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Highlights 

 Plum Pox Virus affects stone fruit trees and causes severe economic damages 

 The PPV biosensor is based on a Electrolyte-Gated Organic Field-Effect Transistor 

 Sensitivity and dynamic range are comparable to those of commercially available platforms  

Abstract 

Plum Pox Virus (PPV) is the pathogen responsible for Sharka, a highly infectious disease affecting stone fruit 

trees and causing severe economic damages, which can be only contained through early-detection and frequent 

monitoring. We propose a bioelectronic PPV biosensor, based on a electrolyte-gated organic field-effect 

transistor (EGOFET), for the specific detection of PPV in plant extracts with a sub ng/ml detection limit. The 

sensing unit of the biosensor is based on anti-PPV antibodies, uniformly oriented on the gold gate electrode 

by using a sub-monolayer of Protein G. The sensitivity and dynamic range of the EGOFET-based biosensor 

are comparable to those of commercially available platforms for detection of plant pathogens. This novel 

electronic immunosensor is compatible with low-cost fabrication procedures and can be easily reconfigured 

into a fully portable device to be operated in greenhouse and in the field orchards. 

Keywords: Plum Pox Virus; Sharka; EGOFET; Organic Bioelectronics  

Introduction 

Plant pathogens represent a major danger affecting the agricultural productivity: crop losses 

due to plant infections cause severe economic damages and jeopardize the sustainability of 

the increasing food demand worldwide.[1–3] The main plant pathogens include fungi, bacteria 

and viruses; among viral diseases of plants, Sharka is definitely one of most devastating and 

worldwide-spread. Sharka affects plants belonging to the Prunus genus, including peach, 

cherry, plum, and apricot.[4] While crop losses typically range between 20% and 40%,[5] in 

some cases Sharka affected cultivars can reach even 100% losses.[6,7] The economic burden 

associated with plant infections is not solely related to yield losses and decreased fruit quality: 

high costs associated to preventing, diagnosing and managing the disease, through quarantine 

and eradication, should also be taken into account.[7] The symptoms of Sharka, detectable at 

ACCEPTED M
ANUSCRIP

T



a visual inspection, appear several months after the infection, and the only measure to limit 

damages to the production is the plant elimination: these considerations generate a strong need 

for highly sensitive methods for early detection of this pest in symptomless plants.  

The causative agent of Sharka is Plum pox virus (PPV). This flexuous-shaped virus, with a 

single stranded polycistronic RNA genome of ca. 9kb, consists of several strains showing 

different features in diffusion and virulence on the different Prunus hosts.[4] It is efficiently 

transmissible by aphid vectors in a semi-persistent manner. Long distance diffusion is 

operated by human trade of infected plant vegetative material (budwood and rootstocks). The 

erratic presence of the virus inside mature tree branches and a relative low titer in woody 

tissues[8] makes sometimes still difficult the correct diagnosis of the infected plants even 

through advanced molecular tools.[9] The EU quarantine regulations (Directive 2000/29) ask 

for mandatory controls either for the declared new foci monitoring as well as on the post-entry 

consignments of Prunus plants for planting.  In this perspective, the availability of a quick, 

inexpensive and sensitive diagnostic tool to screen even dormant propagative material is 

highly desirable. 

The two main families of biosensing methods for plant viruses are immunoassays and the so-

called molecular detection methods:[10] techniques belonging to the first group are based on 

the use of antibodies specific to the pathogen antigens and include enzyme-linked 

immunosorbent assay (ELISA), immunoblotting and lateral flow (LF), although novel 

approaches, e.g. based on immunochromatography[11] or Electrochemical impedance 

Spectroscopy (EIS),[12,13] have been recently demonstrated. On the contrary, the molecular 

methods are based on the detection of nucleic acids, with real time RT-PCR offering the best 

performances in terms of sensitivity and accuracy but suffering of lack of portability that 

hinders in-field deployment.[3]  

Organic electronic based devices are emerging as novel players in the field of biosensing, both 

in the Electrolyte Gated Organic Field Effect Transistor (EGOFET) and Organic 

Electrochemical Transistor (OECT) configurations.[14–20] They offer a unique set of 

advantages deriving both from the use of organic electronic materials (guaranteeing low 

production costs in environmental friendly conditions and on flexible substrates) and on their 

working principle, which exploits the intrinsic amplification offered by FET to endow them 

with tremendously low limit of detection[21–24] and operational voltages well below 1V. 

