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Abstract: Zinc oxide field effect transistors (ZnO-FET), covalently functionalized with 

single stranded DNA aptamers, provide a highly selective platform for label-free small 

molecule sensing. The nanostructured surface morphology of ZnO provides high 

sensitivity and room temperature deposition allows for a wide array of substrate types. 

Herein we demonstrate the selective detection of riboflavin down to the pM level in 

aqueous solution using the negative electrical current response of the ZnO-FET by 

covalently attaching a riboflavin binding aptamer to the surface. The response of the 

biofunctionalized ZnO-FET was tuned by attaching a redox tag (ferrocene) to the 3’ terminus 

of the aptamer, resulting in positive current modulation upon exposure to riboflavin down 

to pM levels. 

Keywords: aptamer; biomolecular detection; ZnO-FET; sensor; riboflavin; selectivity;  

label-free; biofunctionalization 
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1. Introduction  

Development of sensing systems, whether they are for vapor or liquid states, small or large 

molecules, all need a scheme where highly selective detection can occur. Additionally, a reporting 

system must be designed to identify when the target molecule has been detected. One way of 

transducing target detection as an electrical signal is through the use of a field effect transistor (FET). 

Many FET structures utilize semiconductors that are highly sensitive to environmental changes, such 

as the presence of different chemical species in both liquid and vapor states [1-3], although with little 

to no selectivity. Different methods have been used to add selectivity to FET devices, such as 

controlling the gate voltage on metal-oxide nanowires [4], the addition of different materials such as 

polymers [5-8], small molecules [9], and membranes [10]. Another approach to impart selectivity is by 

taking inspiration from nature, by utilizing molecules such as antibodies, peptides, and oligonucleotide 

based (DNA or RNA) aptamers which are naturally designed to bind molecules with high specificity. 

These biorecognition elements have shown selective and sensitive detection in FETs with 

semiconducting nanostructures such as single walled carbon nanotubes [11-15] and silicon  

nanowires [16-19]. DNA aptamers are particularly powerful detection molecules, and through 

processes like the systematic evolution of ligands by exponential enrichment (SELEX) [20], aptamers 

can be selected to bind a wide variety of targets such as small molecules [21], proteins [22], DNA [23], 

and bacteria [14]. Additional flexibility in aptamer detection systems can be added by attaching redox 

molecules, such as ferrocene or methylene blue, to the 3’ end of the DNA oligomer. The secondary 

structure of the aptamer and the conformational change the aptamer undergoes upon target binding 

controls its distance from the surface from which is anchored. Thus, the distance of a redox molecule 

which is placed the end of the aptamer will be controlled by the length and conformational state of the 

aptamer. This flexible aptamer detection technique has been well studied by Plaxco et al. [24-26] in 

electrochemical analysis. Biofunctionalized transistor-based sensing has also been studied with  

various detection mechanisms including; (1) surface conductance of semiconducting channel [16],  

(2) electrostatic gating, in which gate potential is disturbed by ions near the semiconductor [27],  

(3) carrier mobility change [28,29], (4) interfacial contact effect [28,30], (5) permittivity change [28,31] 

and Schottky gate modulation [32]. With those various detection mechanisms and strategies, the 

typical simplified transistor-based sensor operates in a mode where the binding event between the 

device anchored receptor and target is reported as a change in conductance. In this case, we 

demonstrate the primary sensing response of the small molecule riboflavin using the riboflavin-binding 

aptamer on a ZnO-FET platform which can be controllably acquired by using the native negative 

charge in the DNA backbone and its redox chemical pendant molecule to modulate the current response.  

