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Investigation of Transcription Factor-DNA Binding with 
Electrolyte-Gated Organic Transistors 

Matteo Sensi,a* Andrea Ricci,a Giovanna Rigillo,a Alessandro Paradisi,a Marcello Berto,a Nerina 
Gnesutta,b Carol Imbriano,a Fabio Biscarini,a,c and Carlo Augusto Bortolotti a 

Nuclear transcription Factor Y (NF-Y) is a CCAAT-binding trimeric protein. The overexpression of the DNA binding subunit A 

(NF-YA) results in a deregulation of many CCAAT-dependent pro-growth genes in multiple tumor types. Exon 3 alternative 

splicing of NF-YA results in two different isoforms, NF-YAs (short) and NF-YAl (long), which can promote tumor proliferation 

or metastasis, respectively. In this work, we developed an electrolyte-gated organic transistor (EGOT) biosensor to study the 

binding of NF-YAl-composed NF-Y complex to its consensus sequence. We show that by using the target DNA sequence as 

probe, the device detects NF-Y in a range between 1 pM to 10 nM. Control experiments performed with oligonucleotides 

probes mutated in the consensus sequence exhibit weaker, though not fully hindered, binding to NF-Y compared to the 

response to unmutated DNA. This behavior confirms that also the base pairs near the CCAAT-box have a role in the 

transcription factor recognition. Furthermore, we contributed to the advance of the present state of the art by 

demonstrating the ability of the EGOT biosensor to detect NF-Y in cell lysate, a fundamental step towards the development 

of point-of-care (POC) devices for the analysis of biopsies.

Introduction 

Transcription factors (TFs) are proteins which control gene 

expression by binding specific DNA recognition sequences, 

called consensus sequences, allowing cells to respond to both 

internal and external stimuli. By ensuring the correct expression 

of specific genes, the transcriptional regulatory system plays a 

central part in controlling many biological processes, ranging 

from cell cycle progression, maintenance of intracellular 

metabolic and physiological balance to cellular differentiation 

and developmental time courses.1 

Nuclear Factor Y (NF-Y) is a transcription factor whose regulome 

and interactome are essential for healthy tissue homeostasis, 

cell survival and metabolic function.2–6 Its crucial action can, on 

the other hand, become harmful when misregulated, being 

involved in transformation and/or progression of different 

types of cancer. 2,6–9  

NF-Y is a trimeric protein, composed by the subunits NF-YA, NF-

YB and NF-YC. 10 NF-YA provides selective DNA binding at a 

specific motif, named CCAAT box, which is one of the most 

common promoter elements found in approximately one-third 

of eukaryotic housekeeping and lineage-specific genes.11 

Besides, the NF-Y binding site is frequently found in regulatory 

regions of cell proliferation, cell death and key metabolic 

genes.4,12 In order to form the NF-Y/CCAAT complex, the NF-YA 

subunit must first associate with NF-YB/NF-YC to 

heterodimerize via their histone-fold domains (HFDs), forming 

a scaffold for NF-YA.  

The NFYA gene encodes for two splice variants, NF-YAs (short) 

and NF-YAl (long), which differ by 28 amino acids. The two 

isoforms have been shown to affect activation of specific sets of 

genes:12 while NF-YAs supports cell proliferation in stem and 

muscle cells, NF-YAl seems to induce differentiation.4,13,14 In 

tumor cells, NF-YAs has been generally associated with poor 

differentiation and high proliferation and a general unbalance 

of the NF-YAl/NF-YAs ratio towards the short subunit 

characterizes solid cancers,7,9,15,16 although with some 

exceptions. Oppositely, NF-YAl high levels correlate with the 

overexpression of pro-migration genes and drives epithelial to 

mesenchymal transition (EMT) in aggressive tumors.47,9,17 

The detection and quantification of NF-YA isoforms in biopsies 

could improve the evaluation of the progression stage of 

cancers. In literature, some examples of biosensors for the 

detection of transcription factors are reported.18-20 

Nevertheless, all these biosensors are characterized by the need 

of expensive instrumentation and by the fact that their 

response is based on the presence of labels. 