EGOFET and OECT immunobiosensors require the immobilization of a bioreceptor at one of 

the relevant device interfaces. Here, we present an EGOFET-based biosensor for the 

quantification of Plum pox virus in plant extracts. Our sensing strategy is based on the 
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immobilization of anti-PPV polyclonal antibodies (Abs) on the gate electrode with controlled 

orientation: incubation of the gate with suspensions containing PPV leads to specific binding 

of the latter to the electrode surface and the Ab-virus interaction is transduced into an electric 

signal proportional to the PPV levels in the sample. The response is label-free, rapid and 

specific. To the best of our knowledge, this is the first example of virus detection with an 

electronic sensor based on an organic transistor architecture, and the first report of quantitative 

detection of a plant pathogen with an organic electronic device. 

Results and discussion 

Interface characterization 

EGOFETs can be endowed with immunorecognition upon functionalization of surfaces 

located at one of their relevant interfaces. Typically, recognition moieties are immobilized 

either at the gate/electrolyte or at the OSC/electrolyte interface.[14,17,25–28] We opted for 

the former strategy, which allowed us to exploit facile thiol-gold chemistry.  

Fig. 1. Schematic experimental setup in which are highlighted source, drain, and gate electrodes, the organic 

semiconductor layer on the quartz substrate, the electrolyte and the electrical connections (left). On the right a zoom 

on the functionalization strategy: PPV antibodies are immobilized on the gate surface through covalent binding of 

protein G exploiting a single surface exposed Cysteine. An OEG SAM is the deposited to passivate bare gold spot 

eventually left on the gate surface. Neither the experimental setup nor the functionalization scheme are to scale. 

In order to impart a uniform orientation to the anti-PPV Abs on the gate electrode and 

maximize the chance of binding events to the PPV capsid, we first deposited a (sub)monolayer 

of recombinant Protein G onto the surface as previously described.[17] Protein G has high 

affinity for the heavy chain of Immunoglobulins G,[29–31] and therefore serves as a primer 

to further graft the antibody on the surface with a precise, uniform orientation. At variance 

with previous works,[17,18,32] Protein G was covalently bound to the Au exploiting a single 

surface exposed engineered Cys residue[33] (see Experimental section for details). Following 
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Protein G immobilization and subsequent anti-PPV Abs adsorption, we deposited a (11-

Mercaptoundecyl)tri(ethylene glycol), OEG, self-assembled monolayer to avoid non-specific 

adsorption to the gold surface spots not covered by the ProteinG/Ab construct (Figure 1).  

The stepwise functionalization strategy was monitored by cyclic voltammetry as show in 

Figure 2, where cyclic voltammograms recorded at different functionalization steps in a 5 mM 

solution of [Fe(CN)6]3-/4- are shown. The Protein G chemisorption causes an increase of the 

peak-to-peak distance and a decrease of the current density, as expected for partial (albeit not 

total) surface derivatization that hinders the accessibility of the redox probe to the surface. 

The Ab immobilization basically leaves the CV curves unchanged, since anti-PPV Abs tend 

to bind to chemisorbed Protein G sites, thus not affecting the overall surface coverage. Final 

functionalization with the OEG SAM completely inhibits the faradic response, an indication 

that no bare spots are left on the gate surface. From these measurements, one can estimate by 

means of the Randles-Sevçick equation the coverage of the electrode by Protein G/Ab to be 

42(2) % (see Experimental section). 

Fig. 2. Cyclic voltammograms obtained with the Gate electrode at different functionalization steps: bare Au 
electrode (black), after functionalization with Cys-Protein G (blue) and after passivation with OEG SAM (red). 