2. Experimental Section  

2.1. Materials 

Riboflavin aptamers were synthesized and purchased from Integrated DNA Technologies Inc. with 

HPLC purification and the following sequence: 5’-SH-AGA GAG GAA CGA CGG TGG TGG AGG 

AGA TCG TTC C-3’. Ferrocene terminated riboflavin aptamers were purchased from Friz BioChem 

(Germany) and HPLC purification with the following sequence: 5’-SH-AGA GAG GAA CGA CGG 
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TGG TGG AGG AGA TCG TTC C-Ferrocene-3’. Riboflavin (CAS 83-88-5) and 2-quinoxaline 

carboxylic acid (CAS 879-65-2) were purchased from Sigma-Aldrich and used without further 

purification. Sterile water (UltraPure distilled DNAse RNAse free) was purchased from Invitrogen. 

The silane coupling agent, 3-glycidoxypropyl dimethylethoxysilane, was purchased from Gelest Inc. 

and used without further purification. The ZnO FET devices were a bottom-gate design on a silicon 

wafer with a 30 nm silicon dioxide (SiO2) layer as the gate insulator and deposited via plasma 

enhanced chemical vapor deposition (PECVD). ZnO was deposited on top of the SiO2 using a Neocera 

Pioneer 180 pulsed laser deposition system using a KrF eximer laser with a thickness of 100 nm. 

Source/drain contacts of titanium/platinum/gold (20/30/350 nm) were deposited by evaporation and  

liftoff techniques. 

2.2. Methods 

A 3” wafer of ZnO FETs was diced into 15 mm × 5 mm individual FET arrays (>10 transistors) for 

functionalization and sensor testing. The diced FET arrays were first cleaned with an ethanol and 

deionized water wash followed by drying in nitrogen. The silane solution was prepared by  

adding 650 µL of 3-glycidoxypropyl dimethylethoxysilane to 50 mL of a 95% EtOH 5% water 

solution (UltraPure water). This solution was mixed on a stir plate at room temperature for 5 min for 

the silane to hydrolyze and polymerize. The diced FET arrays were then placed in the silane solution 

with gentle shaking for 2 min and promptly washed with ethanol and dried with nitrogen. The curing 

step took place in a vacuum oven for 10 min at 100 °C. The aptamer solutions were made at a 

concentration of 12 µg/mL in UltraPure water in a 1.5 mL sterile plastic vial. The diced FETs were 

placed in the vial and gently shaken for 5 min and promptly washed with UltraPure water and dried 

with nitrogen. The ZnO FETs at this point were now fully functionalized with a riboflavin aptamer 

(either ON state or OFF state) and ready for sensor testing (preferably same day as functionalization). 

The ZnO AptaFETs were tested individually for response to the target (riboflavin) or negative 

control (2-quinoxaline carboxylic acid) using a Keithley SCS 4200 Semiconductor Analyzer and probe 

station. A 20 µL drop of UltraPure water was placed on the FET being tested and the current vs. 

voltage (I-V) response monitored until it stabilized (~2 min). After this point, an additional 20 µL drop 

of the target or negative control solution was placed on the FET. The response was monitored as a gate 

voltage sweep, where the source drain voltage (VSD) is constant at 0.2 V and gate voltage (VG) is 

modulated from −5 V ~ +15 V immediately after exposure to the solution. When monitored as a  

real-time response, a constant VSD and VG are applied to the FET and the source/drain current was 

recorded at one data point per second while various solutions are applied to the FET. Again, a 20 µL 

drop of UltraPure water was placed on the FET before target or negative control exposure. 

3. Results and Discussion  

3.1. Mechanism of Transduction 

When an aptamer binds its target, it adopts a secondary conformation, which in many cases 

involves a looped and more compact structure, as is the case with the riboflavin aptamer [33] (see 

supplemental information for the secondary structure of the riboflavin aptamer as obtained by using 
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the mfold software [34]). This secondary structure brings the negative charges from the DNA 

backbone closer to the surface of the semiconductor, and has a negative top gating effect on the device 

(termed as an OFF state AptaFET). For an n-type semiconductor, like ZnO, this binding event will 

result in a decrease in current due to this negative gating effect, and is shown schematically in  