Electrolyte-Gated Organic Transistors (EGOTs) are an emerging 

technology in the field of label-free biosensing for healthcare, 

food and environmental applications, thanks to their 
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outstanding performances in terms of limit of detection and 

selectivity.21–27 In the literature are reported EGOT biosensors 

for the detection in test solutions of a wide range of clinically 

relevant diagnostic biomarkers for various diseases, infections, 

syndromes, and cancer conditions.28–31 No biosensors based on 

EGOT architecture have been reported so far for the detection 

of transcription factors. 

In this work, we report on the first label-free EGOT biosensor 

for the detection of the transcription factor NF-Y composed by 

the NF-YA long isoform. Moreover, aiming towards a long-term 

goal of applying this technology to liquid biopsies, we 

demonstrate that the EGOT biosensors can detect the target 

not only in buffer solutions but also in a complex biological 

sample such as cell lysate. This research could be a valid starting 

point for the realization of a powerful tool for both in vitro DNA-

TF interaction studies and clinical analysis in tumor diagnostics 

and characterization, by detection and quantification of the two 

NF-YA isoforms. 

Results and discussion 

We fabricated a biosensor based on the Electrolyte-Gated 

Organic Transistor (EGOT) architecture, where two 

interdigitated source and drain electrodes  (W/L= 49000, 

interdigitated ∅= 3.5 mm) are covered with a p-type organic 

semiconductor (TIPS-pentacene), deposited by drop-casting on 

gold interdigitated source and drain electrodes, on a glass 

substrate (Micrux©, Fig. 1), and cured in the oven at 60 °C for 

30 minutes. A drop of 1X PBS buffer acting as dielectric layer 

was confined on the channel by a PDMS pool, connecting the 

semiconductor with the gold gate electrode (∅=3 mm). The 

biorecognition event between NF-Y and the double-stranded 

oligonucleotides containing the consensus sequence takes 

place at the gate electrode, where we immobilized the target 

DNA probe. To obtain this result, the gold surface of the gate 

has been functionalized by the following steps: i) formation a 

11-mercapto-undecanoic (MUA): 6-mercaptohexanol (MCH) 

1:3 self-assembled monolayer (SAM);32,33 ii) binding of a 26 

base-pairs oligonucleotide, containing a C-6 space, the CCAAT 

box and a terminal amine, to the carboxylic groups of MUA by 

means of 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide/N-

hydroxysuccinimide (EDC/NHS); iii) complementary 

oligonucleotide hybridization to obtain a dsDNA (Fig. 1 inset); 

iv) blocking of unreacted intermediates with 10 mM Tris, for 30 

minutes. 

Fig. 1 Gate functionalization scheme. Scheme of the final device configuration and 

connection. The inset shows the magnification of the gate electrode covered with the 

SAM, where the dsDNA probe has been immobilized to achieve NF-Y detection. The 

structure of the NF-Y/DNA complex was taken from the Protein Data Bank (PDB code: 

4AWL).

Fig. 2 Electrochemical characterization of the DNA probe immobilization. a) Nyquist 

plot showing the impedance of Au gate electrode covered with the mixed SAM. 

(MUA/MCH, black), the covalently bound oligonucleotide (ssDNA, blue) and the 

complementary strand (dsDNA, red). b) Melting of the complementary strand from the 

dsDNA, by heating at 80°C for 10 min after incubation in the dsDNA. c) Detection of 

increasing concentrations of the complementary oligonucleotide. All measurements 

were performed in 5 mM K3Fe(CN)6, 1 M KCl. The lines are the results of the fitting with 

a modified Randles circuit (see experimental section and Figure S2  for details).
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We monitored the functionalization steps by faradic 

