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ABSTRACT 

A general single-step approach is introduced for the green fabrication of hybrid biosensors from 

water dispersion. The resulting device integrates the semiconducting properties of a CNT and the 

functionality of a protein. In the initial aqueous phase, the protein (viz., lysozyme) disperses the 

(6,5) CNT. Drop-casting of the dispersion on a test pattern (a silicon wafer with interdigitated Au 

source and drain electrodes yields a fully-operating, robust, electrolyte-gated transistor (EGT) in 

one step. The EGT response to biorecognition is then assessed using the lysozyme inhibitor N-

acetyl glucosamine trisaccharide. Analysis of the output signal allows us to extract a protein-

substrate binding constant in line with values reported for the free (without CNT) system. The 

methodology is robust, easy to optimize, re-directable towards different targets and sets the 

grounds for a new class of CNT-protein biosensors that overcome many limitations of the 

technology of fabrication of CNT biosensors.  
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1. Introduction 
Bioelectronics links bio-based signals and electronics by means of transducers units. 

Commercially available examples of bioelectronic devices include blood glucose sensors, deep-

brain stimulators, neural prosthetics, and cardiac pacemakers.[1–4] The decrease of the size and 

physical dimension of the transducers will attenuate their invasiveness, yielding a reduced reaction 

of the living organism against a foreign object the enhancement of the signal-to-noise ratio, and 

higher spatio-temporal resolution. The ultimate progress from bioelectronics to nano-

bioelectronics[5,6] will exploit nanowires, low dimensional materials, and nanostructured carbon 

allotropes such as Carbon Nanotubes (CNT). These promising candidates for high performing 

transducers are characterized by outstanding electronic properties.[7–17] In particular, the interest 

for CNTs as biosensor components[18–26] is further supported by their exceptional electrical 

performances, even at small applied potentials (< 1V). CNT-field-effect transistor-based 

biosensors have shown great potential for ultrasensitive biomarker detection  despite the presence 

of important challenges, which include difficulty in stable functionalization, incompatibility with 

scalable fabrication, and nonuniform performance.[27] A crucial challenge lies in the CNTs 

insolubility both in water and in organic solvents and in their high tendency to aggregate that 

hinder their wide applicability. Methods enabling their processability are strongly needed.  

Carbon nanotubes are dispersed either mechanically or chemically. The direct “mechanical” 

methods tend to have low efficiency and to yield poor stability of the dispersion. The “chemical” 

covalent approach functionalizes the CNT walls with chemical moieties. It improves solubility in 

solvents and reduces the tendency to aggregate,[28] but it remains an aggressive methodology prone 

to cause defects on the CNT walls that can ultimately modify their peculiar electrical properties, 

which are essential for their applications in FET technology. Of these approaches, the noncovalent 

functionalization is particularly attractive since it preserves the characteristic electronic properties 
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of the CNT and can exploit a variety of molecules such as surfactants, polymers and 

biomolecules.[29–33] 

The technological shift from transducers to biosensors requires the integration of a specific 

recognition unit in the electronic transducer that, in the case of CNT-based biosensors, may follow 

different alternatives such as covalent attachment (tethering),[34] non-covalent adsorption using 

linker molecules,[35,36] direct adsorption via hydrophobic or electrostatic interactions with the tube 

surface[31,37,38] or entrapment in a polymeric matrix.[39]  

In this work, we use a protein, namely lysozyme, as dispersant agent for a selected CNT, the 

semiconducting single wall (6,5)CNT.[40] The use of lysozyme (LZ) improves the green enables 

processability of the (6,5)CNT, without the need of organic solvents to process and deposit the 

CNT.[41] At the same time it introduces the protein directly on the semiconducting surface:[42] the 

wild type protein can be used directly without the use of tethering groups[41] or the need of covalent 

functionalization of the tube surface.[43] 

 This approach produces a highly stable hybrid characterized by a large interaction energy 

between CNT and protein.[44] Yet, it retains the electronic properties of the CNT and the full protein 

functionality.[45] The procedure proposed here (a) affords green water-processing of the system to 

produce an Electrolyte-Gated Transistor (EGT) and (b) endows the (6,5)CNT-based active channel 

with the additional functionality of biorecognition. The LZ/(6,5)CNT hybrid works both as a 

semiconductor layer and as a recognition element. The device is fabricated by a one-step self-

organized process[46] and overcomes several severe limitations that exist in the present technology 

for the fabrication of robust CNT transistors. The proposed strategy allows to deposit the 

semiconductive channel in a fast, easy and more green way directly from aqueous solution, while 

most of the CNT-based transistors described in previous works require organic solvents,[41,47] the 