The capability of the EGOFET to selectively detect the presence of PPV virions was assessed 

by incubating the functionalized gate ex situ, in solutions containing increasing [PPV]. The 

EGOFET transfer characteristics were recorded in phosphate buffer saline (PBS) 50 mM, pH 

7.4 at VDS = -0.2 V, and the transistor parameters extracted in the linear regime, in line with 

previous works of our group.[32,34] Figure 3a displays the overlay of transfer characteristics 

obtained after exposure of the functionalized gate electrode: as [PPV] increases, it can be 

observed a decrease of the current IDS and a decrease of the slope of the linear region of the 
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transfer curves. To construct a quantitative dose curve of the EGOFET biosensor, we define 

the device response as the relative current variation (at VGS = -0.7 V) normalized to the blank 

response (viz. [PPV]=0). The corresponding dose curve is reported in Figure 3b. 

Fig. 3. a) Transfer characteristics of the sensor resulting from exposure to different [PPV] solutions (concentrations 
are reported in the legend). b) Biosensors dose curve -I/I0 vs [PPV]. Control experiments: c) normalized IDS current 
response versus [PPV] (black markers) compared with the sensor response in PPV-free solution from healthy plant 
extract (red triangle) and d) for gate functionalized with aspecific anti-TNF antibody (blue squares). The dashed 
black line is only a guide for the eye. 

The IDS current decreases with increasing concentration of PPV. The binding event occurring 

at the surface leads to modifications on different length and timescales, and might cause 

conformational changes of the receptor, charge rearrangements, reorganization of the water 

molecules at the interface. Because of the strong capacitive coupling between the gating 

system and the semiconductor channel, even small capacitance changes occurring at the 

biorecognition layer will be amplified into detectable variations of the EGOFET 

parameters.[14,35,36] Indeed, EGOFET are multi-parametric devices, meaning that different 

figures of merit can vary in response to binding events between a surface-immobilized 

receptor (here, the anti-PPV Ab) and its partner in solution (in our case, the PPV molecules). 

One can monitor variations of the drain current IDS as a function of the analyte 

concentration;[18,27,32,34,37] in several cases, the main consequence of the binding between 

the two partners is a change in the threshold voltage Vth,[23,24,36] the minimum gate voltage 
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needed to induce the conducting channel between source and drain. Nevertheless, the 

transconductance gm, i.e. the slope of the transfer curve, the electrical parameter relating the 

variation of the output current to the input voltage (which embodies the product of the charge 

mobility µ and the capacitance C) is frequently observed to change upon binding. Attempts 

have been made to rationalize what figures of merit should vary in response to different 

molecular interaction.[19,24,35] Nevertheless, due to the complex nature of the biomolecular 

interaction event and the lack of an operational model for EGOFETs, an unambiguous 

assignment of what are the phenomena behind the variation of IDS, Vth, gm from a molecular 

perspective is still challenging. In the present case, visual inspection of Figure 3a seems to 

indicate that the main changes induced in the device response by the binding of PPV to the 

gate surface can be ascribed to changes in the transconductance gm, with minor repercussion 

on the threshold voltage Vth.  

This is confirmed by the plots in Figure 4b and 4c. The gm is affected by PPV concentration 

and follows a trend qualitatively similar to that of I/I0, but the Vth change is rather small in  

magnitude (about 30 mV when switching from a virus-free solution to one containing 50 µg/l 

PPV). It could be noticed that the large error affecting the extrapolated Vth values makes  
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Fig. 4. a) Relative variation of current response acquired at VGS = -0.7 V as function of [PPV] (black circles), sensor 
behaviour in PPV-free sample (red triangle) and comparison with Anti-TNF antibodies functionalized sensor (blue 
squares). b) Relative variation of EGOFET-sensor transconductance gm and c) threshold voltage Vth as function of 
[PPV] (black circles). The dashed black lines are a guide for the eye. 

difficult to assess its trend on safe grounds. Conversely, the normalized variation of 

transconductance (i.e. the changes in the transconductance at different PPV concentrations, 

divided by the transconductance value obtained in a PPV-free solution), is a strategy to  

minimize device-to-device variations.[38] A marked monotonic variation of –gm/gm,0 on the 

PPV concentration which follows a logarithmic increase up to [PPV] = 5 µg/ml is apparent. 
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In the present case, the changes of gm seem to be the most robust parameter to quantify the 

PPV levels in the samples.  

