK, Trento, Italy). They present 4 interdigitated electrodes with W/L = 2000 (channel 

length L = 15 μm, channel width W = 30 mm) patterned by photolithography and lift-off. The 

Au electrodes are 50 nm thick with a few nm of Cr adhesive layer on a quartz substrate, with 

a roughness lower than 2 nm. The standard cleaning procedure is: (i) a first rinse with acetone 

(10 ml) in order to remove the photoresist layer, (ii) drying with nitrogen flow, (iii) washing 

again in hot acetone for 15 min, and (iv) drying with nitrogen. A final rinse with water was 

done before the semiconductor deposition. Pentacene was deposited by thermal sublimation in 

high vacuum on TPs held at room temperature (base pressure 10-8 mbar, rate 5 Å/min). The 

pentacene film was 15 nm (10 monolayers) for all samples.[23] The polycrystalline Au wire 

gate electrode cleaning procedure is: (i) immersion in hot KOH for 4h, (ii) rinse with 

abundant water and (iii) immersion in concentrated H2SO4 at 150 °C for 2 h.   

Gate functionalization      

The gate electrode functionalization procedure is: (i) incubation in anti-TNFα Affimer 

solution (0.25 mg/ml) for 12 h at room temperature, (ii) rinse with abundant water and (iii) 

incubation in 100 µg/ml BSA solution for 1h at room temperature. 

Reagents      
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Phosphate salts, sulfuric acid, acetone, ethanol and pentacene were purchased from Sigma-

Aldrich. Recombinant human TNFα was produced by AdipoGen (Liestal, Switzerland) and 

purchased from Vinci-Biochem S.r.l. (Firenze, Italy). His-tagged anti-TNFα Affimer protein 

was purchased from Avacta Life Sciences, Ltd (Wetherby, UK). 

Electrical Characterization 

Electrical measurements were acquired in buffered solution (PBS 50 mM, pH 7.4) containing 

increasing TNFα concentration, ranging from 1 pM to 10 nM, under static conditions (i.e. not 

in a flow cell geometry). The solution was confined in a PDMS pool, as shown in Figure 1a 

and in Figure S1a, Supplementary Information. Source, drain, and gate electrodes were 

connected to an Agilent B2902A Source Meter Unit. All measurements were carried out at 

room temperature inside a Faraday cage (see Figure S1). The I−V transfer characteristics were 

performed by sweeping the gate-source voltage (VGS) from +0.2 to −0.5 V while leaving the 

drain-source voltage (VDS) constant at −0.2 V (linear regime). Measurements in complex 

solutions (i.e., supernatant from monocyte cell cultures) have been performed as described 

above, in a droplet of the supernatant confined by a PDMS pool. The I−V transfer 

characteristics were performed by sweeping the gate-source voltage (VGS) from -0.1 to −0.8 V 

while leaving the drain-source voltage (VDS) constant at −0.2 V (linear regime). 

We calculated the Limit of Detection (LOD) by obtaining the response of independently 

measured blank samples (PBS only, with [TNFa] = 0, or cell culture medium only for the 

dose curve in complex biological solutions), and by calculating the corresponding mean and 

standard deviation (sd) values. We then calculated the LOD as the concentration 

corresponding to a response that is mean ± 3 sd[16] , which in our case corresponds to a signal 

S =0.15 for PBS-based solution and 0.22 for cell culture medium. 

Electrochemical characterization 
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A potentiostat/galvanostat PAR model 273A was used for the electrochemical 

characterization: cyclic voltammetry (CV) experiments were carried out using a three-

electrode cell in argon atmosphere. The working electrode (WE) was a 1 mm diameter 

polycrystalline gold wire, the counter electrode (CE) a Pt sheet and the reference electrode 

(RE) a saturated calomel electrode (SCE). Potentials were calibrated against the MV2+/MV+ 

couple (MV methylviologen). The gold WE was cleaned as described above in the text. CV 

experiments were performed in order to estimate the electrode active area and the coverage 

after aptamer immobilization by means of the Randles−Sevçik equation[70,71]. The 

measurements have been performed in 2 M KCl and 5 mM [Fe(CN)6]3−/4− at 0.020 V s-1. 

AFM 

Morphological characterization was performed using an NT-MDT SMENA Solver platform 

(Moscow, Russia); all images were obtained in air in semi-contact mode and analyzed using 

Gwyddion 2.48 freeware (http://gwyddion.net/). Please note that the electrode used for AFM 

characterization is different from the one in electrical measurements: to optimize the 

morphological analysis we used a flat gold electrode which fabrication is described 

elsewhere.[23] 

Surface plasmon resonance  

Gold chips for surface plasmon resonance imaging (SPRI) were purchased from Xantec 

Bioanalytics. We cleaned the chips by leaving them under UV/ozone (5 min.). We washed the 

cleaned chips with ethanol (10 min.) and dried them under a nitrogen stream. 

We used an SPR imager apparatus (GWC Technologies, USA) equipped with a white light 

source and an SF-10 prism and coupled with a poly(dimethylsiloxane) microfluidic device as 

elsewhere described [71]. SPR images were obtained by sequentially acquiring 15 frames 

averaged images with a 15 s delay between them. A delay of 150 s was instead introduced to 

investigate for 12 hours the AffimerTM immobilization.  
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We obtained sensorgrams by plotting the average pixel values (0-255 gray level scale) 

referring to the selected regions of interest (ROIs) of the SPR images as a function of time.  

SPRI experiments have been performed at room temperature and by filling the microfluidic 

channel in contact with the SPRI gold surface with the relevant solution. Then the SPRI 

signals have been acquired under static fluidic conditions. Interactions of TNF a solutions 

with AffimerTM or antibody (Ab) were instead performed under continuous flow conditions 

(flow rate 5 μL min−1).  

To immobilize AffimerTM on the surface of the SPRI gold chip, we washed the cleaned chip 

with PBS (100 mM, pH 6.5) and incubated with anti-TNFα AffimerTM (0.25 mg/ml in PBS -

100mM, 75mM NaCl, 0.02% sodium azide- at pH 6.5) for 12 h. After the AffimerTM 

immobilization and equilibration with PBS buffer, the modified surface was passivated with 

BSA (100 µg/ml in PBS 50 mM, pH 7.4) for 30 minutes at room temperature. 

SPRI chip functionalization with protein G/Ab was performed by incubating the cleaned gold 

surface in His-Tag Protein G solution (5 mg/ml in PBS buffer. 30 minutes. Room 

temperature). The functionalized surface was then washed with PBS and incubated in anti-

TNF a antibody (0.1 mg/ml in PBS, pH 7.2, 30% glicerol, 0.5% BSA, 0.01% thimerosal) for 

1h. The final surface has been rinsed with PBS (50 mM pH 7.4). 

We obtained the TNF a solutions (1 pM, 10 pM, 50 pM, 100 pM, 500 pM,10 nM) used to 

assess the interaction with AffimerTM or antibody (Ab) by dilution from a mother solution in 

PBS. We let TNF a solutions to adsorb on the modified SPRI chip surface by sequentially 

injecting (5 µL min-1) the differently concentrated solutions into the PDMS microfluidic 

device. We monitored the adsorption of each solution for 16 min. 
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An organic electronics device for the label-free detection of inflammatory cytokine 
TNFa is presented. The device is based on the EGOFET architecture, and the sensing unit is 
based on the use of peptide aptamers immobilized on the gold gate electrode. The biosensor is  
demonstrated in PBS and cell culture medium, exhibiting 1 pM limit of detection and 
remarkable selectivity.  
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