5 

 

application of external electrical potential to orientate the carbon nanotubes during the 

deposition,[41,47] or the use of specific fabrication techniques such as chemical vapor deposition or 

spray-coating.[43,46] 

 

2. Results and discussion 

LZ/(6,5)CNT hybrids were synthesized by ultrasonication of (6,5)CNT powder in an aqueous 

solution of lysozyme.[48,49] The solution was centrifuged and the supernatant was collected. The 

UV–vis spectrum of LZ/(6,5)CNT showed a band centered at 280 nm, typical of the protein, and 

the E11 and E22 transitions of the (6,5)CNTs (Figure S1a). (6,5)CNTs are dominant in the sample.  

It is well established that only debundled CNTs exhibit well-defined peaks in the Vis-NIR region 

due to the van Hove transitions.[50–52] 

Atomic force microscopy (AFM) images (Figure S2a) of the deposited LZ/(6,5)CNT hybrids are 

a clear evidence of the presence of highly dispersed and debundled LZ/(6,5)CNT adducts in the 

aqueous systems. The profile analysis of lysozyme-(6,5)CNT (Figures S3a and S3b), clearly shows 

the dispersion of 0.78 nm diameter (6,5)CNTs, and the presence of lysozyme surrounding the tube 

(Figures S3c and Figure S3d). In the magnification of Figure S3, it is possible to recognize the 

lysozyme astride the (6,5)CNTs. 

Electrolyte-gated transistors were first fabricated by drop casting of a 150 µg/ml aqueous 

solution of LZ/(6,5)CNT hybrids on a silicon substrate to bridge the interdigitated Au source and 

drain electrodes (width/length ratio, W/L, is 560) (Figure 1a). The channel formed by the 

randomly oriented LZ/(6,5)CNT hybrids network is gated by a Pt wire immersed in 50 mM PBS. 
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Figure 1. Fabrication procedure of LZ/(6,5)CNT-based EGTs: (top) from left to right, deposition 

by drop casting of the LZ/(6,5)CNT water dispersion on a clean silicon wafer surface; after water 

evaporation, few nanotubes bundled are present on the surface (average CNT length = 1 µm); 

(bottom) in the left panel, one of the potential interaction geometries between a lysozyme molecule 

and a (6,5)CNT is schematically depicted; in the right panel, AFM image of LZ/(6,5)CNT bundles 

(the bar corresponds to 5 µm). 

 

Figure 2a and Figure 2b show the typical output and transfer characteristics of a p-type 

semiconductor, with the drain current increasing as VGS becomes more negative. In particular, Fig. 

2a displays IDS vs. VDS, at constant VGS values in the 0 ÷ -0.5 V range; Fig. 2b presents IDS vs. VGS, 

at constant VDS = -0.1 V. Importantly, (6,5)CNTs from the same batch dispersed with the surfactant 

SDS (sodium dodecyl sulphate) and drop-cast on same test patterns do not exhibit current 

modulation in the same voltage range of the gate (Figure S4). Atomic Force Microscopy 

characterization of the SDS/(6,5)CNTs dispersion revealed that it is mainly characterized by 
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bundles and ropes (Figure S2b). The bundling of the semiconducting (6,5)CNT to ropes is known 

to result in a decrease of the energy gap[53] and in the appearance of  metallicity character, as 

confirmed here by electrical measurements on  SDS/(6,5)CNTs EGT. The control experiment with 

SDS/(6,5)CNTs suggests that LZ is a more effective dispersant agent for (6,5)CNT than SDS, and 

that the use of LZ as dispersant fully preserves the semiconducting character of (6,5)CNTs.  