We then rationalize the response using the simplest arguments based on capacitive coupling 

in the EGOFET. As the functionalization takes place on the gate, we assume that the mobility 

µ of the semiconductor is unaffected by the PPV binding and can be considered as 

constant.[35] The changes in gm can therefore be assigned to modification of the gating 

capacitance upon biorecognition of PPV by its antibody: the decrease of capacitance that we 

observe upon binding can be detected thanks to the total passivation of the gate electrode, as 

indicated by electrochemical characterization. This is in line with previously described 

EGOFET-based biosensors with fully passivated functionalized gate,[19,27] and yields the 

conclusion that in the present case the biosensor response is capacitance-modulated: I/I0 is 

dominated by changes in C (with the capacitance at the Ab/PPV interface contributing the 

most to the overall capacitance) rather than by threshold voltage variations. The effect of the 

stepwise gate functionalization procedure, and in particular of the binding of PPV to gate-

immobilized antibodies, on the gate electrode capacitance was further confirmed by 

Electrochemical Impedance Spectroscopy (EIS) investigations (see Figures S1 and S2). 

From the dose curve in Figure 3b, we estimated the theoretical LOD (see Methods section) to 

be 180 pg/ml. As a blank, we used a diluted healthy (i.e. PPV-free) plant extract (see Control 

experiments section below). The actual concentration range detected spanned four orders of 

magnitude, ranging from 5 ng/ml to 50 µg/ml. Although the LOD of our EGOFET is about 

one order of magnitude higher than that of Electrochemical Impedance Spectroscopy (EIS)-

based PPV detection,[13] the EGOFET response dynamic range is two orders of magnitude 

larger. Most importantly, the EGOFET-based immunosensor presented here shows higher 

sensitivity than the currently used, commercially available serological techniques (like 

ELISA-based approaches and commercial rapid immunocromatographic assays) whose LODs 

lie in the ng/ml range.  

A further step of analysis, beyond the successful proof of concept we present in this paper, 

will be done with untreated/raw sap of healthy and infected plants (also natural woody hosts) 

and in a time course of infection progress. Final aim is to deploy a detection tool suitable for 

in-field analysis. 

Control experiments 

To unambiguously assess that the change in the electrical parameters of the EGOFET could 

be safely ascribed to specific binding of PPV to its corresponding Ab immobilized at the gate 

electrode, we performed the following control experiments. We first exposed the gate 
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electrode functionalized with Protein G followed by immobilization with anti-PPV Ab, to 

extracts derived from healthy tobacco leaves. The samples were prepared exactly as described 

for those containing the PPV (i.e. by diluting leaves extracts in PBS at different ratios), with 

the only exception that the tobacco leaves belonged to plants that have not been infected by 

PPV. We then recorded transfer characteristics upon ex situ incubation of the gate with such 

healthy control extracts. Neither the normalized current (red triangle in Figure 3c and Figure 

4a) nor the normalized transconductance responses (data not shown) exhibited a monotonic 

trend with increasing amount of plant-derived material (proteins, nucleic acids, small 

chemicals) in the samples, and for all the investigated dilutions the changes in IDS or gm was 

negligible with respect to what is observed in the presence of PPV at the lowest concentration.  

Fig. 5. a) Semi-contact mode AFM morphological images of PPV immobilized on gold functionalized with anti-
PPV Ab; b) magnification of a region of panel a; c) Control experiment: bare gold electrode after immersion in a 
PPV solution ([PPV] = 50 µg/ml in PBS 50mM, pH 7.4). 

A second control experiment was performed by functionalizing the gate with Protein G and a 

different Ab: we used an anti-Tumor Necrosis Factor (TNF) Ab, which is not specific to 

PPV and was therefore not expected to bind the virus (see Figure 3d). The ProteinG-AntiAb 

gate was exposed to solutions containing different PPV concentrations: the corresponding 

extracted current and transconductance relative variation are displayed in Figure 4a and 4b, 

respectively. No significant change in the performances of the device could be observed, 

indirectly indicating that the current changes observed in Figure 4a and depicted as black 

circles are mostly to be ascribed to specific Ab-PPV interactions. 

