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A novel organic field effect transistor (OFET) -based biosensor is described for label-free glial 

fibrillary acidic protein (GFAP) detection. We report the first use of an extended solution gate 

structure where the sensing area and the organic semiconductor are separated, and a reference 

electrode is not needed. Different molecular weight polyethylene glycols (PEGs) are mixed into 

the bio-receptor layer to help extend the Debye screening length. The drain current change was 

significantly increased with the help of higher molecular weight PEGs, as they are known to 

reduce the dielectric constant. We also investigated the sensing performance under different gate 

voltage (Vg). The sensitivity increased after we decreased Vg from -5 V to -2 V, because the lower 

Vg is much closer to the OFET threshold voltage and the influence of attached negatively charged 

proteins become more apparent. Finally, the selectivity experiments toward different interferents 

were performed. The stability and selectivity are promising for clinical applications.

Graphical abstract

A novel organic field effect transistor-based biosensor is described for label-free glial fibrillary 

acidic protein detection. Different molecular weight polyethylene glycols were mixed into the bio-

receptor layer to help extend the Debye screening length. The sensitivity increased while 

Vgdecreased since lower Vg is much closer to the OFET threshold voltage and the influence of 

attached proteins becomesmore apparent.
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1. Introduction

Organic field effect transistors (OFETs) are an emerging alternative for sensing technology.
[1-14] In the past two decades, these devices have garnered increasing interest for potential 

applications such as gas concentration and mechanical force sensing.[1, 9, 15] Also, because 

of inherent advantages including low cost, simple operation, large functional area and 

biocompatibility, FET based biosensors have been applied to detect many biological 

analytes.[8, 16-24]Since most of the bio-molecules influence electronic properties of liquids 

and/or their interfaces, label-free detection becomes possible by reading electrical signal 

changes. The analytes can be identified by either chemically binding specific receptors or 
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modifying specific detection layers on the sensing area. Challenges in using this technology 

can include insufficient sensitivity, poor stability, and complicated fabrication processes.

Various possible mechanisms have been proposed for achieving better performance in OFET 

based biosensors. Most of the studies are based on the “bottom gate” and “solution gate” 

structure devices which put the solution sensing area upon the organic semiconductor and 

can exhibit relatively high sensitivities.[3, 5-6, 18, 20, 22] In order to protect the organic 

semiconductor from being influenced by water, several types of water-resistant layers have 

been attached or placed thereon. Unfortunately, these detectors can still have stability 

problems during prolonged detection times because most organic semiconductors are 

considerably sensitive to high humidity. In another approach, researchers have presented the 

“extended gate” structure device which can separate the sensing area from the transistor 

itself.[7, 25-28] In one promising example, Minami et al. developed a highly selective nitrate 

detector using one version of an extended gate geometry. This type of device shows 

improved stability, but almost all the devices in this architecture, including those from the 

Tokito group, need to add reference electrodes in the solution sensing area, bringing an 

additional degree of complication. Bonfiglio et al. proposed a concept of a remote floating 

gate influencing the current of the OFET, with the analyte solution capacitively coupled to 

the floating gate.[23-24] The detector functions as a label-free DNA sensor without a 

reference electrode, simultaneously having the advantages of simple structure and good 

stability. In Bonfiglio's architecture, a control capacitor separates the gate electrode from the 

surface of the substrate, and the floating gate connects this signal electrically to the base of 

the sensing area. In our work, we describe a novel extended “solution gate” structure device 

that differs from these aforementioned examples in a few key ways. Firstly, no reference 

electrode is required for our device functionality, simplifying the overall system. Secondly, 

the gate electrode is placed directly into the sensing solution electrolyte, altering the overall 

sensitivity of the device. The sensor can detect low-concentration, label-free protein analytes 

in solution in a stable manner.