Two issues emerge from these data:  

1) The SDS molecules adsorb non-specifically on the tube surface with the appearance of 

bundling and roping. The shape-complementarity interaction between LZ and carbon 

nanotubes disperses them monomolecularly, preserving their electronic properties.[38,44]  

2) The micelles of SDS disperses the metallic catalyst particles that are inevitably present in 

the CNT sample.[54] On the contrary, lysozyme, for geometric reasons, is selective only for 

the CNTs. The electronic properties of CNTs are affected by the presence of the metal 

particles that have been responsible for hindering the development of CNT transistors.[54] 

 

The electrical response of the LZ/CNT EGT to the field effect is ascribed to ions migration 

forming electrical double layers at the gate/electrolyte and electrolyte/ LZ/CNT interfaces. The 

current modulation arises from a change of the electronic charge density within the semiconducting 

material. The saturation current in Figure 2a is reached at relatively low drain voltages (around -

0.25 V). The LZ/(6,5)CNT EGTs exhibit optimal operation, as witnessed by the almost negligible 

hysteresis (Figure 2b) and by the average threshold voltage, Vth = -331 (±10) mV, the latter value 

ensures operation at low biasing voltages. To assess the robustness of the device response, eight 

different LZ/(6,5)CNT EGTs were fabricated and their transfer characteristics were measured. 

Figure 2c shows the average transfer curves: the fabrication procedure shows remarkably high 
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reproducibility, which is one of the advantages of the use of networks made by a selected CNT 

over single tube devices that are prone to sizable fluctuations because of the nature of the channel 

based on an individual CNT.[19] These findings indicate that the protein dispersion is able to 

overcome two recurrent issues, i.e. i) high tendency of the CNT to aggregate, forming bundles and 

ropes that degrade their semiconducting characteristics, and ii) the scarce stability of CNTs in 

transistors, affecting the electrical response of solution-processed (6,5)CNTs.[55] 

Figure 2. Electrical performance of LZ/(6,5)CNT EGT. (a) output characteristics recorded for IGS 

= 0V ÷ -0.5V; (b) lin-lin (black) and semilog (red) transfer characteristics; (c) average transfers 

characteristics recorded at VDS = -0.1 V; in black the channel current IDS, in blue the leakage current 

IGS. Error bars correspond to the rms of the current averaged over eight devices.   

The average transconductance gm is 137 (±4) µS and the on/off ratio is about 778. The moderate 

on/off ratio can be ascribed to high off-current values as shown in Figure 2b, which can result 

either from the presence of a residual small population of metallic tubes in the channel or from 

sizable leakage currents arising from the exposure of the source electrode to the electrolyte (see 

Figure 1c). The latter factor, due to low CNT coverage on electrodes, would be however common 

to all CNTs transistors.[12,18] We assessed the possibility of depositing a semiconducting 

LZ/(6,5)CNT channel from a more diluted solution: we could obtain a working transistor using a 

LZ/(6,5)CNT concentration as low as 1.5 μg/ml, while lower concentrations did not yield  

   a) c) b) 
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semiconducting channel, most likely because of the fact that continuous pathways bridging source 

and drain were not connected as a consequence of the low density that is apparently below the 

percolation threshold.[56] The electrical performances of the CNT EGTs fabricated by drop casting 

of a 1.5 μg/ml solution are in line with other reported semiconducting (6,5)CNT field-effect 

transistors,[18,55] though worse than those obtained from the 100-times more concentrated hybrid 

CNT/protein solution, as reported in Table S1 and Figure S5 and Figure S6.  

 

In order to test the possibility of translating our fabrication procedure to a different, widely used, 

substrate, we deposited 1.50 μg/ml LZ/(6,5)CNT solution on quartz, instead of the Si wafer, with 

Au source and drain interdigitated electrodes (see Figure S7). Interestingly, the same protocol 

yields semiconducting LZ/(6,5)CNT channels also on a different, widely used substrate. The 

performances of Si-based and quartz-based devices are comparable, as reported in Table S1.  

We rationalize the differences of the electrical performances between the devices prepared from 

1.5 µg/ml solution and 150 µg/ml solution in terms of morphology of the semiconductive film. In 

our devices, charge transport (hence output current, on/off ratio and transconductance) relies on 

the LZ/(6,5)CNT percolation network connecting source and drain electrodes. Atomic force 

microscopy (AFM) (Figure 1) shows that the channel consists of a dense network of LZ/(6,5)CNT, 

that covers only a limited area of the channel. Source and drain electrodes are partially covered by 

LZ/(6,5)CNT, while most of their area is left bare, thus in direct contact with the electrolyte. This 

is observed at both concentrations. This situation will affect charge injection as well as the effective 

W/L ratio of the transistor characteristics. We infer that both concentrations are well above 

percolation threshold, the most influential factor will be the effective width. This is confirmed by 

the morphology of LZ/(6,5)CNT percolation networks measured by Scanning Electron 
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Microscopy (SEM) as shown in Figure 3. The SEM images and their Power Spectral Density 