Figure 1(a). The negative electrical response (decreasing current) upon binding of riboflavin can be 

modified to exhibit a positive response (increasing current) by the addition of an electron donating 

molecule, such as ferrocene to the 5’ end of the DNA oligomer. In this scheme, the secondary structure 

of the aptamer upon binding of riboflavin causes the ferrocene tag to come into close contact with the 

ZnO semiconductor, shown schematically in Figure 1(b). This allows for the injection of electrons 

from the ferrocene molecules into the n-type ZnO semiconductor causing an increase in current upon 

riboflavin binding—termed the ON state AptaFET. 

Figure 1. Schematic of aptamer binding conformation and transduction mechanism for:  

(a) OFF state AptaFET, (b) ON state current modulation along with corresponding aptamer 

conformation change upon target binding. 

 

3.2. Biofunctionalization of ZnO FET 

A promising semiconducting material in high frequency thin film transistors is ZnO [35]. Pulsed 

laser deposition (PLD) is used to deposit ZnO for FET fabrication, and is a room temperature 

technique which is compatible with a wide variety of substrates, including plastic flexible substrates [36]. 

ZnO grows into vertically aligned ZnO nanostructures through PLD deposition [Figure 2(a)]. The 

nanostructured surface morphology creates a large effective surface area, making it an ideal candidate 

for use in FET sensors. The ZnO FET devices are based on an interdigitated design with a 10 µm gap 

[Figure 2(a)]. 

Our ZnO Aptamer-FET sensor is designed to detect riboflavin, which is a physiological indicator 

also known as vitamin B2, and has a well studied aptamer sequence [33]. We use the riboflavin 

binding aptamer with the sequence 5'-SH-AGA GAG GAA CGA CGG TGG TGG AGG AGA TCG 

TTC C-3’ which includes a thiol group at the 5’ end for the chemical functionalization with ZnO 

surface. An additional 5 bp (AGAGA) spacer is integrated into the aptamer sequence to prevent the 



Sensors 2011, 11                            

 

 

6649 

active binding pocket from steric hindrance due to nonspecific adsorption to the ZnO surface. A silane 

coupling agent, 3-glycidoxypropyl dimethylethoxysilane, was used to covalently link the aptamer to 

the ZnO semiconductor. The silane contains three alkoxy groups which are hydrolyzed in ethanol 

followed by condensation into oligomers which hydrogen bond with the hydroxyl groups on the ZnO 

surface. Drying and curing creates a covalent linkage of the silane to the surface (schematic shown in 

supplemental information Figure S1) [37]. The ZnO-FET is incubated in the silane solution (2.5%  

in 95% EtOH and water) for 2 min, washed in ethanol, dried in nitrogen, and annealed at 100 °C in a 

vacuum oven for 10 min. The ZnO-FETs are then incubated in the riboflavin DNA aptamer for 5 min 

at a concentration of 12 µg/mL in sterile water, rinsed with sterile water, and dried with nitrogen. AFM 

measurements on the ZnO-FET surface [Figure 2(b)] show significant surface morphology changes 

associated with the silane and aptamer attachment with surface roughness increasing from 0.59 nm 

(silane) to 4.01 nm (silane + aptamer).  

Figure 2. ZnO-FET electron and atomic force microscopy: (a) scanning electron 

micrograph of the interdigitated electrode FET configuration and transmission electron 

micrograph of the FET cross-section, and (b) atomic force micrograph after (i) silane linker 

functionalization and after (ii) aptamer functionalization via silane linker. 
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Additionally, x-ray photoelectron spectroscopy experiments show the presence of nitrogen atoms 

on the DNA functionalized ZnO FETs, whereas no nitrogen is present on the unfunctionalized FETs 

(shown in supplemental information Figure S2). Nitrogen atoms are found in abundance in DNA in 

both the backbone and base structures.  