The Debye screening length, beyond which voltage changes are not sensed in a solution, is a 

great challenge for FET based biosensors.[21, 29-30]To increase the length beyond bioanalyte/

bioreceptor complex dimensions, sensors are often used in relatively low ionic strength 

solutions (i.e., 0.01X PBS, where PBS refers to the standard pH 7.4 “phosphate buffer 

solution” and X indicates dilution with water), that do not realistically represent biological 

fluids. It was reported that the polymer poly(ethylene glycol)(PEG) can substantially change 

the dielectric properties in aqueous solutions and thus serve to increase the sensing response 

seen at the calculated Debye length, thus increasing the “effective Debye screening length” 

for a given solution ionic strength, and the higher molecular weight PEG can decrease the 

dielectric constant more effectively than lower ones.[31] The Lieber group used PEG on the 

inorganic field effect transistor-based sensor for biodetection in high ionic strength solution 

(100 mM PBS).[30] Inspired by these previous studies, we further investigated the influences 

of different molecular weight polyethylene glycol (PEG)-containing bio-receptor layers to 

help overcome the Debye screening length.

Since one present clinical urgency is to investigate brain injuries as quickly as possible, we 

chose glial fibrillary acidic protein(GFAP) as a model analyte.[32-37] GFAP is a major 
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protein associated with glial cells in the central nervous system, being released into human 

blood when brain injuries occur. The presence of 1.5 ng/ml GFAP in blood indicates that a 

patient has moderate brain damage.[37] The isoelectric points (pI points) for anti-GFAP 

antibody and GFAP are 5.7 and 5.4, respectively. According to our previous research, both 

GFAP and the corresponding antibody are negatively charged in pH=7.4 buffer solution.[38] 

Finally, we measured the sensitivity under different gate potential (Vg) for a further 

optimization. Dixon's Q tests on each group of data with removed outliers[39] was used to 

determine significant differences among bioreceptor material compositions.

2. Results and Discussion

2.1. Device Architecture and Chemical Characterization

Pentacene (Scheme 1a) was selected as the semiconductor material due to its high mobility 

and good stability. The OFET sensor consists of two major sections (shown in Scheme 1b): 

the drive unit (OFET) and the detection area (extended solution gate). For the drive unit, 

interdigitated Au electrodes were deposited on pentacene films to define a large active area 

(7 mm by 7 mm). It was found that interdigitated electrodes can yield increased absolute 

current changes due to increased surface area.[40] Therefore, the sensors can work under a 

low enough gate voltage (-2V) to maintain biological compatibility for proteins in aqueous 

solution. According to the typical transfer and output curves operated in air (shown in Figure 

1), the devices show excellent linear and saturation regime characteristics with a hole 

mobility of 0.69 ± 0.07 cm2V-1s-1, an on/off ratio of 26.0 ±5.7 at Vg of -2 V and threshold 

voltage of 0.12 ± 0.1 V. The OFETs were working under Vds = -2 V and Vg = 0 to -2 V.

On the extended solution gate, anti-GFAP was immobilized on the (1-Ethyl-3-(3-

dimethylaminopropyl)carbodiimide) (EDC) /N-hydroxysuccinimide sodium (NHS) treated 

polystyrene-co-methacrylic acid (PS-MA) layer. The chemical structure of PS-MA is shown 

in Scheme 1a. EDC is soluble in water and most organic solvents, and is widely used in 

carboxylic group activation for dehydration-condensation reaction.[38] Since the EDC-

derivatized compound is unstable, NHS is frequently used with EDC to increase coupling 

efficiency. The NHS-activated carboxyl groups of the polymer then react with a given 

antibody to immobilize it on the PS-MA layer. The chemical structure and reaction equation 

are shown in Figure S2. We use 1H-NMR to quantify the extent of carboxyl group as Figure 

S3. The 1H-NMR result shows that the styrene:methacrylic acid molar ratio is about 3:1. 