Finally, we checked by means of Atomic Force Microscopy the immobilization of PPV virions 

on a functionalized Au film. The Au substrates were functionalized with the same procedure 

for gate electrodes and incubated in a 50 µg/ml PPV-containing suspension in PBS 50mM, 

pH 7.4. The AFM images in Figure 5 were acquired operating the AFM in air. The elongated 

features in Figure 5a and 5b correspond with the shape and size expected for PPV particles 

(approximately 500-700 nm in length and 15-20 nm in width),[4,39] and therefore provide a 
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further evidence of the efficacy of the functionalization strategy to bind the virions. As a 

negative control, bare gold was also exposed to a 50 µg/ml solution of PPV (see Figure 5c): 

no PPV can be detected on the non-functionalized surface. 

Conclusions 

In this work, we demonstrated an organic electronics-based biosensor for the specific 

detection of PPV in partially purified plant extracts. The biosensor is based on the EGOFET 

architecture and its sensing unit is a gold gate electrode functionalized with anti-PPV 

polyclonal antibodies (as purified IgGs). Upon binding of the PPV to the surface immobilized 

antibody, we observe changes in the drain current mainly due to changes in transconductance, 

while the threshold voltage is only minimally affected by the biorecognition. This finding 

suggests that the biosensor response is dominated by changes in capacitance. By constructing 

a calibration curve based on transconductance changes as a function of PPV concentration, 

we could estimate a theoretical LOD of 180 pg/ml and operate the biosensor within a dynamic 

range spanning four orders of magnitude, from 5 ng/ml to 50 µg/ml. Our devices provide a 

label free and rapid response, with high selectivity (as confirmed by negative control 

experiments) and sensitivity comparable to that of ELISA platforms. Our results therefore 

provide a proof of concept that organic bioelectronics devices can be successfully applied to 

the detection of plant pathogens, challenging the state-of-the-art platforms currently available. 

The further steps to be taken will concern the optimization of the device architecture, possibly 

also including tailor-made microfluidics, to perform measurements directly on the untreated 

(raw) plant sap. 

Experimental Section 

Virus preparation and polyclonal antibodies 

PPV (M strain)[40] was maintained in Nicotiana benthamiana plants upon periodical 

mechanical inoculation. Virus particles partial purification was performed as in reference 40 

with modification. At 15 days post-inoculation, ca. 90 grams of leaves from infected or 

healthy plants (used as negative control) were homogenized in ice–cold Tris-HCl buffer (0.1 

M pH 8.0, added of 0.3% Na metabisulfite). The filtered slurry was mixed with 1/3 vol of 

chloroform-butanol (1:1 mixture) by stirring on ice for 30’. To the supernatant obtained after 

a low speed centrifugation (8k rpm for 20’), 8% polyethylene glycol (PEG 8000) and 1% 

NaCl were added to precipitate the virus particles for 1h on ice. The suspension is centrifuged 

at 12k rpm for 20’ and the pellet resuspended overnight in cold with a small volume of Tris-
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HCl buffer 10 mM. After a short low speed centrifugation to remove all the residual green 

material, a high speed centrifugation (40k rpm for 2h) on a 30% sucrose cushion is done. The 

final pellet is resuspended in 1 ml of Tris buffer and OD red on NanoDrop (ThermoFisher). 

Assuming for PPV particles an extinction coefficient (A260) of about 3.0,[41] the final virus 

yield was 0.77 mg/ml. 

Polyclonal antibodies, raised in rabbit against purified PPV, were kindly supplied by Agritest 

srl (Valenzano, Italy). The purified IgGs, obtained after a protein A-Sepharose step on healthy 

N. benthamiana sap pre-absorbed antiserum, are concentrated at 1mg/ml suspension and kept 

always at -20°C. 

Device Fabrication          

The Test Patterns (TPs) featuring 4 interdigitated electrodes with channel length L = 15 μm 

and channel width W = 30 mm (W/L = 2000) patterned by photolithography and lift-off (1 

cm2 total area) were purchased from “Fondazione Bruno Kessler” (FBK, Trento, Italy). 