electrochemical impedance spectroscopy in presence of 5 mM 

K3[Fe(CN)6] as redox probe. As shown in Fig. 2a, the high 

impedance induced by the presence of the SAM on the gate is 

reduced upon immobilization of the oligonucleotide, which is 

due to the conversion of the acid groups to amide bonds and to 

partial destabilization of the SAM induced by the EDC/NHS 

treatment, as previously observed in the literature.34,35 By 

exposing the gate to 1 µM complementary oligonucleotide, we 

observe the formation of the dsDNA, which is characterized by 

an increase of impedance of ~2 times if compared to that of 

ssDNA. To further investigate the immobilization of the DNA on 

the gate electrode surface,36–38 we immobilized the dsDNA 

directly on the electrode after in solution hybridization between 

the probe and the complementary oligonucleotide. By heating 

at 80 °C for 10 minutes, and then collecting EIS spectra, we 

observed the melting of the dsDNA by halving of the impedance 

back to ssDNA values (Fig. 2b). Finally, as shown in Fig. 2c, we 

demonstrate the presence of the oligonucleotide single 

stranded probe bound on the electrode surface by performing 

the detection of the complementary strand at increasing 

concentrations, ranging from 1 nM to 500 nM.39,40  

 

We observed an increase of the resistance to the electron 

transfer from ferricyanide to the gate electrode as the gate is 

exposed to increasing concentrations of the complementary 

strand, suggesting the formation of dsDNA on the gate and an 

increase of redox probe repulsion, due to the negative charge 

of the phosphate groups on the surface. We then produced the 

NF-Y trimer composed by NF-YAl, and the NF-YB/NF-YC subunits 

dimer. Purified recombinant proteins produced in E. coli from 

mouse cDNAs were incubated in 100 mM salt solution buffer for 

2 h to allow the assembly of the NF-Y complex (Fig. 3). 

 

The presence of DTT in the NF-Y complex-containing buffer 

could lead to the reduction of the S-Au bond which links the 

MUA/MCH self-assembled monolayer to the gate surface. To 

avoid this issue, we performed a buffer exchange using an 

AMICON Centrifugal Filter Unit with a 10 kDa cutoff, removing 

DTT by four successive centrifuge and recover steps. As shown 

in Fig. 4a, upon exposure of the fully  

 

functionalized gate (black squares) to the protein buffer 

containing DTT (0.5 mM and 2 mM), both imaginary and real 

parts of the impedance decrease, suggesting a detachment of 

the SAM by DTT or its replacement with DTT itself. By fitting the 

impedance curves with a modified Randles circuit, where we 

introduced a constant phase element instead of a capacitor, we 

extracted the resistance to charge transfer (RCT) and the double 

layer capacitance (CDL) upon each step. The results in Fig. 4b 

show that the incubation of the functionalized gate with the 

protein buffer without DTT has no effect on the 

functionalization stability; on the other hand, the exposure of 

the gate to 0.5 mM and 2 mM DTT decreases RCT from 27 kΩ to 

12.5 kΩ and then to 7.5 kΩ suggesting the detachment of the 

previously formed SAM from the gold surface. 

We then used gold electrodes, functionalized with dsDNA 

containing the CCAAT box as described above, to gate an EGOT 

device to perform the detection of the transcription factor 

freely diffusing in solution, exploiting the direct binding of the 

Fig. 4 DTT influence on the gate functionalization. a) Nyquist plots obtained from faradic 

EIS of the functionalized gate electrode exposed to increasing concentrations of DTT. The 

lines are the results of the fitting with a modified Randles circuit (see experimental 

section). b) Values of charge transfer resistance (RCT) and double layer capacitance (CDL) 

obtained from the fit, as a function of DTT. 

Fig. 3 NF-Y trimer assembly. Immunoblot analysis of the NF-Y trimer assembly 

composed by NF-YAl, NF-YB and NF-YC. The single subunits were detected with the 

appropriate antibody (anti-NF-YA, anti-NF-YB, anti-NF-YC). 
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TF to the consensus CCAAT sequence of the oligonucleotide 

probe. To do so, we incubated the functionalized gate electrode 

in solutions of increasing concentrations of NF-Y in TRIS buffer 

for 15 minutes and then we recorded the transfer curves of the 

EGOT. NF-YA cellular concentration has not been yet 

determined, however, for most of the TF the concentrations are 

in the pM to nM range, for this reason we selected 

concentrations between 1 pM to 10 nM.41,42 As shown in Fig. 5a, 

the drain-source current in the TIPS-Pentacene channel (IDS) 

increases monotonically upon binding of NF-Y to the DNA probe 

until 10 nM, when a saturation of the response is observed. We 

estimated a limit of detection (LOD) of 10 fM (see experimental 

section for the definition). 