Before EDC/NHS treatment, the carboxylic acid 1H-NMR peak appears at 11.88 ppm. After 

EDC/NHS treatment, this peak completely disappears, indicating that 100% yield of 

carboxyl group activation was achieved. In addition, new proton peaks for NHS at 2.28 ppm 

and for EDC at 4 to 4.2 ppm were observed, indicating that the carboxylic acid groups were 

completely activated by EDC and NHS, desirable for high antibody surface coverage. Also, 

the morphology of the PS-MA film, EDC/NHS treated PS-MA film, and washed EDC/NHS 

treated PS-MA film were examined by optical microscopy, as shown in Figure S4. It can be 

observed that the PS-MA film provides a smooth surface. After treatment by EDC and NHS, 

the surface (Figure S4b) became rough because the concentrations of EDC and NHS are 3 

times and 1.5 times higher than PS-MA in solution, respectively. The excess chemicals 

likely caused some aggregation of polymer and reactant, as visible from some small 
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particulates forming in solution even after filtration through a 0.4-μm filter. These 

particulates were not observed when EDC and NHS were not added to solution. After 

washing the surface with DI water, the film surface (Figure S4c) regained some smoothness, 

as the DI water removed this unbound particles. Roughness measurements were taken of 

both substrates with and without 8000-MW PEG using an optical microscope and associated 

software (shown in Figure S4d and e). The images show no indication of obvious phase 

separation. Even though the roughness increased from 1.3μm to 3.1μm with the addition of 

PEG, the PEG-containing sample, if anything, showed more uniform morphology than the 

non-PEG sample and the feature shapes are similar in both samples. This indicates that there 

are not likely to be phase separated regions of predominantly polymer and predominantly 

PEG on the size scale of microns or larger. Also, the UV-vis transmission spectra of the two 

samples, corrected for thickness, are nearly identical (Figure S4f), indicating similar light-

scattering features in both samples. Transfer curves for different molecular weight PEGs in 

liquid are shown in Figure S4g.

Furthermore, we put fluorescein isothiocyanate (FITC) labeled anti-GFAP on the bio-

receptor layer to confirm the binding property between PS-MA and antibody. The images 

are shown in Figure 2. First, we put 100 μg/mL FITC labeled anti-GFAP directly on the bare 

substrate and PS-MA layer before activation by EDC/NHS (shown in Figure 2a and 2b). 

After 6 hours, the surfaces were washed by phosphate buffer solution (PBS) 5 times to 

remove any unbound anti-GFAP. We can see that hardly any antibody was immobilized on 

the substrate, indicating low non-specific binding. Figure 2c shows the result of the device 

modified by the EDC/NHS activated PS-MA layer. After FITC labeled anti-GFAP was 

applied to the device with the same procedure, visible florescence was observed. Compared 

to Figure 2b, we can see the antibody was immobilized on the PS-MA surface, indicating 

that the EDC/NHS activation is effective. Figure 2d shows the substrate with activated PS-

MA with the addition of PEG (8000) which was added to the solution prior to spin coating. 

After we put FITC labeled anti-GFAP on it, the florescence intensity increased significantly 

compared with Figure 2c. An explanation for this is as follows. According to the previous 

report, PEG can help increase the light collection efficiency and enhance the florescence 

intensity.[41] Inspired by enzyme linked immunosorbent assay (ELISA) experiments, we 

used a “sandwich structure” method to further confirm that the native binding functionality 

of anti-GFAP antibody to the GFAP protein was not compromised; the results are shown in 

Figure S5 in supporting information. Hereon, we modified the normal anti-GFAP on the PS-

MA layer with the same steps described in the experimental section, and then put 100 μg/mL 

GFAP on the device for 0.5 hour to let all the anti-GFAP binding with GFAP as thoroughly 

as possible. After washing 5 times with 0.05X PBS (Figure S6), we put 100 μg/mL FITC 

labeled anti-GFAP on the device for 0.5 hour and then again washed 5 times with 0.05X 

PBS (scheme shown in Figure S5a). The fluorescence microscope image is shown in Figure 

S5b, on which the green florescence is still apparent. As a control experiment, we used a 

readily available penicillin binding protein 2a (PBP2a) instead of GFAP keeping other steps 

the same. Based on the result shown in Figure. S5c, it is difficult to find any green 

florescence from FITC, indicating that anti-GFAP and GFAP bind together specifically.