Source and Drain electrodes are made of Au 50 nm thick with a few nm of Cr adhesive layer 

on a quartz substrate, with a roughness lower than 2 nm. TPs were cleaned following the 

procedure: (i) a rinse with acetone (10 ml) to remove the photoresist layer, (ii) drying gently 

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 substrates held at RT (base pressure 10-

8 mbar, rate 2.5 Å/min). The pentacene film was 15 nm (10 monolayers) for all samples.  

Gate functionalization      

The polycrystalline Au wire gate electrode (GE) was cleaned as follows: flaming it in 

oxidizing conditions, immersion in hot KOH for 4h, rinse with abundant water and immersion 

in hot concentrated H2SO4 for 2 h. The electrode was then cycled 20 times between +1.5 and 

-0.25 V at 0.1 V s-1 in 1 M H2SO4. 

Gold GE was functionalized according to the following immobilization protocol: (i) a first 

incubation in a phosphate buffer saline (PBS 50 mM, pH 7.4) of Cys-Protein G (2 mg/ml) for 

4h at room temperature (RT), (ii) a rinse with PBS, (iii) incubation with an anti-PPV (0.1 

mg/ml) solution for 1 h at RT (iv) a rinse with PBS, (v) immersion in OEG thiol 100 µM (in 

PBS 50 mM, pH 7.4) for 20 minutes and (vi) a final rinse with PBS. 

Electrochemical characterization 

Cyclic voltammetry (CV) experiments were performed to estimate the electrode active area and the coverage 

after cys-PG immobilization and OEG SAM formation by means of the Randles–Sevçik equation (Figure 2).  
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The method consists of monitoring the cathodic current, corresponding to the [Fe(CN)6]
3- reduction, as a 

function of the incubation time of the working electrode. In particular, protein G binding the gold surface, 

causes an increase of the passivation of the electrode, seen by the decrease of the faradaic current. We then 

use the Randles−Sevci̧k equation to extract variation in the electrode active area. The measurements were 

performed in 1 M KCl and 5 mM K3[Fe(CN)6]
3− at 20 mV s−1. Impedance spectra shown in Fig S1, 

Supporting Informations, were performed in 0.1 M PBS and 0.5 mM K3[Fe(CN)6]
3− (Faradaic) and in 0.05 M 

PBS (non-Faradaic), at an initial potential of 0.17 V and in a frequency range from 0.1 Hz to 10 KHz. The 

gate was functionalized as previously described. 

A CH Instrument potentiostat 760c model was used for the cyclic voltammetry (CV) experiments and the 

Electrochemical Impedance Spectroscopy (EIS), which were carried out using a three-electrode cell. The GE 

was used as a working electrode (WE), whereas a Pt wire and a Ag/AgCl electrode (Elbatech, Livorno Italy) 

were chosen as counter electrode (CE) and reference electrode (RE), respectively. The gold WE was cleaned 

as described above in the text.  

Electrical Characterization 

Electrical measurements were acquired in a buffer solution (PBS 50 mM, pH 7.4) confined in 

a PDMS pool. Source, drain, and gate electrodes were connected to an Agilent B2902A 

Source Meter Unit. All measurements were carried out at room temperature. Gate electrode 

was incubated ex situ in solutions containing increasing [PPV] before electrical measurements 

for 15 minutes, in line with literature data. Gate electrode area was kept constant by means of 

a passivation layer.  

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), in line with previous works from our group.  

We calculated the limit of detection (LOD) as the mean value of the blank +3 times its 

corresponding standard deviation, using the responses of the negative controls as blank 

responses.[42]  

Atomic Force Microscopy 

Gate electrodes morphology was characterized by means of 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). 

The electrodes used for AFM characterization are different from the one used for electrical 

measurements. We used a flat silicon chip covered by 50 nm of Au, the fabrication of which 

is described elsewhere,[18] in order to optimize the morphological analysis. 

Chemicals & Reagents      
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Phosphate salts, potassium ferricyanide, potassium chloride, sulfuric acid, potassium 

hydroxide, acetone, OEG SAM, tris(hydroxymethyl)aminomethane, PEG and pentacene were 

purchased from Sigma-Aldrich. Cys-Protein G was purchased from Space Import-Export s.r.l. 

(Milano, Italy). 
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