3.3. Device and Sensor Characterization 

The high ON/OFF ratio (>10
7
) of a ZnO-FET enables one to obtain excellent baseline device 

reproducibility. As seen in Figure 3(a), biofunctionalization with the aptamer does not interrupt the 

high ON/OFF ratio, where the gate voltage modulation data is presented for the same ZnO transistor in 

the native state, silane treated, and aptamer functionalized. The threshold voltage increases after each 

functionalization step due to the addition of electrically resistive materials to the surface of the 

semiconductor while maintaining the 10
7
 ON/OFF ratio. Modulation of the source/drain voltage along 

with the gate voltage is shown for the riboflavin AptaFET in Figure 3(b) with high device 

reproducibility (see supplemental Figure S4).  

Figure 3. AptaFET device performance: (a) Source/Drain (ISD) current versus Gate 

Voltage (VG) at a Source/Drain Voltage (VSD) = 0.5 V for unfunctionalized ZnO-FET, 

ZnO-FET with silane linker, and ZnO-FET with silane linker and aptamer, (b) ISD vs. VG 

with modulation of VSD. (c) ISD vs. VG for conditions of water equilibrium, immediately 

after exposure of 10 µM riboflavin, and time points of 1 min and 2 min after exposure.  

(d) Response of an unfunctionalized ZnO-FET after exposure to 10 µM riboflavin.  

 

 

For these riboflavin AptaFET devices, a drop of sterile water is placed on the device to rehydrate 

the covalently bonded aptamers and the current versus voltage (I-V) curve is monitored until the 
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current running through the semiconductor is stabilized. Once reaching a steady state current, the 

AptaFET is exposed to different concentrations of the target molecule for sensor analysis. Figure 3(c) 

shows that the source/drain current (VSD = 0.2 V) decreases upon the sensing of 10 µM aqueous 

riboflavin throughout the modulated gate voltage of −5 ~ +15 V while the bare silanated ZnO-FET 

shows negligible response to the same target [Figure 3(d)]. The immediate (0 min) decrease in current 

after exposure to the riboflavin target appears to only slightly change at subsequent gate voltage 

sweeps (1 and 2 min), showing that a majority of the binding events happen instantly upon addition of 

the target. 

In a real-time mode, where the source/drain voltage (VSD) and gate voltage (VG) are set at a constant 

value, and the source/drain current (ISD) is monitored versus time, the riboflavin AptaFET shows a 

maximal response at VG of 6–10 V at VSD of 0.2 V (see supplemental Figure S5). The exact maximum 

response value varies from device to device, most likely due to the variability in aptamer density on 

the FET, but is in the range of 6–10 V. For the real time riboflavin sensing, we set VG = 8 V and  

VSD = 0.2 V. After reaching equilibrium with a 20 µL drop of sterile water, an additional 20 µL drop 

containing the target solution is placed on the AptaFET and the current change is monitored in real 

time. An instant current drop of 140 nA is obtained upon exposure to 1 pM riboflavin [Figure 4(a)]. 

Further addition of 1 nM riboflavin after 60 s shows a response from the AptaFET as observed by an 

additional decrease in current. Control experiments, where the AptaFET was exposed to various 

concentrations (10 nM and 10 µM) of a chemical analogue to riboflavin, 2-quinoxaline carboxylic acid 

(QCA), shows negligible response [Figure 4(a)]. 

Figure 4(c) shows riboflavin concentration as a function of AptaFET current response calculated as 

the percentage change in current with respect to the equilibrated baseline. The lowest overall current 

response is on the order 100 nA, well above the noise level of the semiconducting analyzer. The device 

response for each concentration was assessed using the real time detection mode described above, and 

calculated as the percentage change between the two plateaus seen in Figure 4(a). The overall 

sensitivity of this OFF state AptaFET is 1 pM of riboflavin in water. Although the 140 nA response 

was above the noise level for detection, concentrations lower than 1 pM did not show any current 

response. Figure 4(b) shows the real-time response of the ON state AptaFET structure, which shows 

immediate increase in current with the addition of 1 nM riboflavin in water. The inset in Figure 4(b) 

shows the preferential response of riboflavin compared to the negative control small molecule QCA. 