In an additional FITC experiment (Figure S6), biotin and FITC-marked streptavidin (known 

to form a very strong complex together) were used to show the quantity of binding that 
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occurs on samples with and without the addition of PEG. Biotin was covalently bound to the 

surface of our substrate and subsequently exposed to FITC-streptavidin (simulating an 

antibody-protein complex). The presence of PEG had no effect on the overall fluorescence 

intensity in the streptavidin-exposed samples, indicating that the PEG is not responsible for 

increasing binding of protein to antibodies.

2.2. Sensing capabilities

The sensing capabilities of anti-GFAP modified OTFT devices with the help of different 

molecular weight PEGs (200, 400, 1000, 4000, 6000 and 8000, respectively) were first 

determined by measuring drain current changes on exposure to 100 ng/mL GFAP solution, 

the data is shown in Table S1 (Supporting Information). A schematic of the proposed 

sensing mechanism is shown in Figure 3a. GFAP is negatively charged in pH = 7.4 PBS, and 

it was tested by zeta potential measurement in our previous work which involve coating 

GFAP on a latex particle and measuring the resulting change in zeta potential.[38] After the 

protein was bound to anti-GFAP, the negatively charged species induced higher conductance 

in p-channel transistors. The negatively charged target proteins induce more negative 

potential in the extended gate and pull charge carriers (holes) close to the channel region of 

the p-channel semiconductor and thereby enhance the drain current. The data are shown in 

Figure 3b. Each data point was repeated five times and reported as an average, with error 

bars indicating one standard deviation. It is obvious that the three high molecular weight 

PEGs lead to significantly current change (p-value 1%), in which the low molecular weight 

PEGs were quite close to the “no PEG” control samples. As illustrated in Figure 3a, proteins 

can penetrate the PS-MA layer, having lower ion density because of the PEG, and bind to 

antibodies in an environment which has an increased sensing response, as if the Debye 

screening length were longer than it actually is in this analyte solution (calculated as 

approximately 0.7 nm in 1X PBS, to 7.3 nm in 0.01X PBS). The sensing properties for 

different analyte solutions (1X PBS to 0.05X PBS) were also recorded and are shown in 

Figure S7. According to a previous report,[31] high molecular weight PEGs can reduce the 

dielectric constant more effectively than lower ones, consistent with the result that high 

molecular weight PEG mixed devices can achieve larger current change using similar 

protein concentrations and device configurations. The drain current change of no antibody 

device was also recorded and shown in Figure S8. There is no obvious current change after 

the device was exposed to 100 ng/mL GFAP.

Furthermore, we investigate the drain current changes on exposure to 100 ng/mL GFAP 

solution under different gate voltage (Vg), as we show in Figure 4, where again each data 

point was repeated at least five times. According to the results, the current changes increased 

significantly from 4.8% to 10.5% while Vg was decreased from -5 V to -2 V. The logical 

explanation is that the decreasing Vg set the device to a gate voltage which is much closer to 

the threshold voltage. When the negatively charged species were attached to the extended 

solution gate, the influence in drain current change was obvious. Because the lowest possible 

voltage increases compatibility with aqueous biomolecule solutions, we set Vg as -2 V for 

all the other tests in this paper.
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The responses of the sensors to different protein concentration were observed in a range of 

0.5 to 100 ng/mL; the data are shown in Table S2 (Supporting Information). The detection 

limit of this sensor is calculated as 1.0 ng/mL based on a noise reading of 1.75 (calculation 

based on our blank samples), and the average current change for that concentration is 2.4% 

(shown in Figure 5). The continuous testing on one device indicates good stability of the 

GFAP sensor. In a related control experiment, devices lacking antibody were also measured 

by directly exposing PS-MA film to 100 ng/mL GFAP solution, and there is almost no 

current change (shown in Figure S8).