 

NF-Y is a negatively charged protein at physiological pH (pI = 

5.6); the increase of IDS current upon binding of negatively 

charged species was previously observed41–43 and can be 

reconducted to the change of effective gate-source voltage 

(VGS), due to the presence of negatively charged species on the 

gate. Consequently, the channel reacts like if a more negative 

gate potential is applied and hence there is an increase of the 

charge carriers (holes) density, which in turn increases the 

current. Nevertheless, we are aware that the target charge 

cannot be the only determining factor to the magnitude and 

sign of the drain current shift upon binding, as the changes are 

strongly dependent also on the functionalization strategy, the 

chemical natura of the probe and features of the surface, which 

all contribute to the changes in the electrical double layers at 

the gate/electrolyte interface as well as to shifts of the 

electrochemical potential of the gate itself. 

Recording the EGOT transfer curves allows to extract several 

characteristic parameters of the operating transistor, which can 

Fig. 5 NF-Y detection. a) Transfer curves of the EGOT biosensor with the gate incubated in increasing concentrations of NF-Y measured with a 1X PBS drop on the device 

applying a fixed VDS = -0.2 V. b) Dose curve for NF-Y with the consensus DNA sequence (Probe) on the gate electrode at VGS = -0.5 V. The data are fitted with a uniform 

Langmuir absorption model. c) Normalized drain current change S obtained with 4 different configurations: response to NF-Y with the CCAAT-containing dsDNA probe 

immobilized on the gate (red, labelled as Probe); control experiment based on the response to NF-Y with a mutated probe immobilized on the gate (green, labelled as 

M-Probe), control experiment based on the response to NF-Y in the absence of the oligonucleotide probe on the gate, i.e. with only a MUA/MCH SAM on the gate (blue, 

labelled as C-SAM) and control experiment based on the response to a non-relevant protein (IgG1 antibody) with the CCAAT-containing dsDNA probe immobilized on 

the gate (yellow, labelled as C-Target). The signal is reported with standard error of the mean error bars obtained with 6 datasets for Probe and M-Probe, and 3 datasets 

for C-SAM and C-Target. d) Loadings (blue axis and vectors) and scores (black axis) plot obtained from the PCA analysis. The data points areas are coloured according 

to the respective type of sample: probe/target (red), mutated-probe/target (green), the control experiment with only SAM on the gate (blue) and the control experiment 

with a different target (yellow). 
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be used to quantify the response of the biosensor to the analyte 

binding. The variation of IDS, transconductance (gm) or threshold 

voltage (Vth) as function of analyte concentration can be 

exploited to build the signal of the sensor. Here, we calculate 

the signal based on the IDS variations, as S = ΔI/I0, where ΔI is the 

IDS in presence of NF-Y at VGS = –0.6 V minus I0, which is the IDS 

without the target analyte at the same VGS. 

As reported in Fig. 5b, the signal shows a non-linear increase 

with increasing NF-Y concentration, reaching saturation around 

10 nM. The calibration curves of biosensors based on binding 

interactions are often modelled with a Langmuir binding model 

to obtain a binding isotherm that relates the signal magnitude 

with the analyte concentration.45–48 In this case, the Langmuir 

model does not provide a good fit of the experimental data. As 

an alternative, we fitted the dose curve with the uniform 

Langmuir absorption model, defined as follow: 

𝑺 =
𝑺𝒎𝒂𝒙

𝟐𝑨
𝒍𝒏 (

𝟏+𝑲𝒂𝒗𝒈[𝑵𝑭𝒀−𝑳]𝒆𝑨

𝟏+𝑲𝒂𝒗𝒈[𝑵𝑭𝒀−𝑳]𝒆−𝑨
) (1)  

where Smax is the plateau reached at 10 nM, Kavg is the average 

binding constant of a probe layer with uniform distribution of 

binding energies U in the range between Umax and Umin.,48,49 and  

𝑨 =
(𝑼𝒎𝒂𝒙−𝑼𝒎𝒊𝒏 )