The current response versus riboflavin concentration shows good correlation and sensing down to 1 pM, 

which is comparable to the detection limit of the OFF state AptaFET scheme. 

The advantage to the ON state detection scheme is seen in the more controllable signal response as 

a function of riboflavin concentration [Figure 4(d)] as compared to the OFF state devices [Figure 4(c)]. 

Additionally, the ability to modulate the current between an ON and OFF state adds flexibility to this 

sensor system. Each aptamer has a unique sequence, and forms a unique secondary structure upon 

binding of its target. In some structures, it will be advantageous to analyze both the ON and OFF state 

to determine any sensitivity increases. Running both the ON and OFF state BioFETs in parallel for the 

same target would also provide a method for assessing false positive and negative responses. This is 

important for applications such as medical diagnostics, which require reliable concentration based 

detection systems [38].  
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Figure 4. Sensor performance: (a) Real-time measurement of OFF state sensor response to 

the target riboflavin and negative control QCA via ISD vs. Time (s) with VSD = 0.2 V and 

VGS = 8 V. (b) Real-time ON state sensing via ISD vs. time (s) for 10 nM exposure to 

riboflavin. Inset shows ISD vs. VG sensor response to 10 µM riboflavin and 10 µM negative 

control QCA. (c) Signal dependence vs. riboflavin concentration (M) for OFF state sensing 

scheme. (d) Signal dependence vs. riboflavin concentration (M) for ON state sensing scheme. 

 

   

4. Conclusions  

In conclusion, single stranded DNA aptamers provide a selective binding motif for sensing in a 

liquid state for small molecules like riboflavin. The secondary structure adopted by the aptamer upon 

binding of its target, in this case riboflavin, can be transduced as an electrical signal due to the 

rearrangement of negative charges on the backbone of the DNA oligomer into a more compact 

structure on a semiconductor surface. This transduction is possible by immobilizing the aptamer 

covalently on the surface of a zinc oxide field effect transistor. The electrical current response can be 

modulated to provide either an increase or decrease in current upon binding by the presence or absence 

(respectively) of a ferrocene redox tag on the 3’ end of the aptamer. Both schemes of current response 

resulted in selective sensing of riboflavin in water to pM levels, with greater control over signal 

response in the ON state system. 

The novelty in this aptamer based sensor system is the semiconductor ZnO which has two 

significant advantages. First, ZnO is deposited via pulsed laser deposition which operates at room 

temperature with no further thermal annealing necessary. This enables the use of this material on 

flexible (plastic) substrates, which is not possible with typical semiconductor materials in aptamer 

based sensors such as silicon nanowires and carbon nanotubes. Second, ZnO naturally forms a unique 
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nanostructure upon pulsed laser deposition which provides a large surface area for molecular detection 

without the need for further processing which is required for patterned nanowires. The direct detection 

signal strategy acquired in this study resulted in selective detection down to low concentration (pM) 

levels which is comparable to state of the art aptamer based sensors, with the added benefit of a  

ZnO-FET platform with significant fabrication advantages.  

Acknowledgements 

The authors would like to thank the Air Force Research Labs, Bio-X Strategic Technology Thrust, 

and the Nanostructured and Biological Materials for Electronic, Optical, and Mechanical Devices 

program in the Materials and Manufacturing and Human Effectiveness Directorates for funding. 

References 

1. Someya, T.; Small, J.; Kim, P.; Nuckolls, C.; Yardley, J. Alcohol vapor sensors based on  

single-walled carbon nanotube field effect transistors. Nano Lett. 2003, 3, 877-881. 