To further portray the stability of the extended solution gate sensor, drain current changes 

were recorded every 2 minutes during a 30 minute period after 0.05X PBS was dropped on 

the device. The final drain current change was no more than 6% compared with Idrain0 (the 

first drain current of the device), as shown in Figure 6a. The slight drain current change, 

occurring over a much longer time than the responses to GFAP, can be attributed to the ions 

in PBS attaching to the PS-MA film.

We also performed selectivity experiments, as an initial investigation of whether this type of 

sensor could provide a GFAP response in the presence of other bioanalytes. We chose 

penicillin binding protein 2a (PBP2a), an appropriately sized protein with a similar negative 

charge at neutral pH,[42] and small molecule17α-hydroxyprogesterone (17α-OHP) of the 

physiologically relevant steroid hormone family as interferents,[43] both of them at 100 

ng/mL in 0.05X PBS, the same concentration as used for GFAP. As shown in Figure 6b and 

c, the drain current changes were slight. Finally, to ensure that the GFAP signal was 

observable over signals from interfering analytes, we mixed PBP2a, 17α-OHP and GFAP 

together in 0.05X PBS. All the concentrations of these materials are 100 ng/mL, data from 

which are shown in Figure 6d. After the mixed solution was dropped on the device, a 

dramatic drain current change was observed. The current change ratio is 9.9% (after 

correcting for drift in the base line), which is similar to the pure GFAP current change we 

measured, and also on a faster time scale than current changes seen in drift and control 

experiments. This provides a preliminary indication that our device can signal the presence 

of GFAP in a more complex environment.

A plausible explanation for the increase of current change after PEG was mixed in the bio-

receptor layer is as follows. The increased drain current change can be attributed to the 

presence of high molecular weight PEGs. Since high molecular weight PEGs can effectively 

reduce the dielectric constant and keep a low ion density environment for the binding 

proteins, the effective-Debye screening length increased, potentially leading to a larger drain 

current response. We also considered the possibility that the presence of the high molecular 

weight PEG promoted the penetration of analyte protein deeper into the receptor layer. 

However, in an addition fluorescence experiment shown in the supporting information 

(Figure S6) we saw that the attached protein concentration did not increase in the presence 

of PEG on the film. This supports the earlier explanation.
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3. Conclusion

In summary, we described a novel OFET based biosensor with an extended solution gate 

structure for label-free GFAP detection with a limit of detection well within the 

concentration of interest. The extended solution gate structure separates the sensing area 

from the semiconductor and works without the help of the reference electrode, which 

combines stability and simplicity. The bio-receptor layers of our devices were mixed with 

different molecular weight PEGs to help overcome the Debye screening length limitations. 

As a result, we found that higher molecular weight PEGs can help the sensor achieve better 

sensitivity. Different Vg were also investigated from -5 V to -2 V, showing that the 

sensitivity is higher under a lower Vg. Finally, the stability and selectivity were observed by 

recording real-time drain current changes and putting different interferent solutions on the 

devices. The sensor could sense GFAP in the presence of the interferents. The results 

establish the use of the extended solution gate and moderately polar bioreceptor layer 

additives as synergistic strategies for improving protein biosensor performance.

3. Experimental Section

Materials and Devices Fabrication

All the chemical materials were purchased from Sigma-Aldrich without further purification. 

GFAP from human brain and polyclonal anti-GFAP (ab4674) were purchased from EMD 

Millipore. Buffer solution was purchased as10X concentrated PBS for bioreagent, “suitable 

for cell culture and molecular biology”. Highly n-doped <100> silicon wafers (as gate 

electrodes) with 70 nm SiO2 (as dielectric layers) were divided into 1 in. by 1 in. substrates. 

After cleaning by piranha solution (DANGER corrosive!), they were sonicated in water, 

acetone and isopropanol, and then dried by forced N2. Substrates were further cleaned by 

oxygen plasma (100 W, 3 min) and then annealed in a 100 °C vacuum oven with exposure to 

hexamethyldisilazane (HMDS) for 2 hours. Next, pentacene was thermally evaporated on 

half of each HMDS-treated substrate surface with a thickness of 50 nm at a rate of0.4Å/s. 