𝟐𝒌𝑩𝑻
 (2) 

Equation 1 recovers the Langmuir isotherm in a system where 

all binding sites are homogeneous, meaning that the binding 

energies are monodispersed, and the parameter A tends to 0: 

𝑺 = 𝑺𝒎𝒂𝒙
𝑲𝒂𝒗𝒈[𝑵𝑭𝒀−𝑳]

𝟏+𝑲𝒂𝒗𝒈[𝑵𝑭𝒀−𝑳]
 (3)   

From the best fit of the data with eq. 1, using the parameters 

Smax, A, and Kavg, we extract the values Smax = 1.2, the 

dissociation constant 1/Kavg=1 × 10–11, which is in line with the 

values reported in literature determined by in solution 

assays,50,51 and the value Umax-Umin =26.8 kJ/mol from the best 

fit parameter A assuming room temperature. This broad energy 

dispersion (about 10 times the thermal energy) could be 

ascribed to the mobility of immobilized DNA strands and the 

local structural variability of the SAM. 

 

We then performed a set of control experiments to assess the 

selectivity of the biosensor, by modifying either the probe on 

the gate or the target species in solution and comparing the 

response S with respect to the values obtained with the CCAAT-

containing dsDNA in the presence of NF-Y. 

The first set of controls, labelled as “M-Probe” in Fig. 5c, was 

performed by immobilizing on the gate a dsDNA mutated in the 

consensus sequence (see sequence in materials and methods 

section) and by exposing the gate to NF-Y. As shown in Fig. 5c, 

the signal S of M-probe (green bars) is always lower than the 

one obtained with the wild-type Probe (red bars) but still 

significant. To verify if this behavior was due to non-specific 

absorption of NF-Y on the SAM or a weak interaction between 

NF-Y and the mutated probe, we performed control 

experiments where no dsDNA was immobilized on the gate, but 

just the SAM treated with EDC/NHS and TRIS (labelled “C-

SAM”). The signal S of the C-SAM (blue bars) shows very small 

values, insensitive to concentration, suggesting a negligible 

absorption of NF-Y on the SAM surface. As a last control, we 

incubated the gate functionalized with the probe in a solution 

containing an IgG1 antibody (MW = 150 KDa), to evaluate the 

non-specific absorption of proteins on the gate. As shown in Fig. 

5c, the S response (yellow bars) is always much smaller than the 

Probe (red bars), but not negligible, indicating some non-

specific binding occurs. In brief, the set of control experiments 

underlines the high degree of selectivity of the sensor, together 

with a small amount of non-specific absorption. 

These data demonstrate that the specific (NF-Y), else the non-

specific, binding events (control experiments) produce 

profoundly different effects on the transistor current. 

Therefore, we also evaluated the signal of the transconductance 

(Sgm) and the shift of the threshold voltage (Vth) to 

quantitatively discriminate the signal from NF-Y experiments 

from that of the controls, by means of a principal component 

analysis (PCA).52-54 PCA is widely used for multi-variate data 

visualization and dimensionality reduction. PCA transforms a 

dataset dependent on potentially correlated variables into a 

new set of uncorrelated variables, called principal components 

(PCs). Here, the signal of the current, signal of transconductance 

and difference of threshold voltage were used independent 

variables for the calculation of the PCs. The results are reported 

in Fig. 5d: the loading plot (blue axis) show that S and Sgm are 

highly correlated, while the contribution of ΔVth to the PC1 

(86.65% of the variance) and PC2 (11.53% of the variance) is 

almost orthogonal to the contribution of the other two. In the 

scores plot (Fig. 5d, black axis) each point represents the 

average of at least three different samples at a particular 

experimental condition. The combination of PC1 and PC2 can 

effectively distinguish between samples containing NF-Y with 

respect to the control samples, except for the standard at 1 pM 

NF-Y, whose score place is very close to the region of the ‘C-

SAM’ samples. Furthermore, we note that the scores of the 

‘Probe’ samples set is also correlated with the concentration of 

NF-Y, as should be expected given that both S and ΔVth are 

Fig. 6 NF-Y detection in cell lysate. Signal of the current upon detection of NF-Y in 1:10 

lysate with the probe (black, dots) or with only the SAM on the gate (blue dot), compared 

with the experiments performed in PBS buffer with the probe (red squares) and C-SAM 