Function (PSDF) analysis show that, despite the different initial concentration of LZ(6,5)CNT 

solution, the resulting bundles are characterized by a similar porous morphology. The PSDF 

spectra for both concentrations are very similar, in particular the bending of the initial plateau 

towards a linear self-affine dependence takes place at the same values of k, corresponding to a 

characteristic length of about 40 nm, that can be associated to the average pore diameter observed 

in Figures 3a and 3b. Despite the fact that topography is indirectly embedded in the intensity of 

the signal, which makes the consideration by and large qualitative, the PSDs hint to a greater 

roughness, and hence thickness, of the deposit from the more concentrated solution. This is 

confirmed by the measurement of thickness of LZ/(6,5)CNT bundles (Figure 3c) from SEM cross-

sections: bundles formed from the more concentrated solution are thicker (141 ± 57 nm), 

conversely those from the less concentrated solution are thinner and more homogeneous (42 ± 19 

nm). The scaling of the transconductance (see Table 1) mirrors the thickness increase of the film 

with the concentration. This bears similarity with the observed behavior of conductive polymers, 

such as PEDOT:PSS in organic electrochemical transistors, whose porous morphology is 

associated to the so-called volumetric capacitance.[57,58] 
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As can be observed from the transfer curves (semilog format) in Figure 2b, the higher on/off ratio 

is mostly caused by the lowering of the off-current (more than five times smaller) with respect to 

the enhancement of the maximum current (about twice). 

 

Figure 3. SEM images of LZ/(6,5)CNT networks on Si substrate formed from (a) 1.5 µg/ml 

solution; (b) 150 µg/ml solution; (c) SEM cross-section of LZ/(6,5)CNT layer on Si test pattern; 

the Si substrate, the SiOx dielectric layer and the semiconductive film are visible; (d) PSDF of the 

images of the LZ/(6,5)CNT networks for 1.5 µg/ml (open symbols) and 150 µg/ml (lines). 

 Up to this point, we have demonstrated that LZ is an effective dispersive agent for (6,5)CNT, that 

enables the processing of (6, 5)CNT in aqueous environment. Moreover, the non-covalent 

lysozyme-(6,5)CNT interaction  preserves the semiconducting behavior of the (6,5)CNTs.  

a) 

c) 
d) 

b) 
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For biosensing purposes, it is important to assess that the dispersing protein maintains its 

functionality. It is well-known that upon interaction with CNTs, lysozyme preserves its activity.[59–

61] 

 

Figure 4. (a) Transfers characteristics upon exposure to different concentrations of NAG3 (VDS 

= -0.1 V). NAG3 concentrations are reported in the inset; (b) biosensor dose curve ΔI/I0 vs [NAG3] 

calculated at gate-source potential VGS = -0.3V. In the inset the dose curves in lin/lin scale; (c) 

relative variation of transconductance (gm) and (d) threshold voltage (Vth)vs NAG3 concentration. 

Error bars correspond to the signal averaged over five devices. The data in panel (b), (c) and (d) 

are fitted with Langmuir equation (equation 1). 

  

  

a) 

c) d) 

b) 
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In these systems, the control of the spatial orientation of the protein, upon CNT adsorption, is a 

crucial parameter. If CNTs bind to the catalytic site of the protein, the protein is inhibited.[62] 

If the active site of the protein is located away from the interaction area with the CNT, the protein 

remains active.[44] A docking procedures was used to determine the geometry of the complex 

formed by LZ and (6,5)CNT. (6,5)CNTs interact with LZ (Figure S8), leaving the catalytic site of 

the protein (made up of the residues Asp52 and Glu35) accessible, suggesting preservation of the 

full functionality of the protein immobilized on the (6,5)CNTs. 

To assess the conservation of lysozyme recognition ability, we used the electrolyte-gated 

(6,5)CNT transistor as a biosensor to record variations of the electrical response in the presence of 

increasing concentrations of N-acetyl glucosamine trisaccharide (NAG3), which is a well-known 

substrate analogue/inhibitor for this enzyme.[63] The results are reported in Figure 4. Transfer 

characteristics (Figure 4a) change monotonically with the increasing concentration of NAG3 (from 

1 µM to 500 µM); in particular the output current IDS increases when NAG3 is detected by the 

transistor.   