2. Star, A.; Han, T.R.; Gabrien, J.C.; Bradley, K.; Gruner, G. Interaction of aromatic compounds 

with carbon nanotubes: Correlation to the Hammett parameter of the substituent and measured 

carbon nanotube FET response. Nano Lett. 2003, 3, 1421-1423. 

3. Tsukada, K.; Kiwa, T.; Yamaguchi, T.; Migitaka, S.; Goto, Y.; Yokosawa, K. A study of fast 

response characteristics for hydrogen sensing with platinum FET sensor. Sens. Actuat. B 2006, 

114, 158-163. 

4. Kolmakov, A.; Moskovits, M. Chemical sensing and catalysis by one-dimensional metal-oxide 

nanostructures. Annu. Rev. Mater. Res. 2004, 34, 151-180. 

5. Janata, J.; Josowicz, M. Conducting polymers in electronic chemical sensors. Nature 2003, 2,  

19-24. 

6. Gerard, M.; Chaubey, A.; Malhotra, B.D. Application of conducting polymers to biosensors. 

Biosens. Bioelectron. 2001, 17, 345-359. 

7. Fang, Q.; Chetwynd, D.; Covington, J.; Toh, C.; Gardner, J. Micro-gas-sensor with conducting 

polymers. Sens. Actuat. B 2002, 84, 66-71. 

8. Covington, J.; Gardner, J.; Briand, D.; de Rooij, N. A polymer gate FET sensor array for detecting 

organic vapours. Sens. Actuat. B 2001, 77, 155-162. 

9. Zhou, R.; Josse, F.; Gopel, W.; Ozturk, Z.; Bekaroglu, O. Phthalocyanines as sensitive materials 

for chemical sensors. Appl. Organomet. Chem. 1996, 10, 557-577. 

10. Huang, S.; Artyukhin, A.; Misra, N.; Martinez, J.; Stroeve, P.; Grigoropoulos, C.; Ju, J.; Noy, A. 

Carbon nanotube transistor controlled by a biological ion pump gate. Nano Lett. 2010, 10,  

1812-1816. 

11. So, H.M.; Won, K.; Kim, Y.; Kim, B.K.; Ryu, B.H.; Na, P.S.; Kim, H.; Lee, J.O. Single-walled 

carbon nanotube biosensors using aptamers as molecular recognition elements. J. Am. Chem. Soc. 

2005, 127, 11906-11907. 

12. Gruner, G. Carbon nanotube transistors for biosensing applications. Anal. Bioanal. Chem. 2006, 

384, 322-335. 



Sensors 2011, 11                            

 

 

6654 

13. Maehashi, K.; Katsura, T.; Kerman, K.; Takamura, Y.; Matsumoto, K.; Tamiya, E. Label-free 

protein biosensor based on aptamer-modified carbon nanotube field effect transistors. Anal. Chem. 

2007, 79, 782-787. 

14. Villamizar, R.; Maroto, A.; Rius, F.; Inza, I.; Figueras, M. Fast detection of Salmonella Infantis 

with carbon nanotube field effect transistors. Biosens. Bioelectron. 2008, 24, 279-283. 

15. Kuang, Z.; Kim, S.; Crookes-Goodson, W.; Farmer, B.; Naik, R. Biomimetic chemosensor: 

Designing peptide recognition elements for surface functionalization of carbon nanotube field 

effect transistors. ACS Nano 2010, 4, 452-458. 

16. Cui, Y.; Wei, Q.; Park, H.; Lieber, C. Highly sensitive and selective detection of biological and 

chemical species. Science 2001, 293, 1289-1292. 

17 Hsiao, C.Y.; Lin, C.H.; Hung, C.H.; Su, C.J.; Lo, Y.R.; Lee, C.C.; Lin, H.C.; Ko, F.H.;  

Huang, T.Y.; Yang, Y.S. Novel poly-silicon nanowire field effect transistor for biosensing 

application. Biosens. Bioelectron. 2009, 24, 1223-1229. 