(blue square). Data in lysate obtained with 3 datasets, reported with standard error of 

the mean. The data in red are the same shown in Fig. 5b, without the10 nM point. 
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correlated with the analyte concentration. The use of a PCA 

analysis to organize and cluster the response obtained with the 

EGOT biosensor provides a clear view of the multiparametric 

nature of the response and the correlation between 

parameters, allowing the discrimination between selected 

targets and control experiments. 

To assess the response of the device in a more complex matrix, 

as in biopsies from patients, we spiked diluted HEK293 cell 

lysate (1:10 in 1X PBS) with a standard solution of recombinant 

NF-Y. As shown in Fig. 6, we observe that the device is still able 

to detect NF-Y in the lysate, although the signal magnitude is -

30% than the one obtained in PBS. More specifically, the signal 

S shows an increase in the 1 pM–100 pM range, concentration 

after which the values saturate. The control, made with only the 

SAM formed on the gate but without the dsDNA probe (‘C-SAM’ 

experimental condition), shows that 100 pM NF-Y in lysate 

generates a signal that is ~20% of the one obtained with the 

same concentration of TF with the probe on the gate. These 

preliminary data demonstrate the possibility to detect NF-Y also 

in cell lysate, although further improvement is needed to 

achieve precise quantification of the target. 

 

Conclusions 

We presented the first EGOT biosensor for transcription factors, 

based on the detection of the heterotrimeric TF NF-Y by its 

consensus DNA sequence immobilized on a gold electrode, 

amplified by the TIPS-pentacene channel. Thanks to a set of 

control experiments, we can safely ascribe the signal of the 

device to the binding of NF-Y to the probe DNA on the gate. The 

biosensor can detect the TF in concentrations between 1pM 

and 10 nM in buffer, showing a multiparametric response, that 

can be evaluated in terms of current change. We observed that 

DNA probes mutated in the consensus region show a non-zero 

response, underlining possible weak interactions between NF-Y 

and the lateral sequences of the DNA probe. We estimated a 

LOD of 10 fM, which is in the order of magnitude of the lowest 

LOD reported in literature for  a TF (NF-B).55 To move towards 

the use of the biosensor with patients’ samples, we 

demonstrated the detection of NF-Y in cell lysate, mimicking the 

analysis of cell lysates from biopsies. The response of the 

biosensor in lysate is lower compared to the one recorded in 

buffer but is still clearly distinguishable from the control 

experiments. Exon 3 splicing occurs within the mRNA region 

encoding the NF-YA transactivation-N-terminal domain and 

should not alter the ability of NF-YA short and long isoforms to 

interact with the NF-YB/NF-YC subunits and with DNA targets, 

with this domain being at the C-terminus. Despite this, recent 

data highlighted that NF-YAs-composed and NF-YAl-composed 

NF-Y complexes differently bind and transcriptionally regulate 

target genes9. The ability of NF-YAl to induce a pro-metastatic 

signature in cancer cells and the possibility to use NF-YAl levels 

as a prognostic molecular marker in cancer patients raises the 

need to quantify its expression although an isoform-specific 

antibody is lacking. The EGOT biosensor for NF-Y is the first TF 

biosensor based on EGOTs and represents a starting point for 

the realization of point-of-care devices for the NF-YA isoforms 

detection and discrimination. We believe that this work 

contributes to removing some bottlenecks that are still relevant 

in the field of EGOT biosensors and to introducing promising 

future applications. First, by implementing a multivariate 

analysis and a set of control experiments, we can safely 

attribute the change of a single transistor figure of merit (fom) 

to a selective biorecognition event or to other processes like 

non-specific absorption effects. Furthermore, the multivariate 

analysis allows us to consider the complexity of the EGOT 

response, showing that the combination of different foms could 

lead to a better monitoring of the biorecognition process. 