The chamber pressure during deposition was lower than 4×10-6 Torr. Then, gold electrodes 

(50 nm) were thermally evaporated through an interdigitation mask (shown in Fig. S1 in 

supporting information) and deposited on the pentacene film with a chamber pressure about 

5×10-6 Torr. The rate was 0.4Å/s and the channel width/length was 28 (W = 7 mm, L = 0.25 

mm).

Antibody immobilization

On the other half of each substrate, we manually etched 8 mm by 8 mm SiO2 to expose 

silicon for the extended solution gate sensing area. The carboxylic acid groups of PS-MA 

were activated by EDC and NHS. Normally, 10 mg PS-MA and 30 mg EDC were first 

dissolved in 0.5 mL anhydrous dichloromethane (DCM) and 0.5 mL anhydrous N,N′-
dimethylformamide (DMF) mixed solvent. After stirring at room temperature for 1 hour, 15 

mg NHS was then added into the mixture with stirring for another 2 hours. The resulting 

mixture was purified though a 0.45 μm filter and then mixed with 5 mg/mL of one of a series 

of different molecular weight PEG (200, 400, 1000, 4000, 6000 and 8000), with continued 

stirring at room temperature for half hour. The final mixture was spin-coated on the exposed 
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silicon at a speed of 3000 rpm for 90 seconds. Then the device surface was carefully washed 

with DI water to remove excess EDC and NHS and dried in room temperature for antibody 

modification. Anti-GFAP (1 mg/mL in 0.05X PBS) was covalently attached to the activated 

PS-MA surface for 6 hours and then gently washed with PBS to remove any non-covalently 

bound antibodies. To avoid water evaporation and antibody contamination, the samples were 

maintained in a humid sealed vessel during the reactions. As control experiments: the 

devices without anti-GFAP were prepared by putting one drop of 0.05X PBS on the 

EDC/NHS activated PS-MA film for 6 hours; activated PS-MA without PEG was prepared 

to make devices with the same steps to compare the influence of PEG.

Apparatus

Electronic analysis of OFETs was conducted on an Agilent 4155C semiconductor parameter 

analyzer in air. 1H-NMR spectra were recorded on Bruker Avance (300 MHz/400 MHz) 

spectrometers. The oxygen plasma treatments were done on a Technics West Inc. (PE II A) 

plasma system. Florescence images were taken by the florescence microscope Olympus 

IX71.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Typical (a) transfer curve and (b) output curve of a pentacene OFET tested in air.
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Figure 2. 
Fluorescence microscope images: (a) bare substrate; (b) PS-MA layer without activated by 

EDC/NHS; (c) PS-MA layer after activated by EDC/NHS; (d) activated PS-MA with PEG 

(8000) on exposure to 100 μg/mL FITClabeled anti-GFAP.
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Figure 3. 
(a) Schematic of proposed sensing mechanism of the extended solution gate device. (b) 

Representative drain current changes of anti-GFAP modified extended solution gate devices 

on exposure to 100 ng/mL GFAP in 0.05X PBS. PS-MA films were mixed with different 

molecular weight PEGs. Gate voltage (Vg) and drain voltage (Vd)were set to -2 V relative to 

the source voltage(Vs).
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Figure 4. 
Drain current changes of anti-GFAP modified extended solution gate devices on exposure to 

100 ng/mL GFAP solution with different Vg.
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Figure 5. 
Drain current change of anti-GFAP modified devices.
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Figure 6. 
Drain current change of anti-GFAP modified devices (a) in 0.05X PBS for 30 min; (b) after 

100 ng/mL PBP2a; (c) after 100 ng/mL 17α-OHP; (d) after the mixed solution (composed 

of 100 ng/mL PBP2a, 100 ng/mL 17α-OHP and 100 ng/mL GFAP) dropped on the anti-

GFAP modified device.
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Scheme 1. 
(a) Chemical structures of pentacene, PS-MA and PEG; (b) Device architecture of extended 

solution gate.
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