To minimize device-to-device variability, we build the dose curve that represents the relative 

average variation of IDS, DI/I0 over five devices at increasing NAG3 concentrations with respect to 

the initial current value I0 (i.e. when no NAG3 is present in solution).[64] We calculated the curves 

at different VGS values: the results extracted for VGS = -0.3 V are reported in Figure 4b, where a 

sigmoidal trend is evident from the best fit curve. 

It is also apparent that the transconductance increases and that the transfer curves shift towards 

more positive values of the threshold voltage, thus mirroring the trend of the relative current 

variation. These trends are reported in Figures 4c and 4d, respectively. The multiparametric 
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variation upon exposure to NAG3 hints to the fact that the interaction between NAG3 and the 

enzyme may act both on the Fermi level of the (6,5)CNTs and on the carrier mobility and/or total 

charge density of the LZ/(6,5)CNT hybrid after interaction with NAG. The subsequent 

reorganization of the hydration shells and ion distribution in the proximity of the (6,5)CNT bundles 

would lead to a more effective gating potential, especially when the sensor is operated in the 

subthreshold regime.[65]  

To understand why the device responds so effectively to the presence of NAG3, we fitted the 

dose curves with Langmuir model: 

(!""!) = (!""!)#$% ∙
&"[()*#]

,-&"[()*#]
	         (1) 

to extract Ka that is the association equilibrium constant of the LZ-NAG3 pair at the 

semiconductor/electrolyte interface.  

The Ka extracted by fitting the curve in Figure 4b, which was obtained in the subthreshold 

regime, with the Langmuir model is (2.1 ± 0.1)⋅105 M-1. As discussed in previous works,[65–70] we 

notice that the transistor sensitivity (derivative of the device response with respect to [NAG3] and 

Ka) depends on the applied VGS (Figure S9), although no dramatic changes are observed in the 

potential window that we investigated (ranging from -0.3 V to -0.5 V), see Table S2.   

Interestingly, the values of Ka obtained with our LZ/(6,5)CNT transistor biosensor are 

comparable to the reported values for lysozyme/NAG3 interaction in solution. In Table S3 we 

report the values measured by different technique and expressed as Kd =1/Ka. The Kd value that 

we obtain at VGS = -0.3 is (4.8 ± 0.3) µM, in line with published values that are invariably in the 

µM range, although they were obtained with lysozyme and NAG3 freely diffusing in solution. 

Compared to other methods for investigating binding thermodynamics, our LZ/(6,5) EGT devices 

offer a label-free, fast response, with sample volume as low as a few microliters; moreover, they 



15 

 

can be operated without the need for sophisticated instrumentations by simply drop casting the 

sample solution on the device surface. 

 

3. Conclusion 

To conclude, the dispersion of a selected CNT by the lysozyme protein was carried out in water. 

At odds with other dispersants such as the SDS surfactant, the protein disperses the (6,5)CNT 

monomolecularly while preserving the electronic properties of the tubes. The solution was drop 

cast on a silicon substrate where Au source and drain electrodes are interdigitated. The device was 

first tested as a transistor with the transfer curves of many devices that show remarkably high 

reproducibility, which is due to the presence of a single type of CNT. Working devices could be 

obtained even reducing the LZ/(6,5)CNT concentration from 150 µg/ml to 1.5 µg/ml, observing 

only a moderate worsening of the electrical performances. In particular, the use of a diluted 

solution yields an increase in the leakage current that we ascribe to higher exposure of the 

interdigitated S and D electrodes to the electrolyte rather than changes in the semiconducting film 

morphology. Biorecognition was then demonstrated using increasing concentrations of N-acetyl 

glucosamine trisaccharide (NAG3), which is a well-known substrate analogue/inhibitor of 

lysozyme and found the device to be highly sensitive. Analysis of the device output signal shows 

that the binding constant of aqueous lysozyme NAG3 is retained. The present approach is general 

and can be used to fabricate a new class of highly stable, robust biosensors in a green way in one 

step from aqueous solutions. We already identified proteins able to interact with CNTs,[38] that can 

be exploited to fabricate transistors with potential technological applications as sensors for 

molecules such as nitric oxide (nitric oxide synthase); carbon dioxide (carbonic anhydrase) or urea 
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(urease), drugs (26-10 FAB:digoxin), natural biomolecules (anti-progesterone antibody) or 

xenobiotic compounds (cytochrome P450). 
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