Second, we show the first EGOT able to detect a transcription 

factor, which opens interesting perspectives not only in the 

development of biosensors but also in the use of this platform 

for further studies about the interactions between TFs and DNA 

sequences. Third, the present study strengthens the 

effectiveness of EGOT biosensors in a complex matrix, like the 

one represented by cell lysates, suggesting the possibility to 

monitor the presence of target biomarkers in biopsies. 

Experimental 

Chemicals 

1X PBS, potassium ferricyanide, potassium chloride, hexane, 

toluene, MUA, MCH and TRIS were purchased from Sigma-

Aldrich. TIPS-pentacene was purchased from Ossila.  

 

DNA sequences 

The oligonucleotides were purchased from IDT and diluted in 1X 

PBS at pH 8. 

Probe: 5’-/AmMC6/TTC TGA GCC AAT CAC CGA GCT CGA T-3’  

Target: 5’-ATC GAG CTC GGT GAT TGG CTC AGA A-3’  

Mutated-Probe: 5’-/AmMC6/TTC TGA GTT GGC CAC CGA GCT 

CGA T-3’ 

Mutated-Target: 5’-ATC GAG CTC GGT GGC CAA CTC AGA A-3’  

 

Protein production and purification 

Recombinant plasmids for bacterial expression of Trx-tagged-

NF-YA long isoform and 6His-tagged NF-YC (37 kDa isoform) 

were previously described.56 The plasmid encoding NF-YB N-

terminal portion (aa 1-141), including the HFD, was obtained by 

subcloning the mouse NF-YB HFD coding sequence57 into the 

pnEATH vector backbone, and subsequently replacing the NF-

YB 5’ end with the NdeI-MunI fragment derived from pET3-NF-

YB,58 obtaining an un-tagged recombinant protein construct. 

The soluble NF-YB/NF-YC dimer was produced by co-expressing 

the subunits constructs in E. coli BL21(DE3). Recombinant NF-

YA and NF-YB/NF-YC dimer were purified by Ion-Metal Affinity 

Chromatography (IMAC), using His-Select Nickel affinity resin 

(Sigma Aldrich), as described,56 by exploiting the 6His affinity 

tag on the NF-YA or NF-YC subunits, respectively. The NF-YB/NF-

YC dimer was further purified by Size Exclusion Chromatography 

in Buffer B (10 mM Tris-HCl pH 8.0, 400 mM NaCl, 10% glycerol, 

2 mM DTT). 
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NF-Y complex in vitro reconstitution, immunoprecipitation, 

and immunoblotting 

NF-YAl and NF-YB/NF-YC recombinant proteins were incubated 

to form the NF-Y heterotrimer in 100 mM salt solution for 2h in 

ice. 20 μl of Protein G-Agarose were incubated in 100 μl of 

NDB100 buffer (100 mM KCl, 20 mM HEPES pH 7.9, 0.1% NP-40, 

0.5 mM EDTA, 1 mM phenylmethylsulfonyl fluoride) to which 7 

μg of anti-NF-YB (GeneSpin) or 3 μg of anti-NF-YA (Diagenode) 

antibodies had been bound for 2h at 4°C with rotation. The NF-

Y trimer (500 ng) was added to the G-Protein/Antibody complex 

and incubated overnight with rotation at 4°C. Unbound material 

was recovered after centrifugation and the G-protein was 

washed twice with NDB100 buffer. SDS sample buffer (25 mM 

TrisHCl pH 6.8, 1.5 mM EDTA, 20% glycerol, 2% SDS, 5% β-

mercaptoethanol, 0.0025% Bromophenol blue) was added and 

the samples were boiled at 95°C for 5 min and loaded to SDS 

gel. To confirm that interaction occurs between the three 

subunits, we performed an immunoprecipitation assay with 

anti-NF-YB or anti-NF-YA antibodies followed by western blot 

analysis of the three subunits. 

For immunoblotting, equivalent amounts of cellular extracts 

were resolved by SDS-PAGE, electrotransferred to PVDF 

membrane (GE Healthcare) and immunoblotted with the 

following primary antibodies diluted 1:1000 in TBS 1X- BSA 1 

μg/μl: anti-NF-YA (Thermo Fisher Scientific), anti-NF-YB 

(GeneSpin), anti-NF-YC (GeneSpin). After washes with TBS 1X 

membranes were incubated with secondary antibody HRP 

conjugated goat anti-rabbit (ThermoFisher Scientific) diluted 

1:5000. Membranes were blotted and scanned with Amersham 

Imager AI680 RGB (GE Healthcare), using chemiluminescent 

detection reagents Westar ηC and Supernova HRP substrates 

(Cyanagen). 

 

Gate functionalization 

The Gate was functionalized with the following protocol: i) The 

Au electrodes were incubated overnight in 1:3 MUA/MCH in 

ethanol;  ii) incubation for 30 minutes in EDC and NHS (200 mM 

and 50 mM in MES  respectively; iii) binding of a 10 μM 26 base-

pairs oligonucleotide, containing a C-6 space, the CCAAT box 

and a terminal amine, to the carboxylic groups of MUA for 1h; 

iii) 1 μM complementary oligonucleotide hybridization, iv) 

incubation in 10 mM Tris, for 30 minutes, to block unreacted 

intermediates. The functionalized gate was incubated in NF-Y 

solutions at various concentrations for 20 minutes and then 

rinsed with the buffer before measurement. 

 

EGOT fabrication 

Mircux gold IDE electrodes (L=10 μm) on glass were cleaned by 

three steps of 15 minutes of ultrasonication in Hellmanex 1%, 

distilled water and ethanol, rinsing with the same solution and 

drying with N2 after each step.  

A drop of 1 μL Tips-pentacene 2% in toluene/hexane 80:20 was 

casted on the interdigitated electrodes and then the device was 

cured on heating plate at 60°C for 30 minutes.  

As many as 25-30 devices were processed. The key performance 

indicators of the transistor, their reproducibility and stability 

are reported in Table S1 and Figure S1 in Supplementary 

Information. 

 

Electrical characterization 

The transfer curves were measured with an Agilent B2902A 

Source Measure Unit (SMU), by fixing the VDS at −0.2 V and 

sweeping the VGS between 0 V and -0.7 V. The electrolyte was 

confined in a PDMS pool and consisted of 40 μL of 1X PBS at pH 

7.4. 

 

Limit of detection 

The LOD was defined as the concentration of NF-YA that 

corresponds to a signal of S0+3σ, where S0 is the signal of the 

signal of the blank at VGS =-0.5 V, and σ is the standard deviation 

of blank transfer curves.59 

 

Electrochemical characterization 

The electrochemical measurements were performed in a three 

electrodes configuration with a CHInstruments potentiostat 

760c. The gold gate was connected as the working electrode, an 

Ag/AgCl electrode as reference electrode and a platinum wire 

as counter electrode. The three electrodes were immersed in a 

glass electrochemical cell, filled with the 5 mm K3Fe(CN)6, 0.1 M 

KCl. The potential was set to 0.27 V, with an amplitude of 10 mV 

and in the range of frequencies from 0.1 Hz to 100 kHz. The EIS 

fitting was performed with EIS Spectrum Analyzer software. 60 

We fitted the Nyquist plots with a Randles circuit, where we 

replaced the capacitor with a constant phase element to 

reproduce the complexity of the gate functionalization. 

 

Principal Component Analysis (PCA) 

For the PCA, the samples signals calculated with IDS and gm and 

the ΔVth, are the input dataset. S(IDS), S(gm) and ΔVth are the 

variables and the signals or Vth shifts recorded at increasing 

analyte/control concentration are the observations. The 

variables of the input matrix are pre-processed with the mean-

centering method, to express data as deviation from the mean 

value. PCA is performed via singular value decomposition 

algorithm on the input matrix. The dimensionality of the final 

PCA model was set at two principal components (PC1 and PC2), 

explaining 98.18% of the input dataset variance. Results of the 

PCA were represented by plotting loading and scores plot of PC1 

vs PC2. 
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