18. Patolsky, F.; Lieber, C. Nanowire nanosensors. Mater. Today 2005, 8, 20-28. 

19. Hahm, J.; Lieber, C. Direct ultrasensitive electrical detection of DNA and DNA sequence 

variations using nanowire nanosensors. Nano Lett. 2004, 4, 51-54. 

20. Ellington, A.; Szostak, J. In vitro selection of RNA molecules that bind specific ligands. Nature 

1990, 346, 818-822. 

21. Zayats, M.; Huang, Y.; Gill, R.; Ma, C.; Willner, I. Label-free and reagentless aptamer-based 

sensors for small molecules. J. Am. Chem. Soc. 2006, 128, 13666-13667. 

22. Maehashi, K.; Katsura, T.; Kerman, K.; Takamura, Y.; Matsumoto, K.; Tamiya, E. Label-free 

protein biosensor based on aptamer-modified carbon nanotube field effect transistors. Anal. Chem. 

2007, 79, 782-787. 

23. Patolsky, F.; Weizmann, Y.; Willner, I. Redox-active nucleic-acid replica for the amplified 

bioelectrocatalytic detection of viral DNA. J. Am. Chem. Soc. 2002, 124, 770-772. 

24. Xiao, Y.; Lubin, A.; Heeger, A.; Plaxco, K. Label-free electronic detection of thrombin in blood 

serum by using an aptamer-based sensor. Angew. Chem. Int. Ed. 2005, 44, 5456-5459. 

25. Xio, Y.; Piorek, B.; Plaxco, K.; Heeger, A. A reagentless signal-on architecture for electronic, 

aptamer-based sensors via target-induced strand displacement. J. Am. Chem. Soc. 2005, 127, 

17990-17991. 

26. Cash, K.; Heeger, A.; Plaxco, K.; Xiao, Y. Optimization of a reusable, DNA pseudoknot-based 

electrochemical sensor for sequence specifc DNA detection in blood serum. Anal. Chem. 2009, 

81, 656-661. 

27. Artyukhin, A.B.; Stadermann, M.; Friddle, R.W.; Stroeve, P.; Bakajin, O.; Noy, A. Controlled 

electrostatic gating of carbon nanotube FET devices. Nano Lett. 2006, 6, 2080-2085. 

28. Gui, E.L.; Li, L.J.; Zhang, K.; Xu, Y.; Dong, X.; Ho, X.; Lee, P.S.; Kasim, J.; Shen, Z.X.;  

Rogers, J.A.; Mhaisalkar DNA sensing by field-effect transistors based on networks of carbon 

nanotubes. J. Am. Chem. Soc. 2007, 129, 14427-14432. 

29. Maroto, A.; Balasubramanian, K.; Burghard, M.; Kern, K. Functionalized metallic carbon 

nanotube devices for pH sensing. Chem. Phys. Chem. 2007, 8, 220-223. 



Sensors 2011, 11                            

 

 

6655 

30. Chen, R.J.; Choi, H.C.; Bangsaruntip, S.; Yenilmez, E.; Tang, X.; Wang, Q.; Chang, Y.-L.;  

Dai, H. An investigation of the mechanisms of electronic sensing of protein adsorption on carbon 

nanotube devices. J. Am. Chem. Soc. 2004, 126, 1563-1568. 

31. Besteman, K.; Lee, J.O.; Wiertz, F.G.M.; Heering, H.A.; Dekker, C. Enzyme-coated carbon 

nanotubes as single-molecule biosensors. Nano Lett. 2003, 3, 727-730. 

32. Yeh, P.H.; Li, Z.; Wang, Z.L. Schottky-gated probe-free ZnO nanowire biosensor. Adv. Mater. 

2009, 21, 4975-4978. 

33. Lauhon, C.T.; Szostak, J.W. RNA aptamers that bind flavin and nicotinamide redox cofactors.  

J. Am. Chem. Soc. 1995, 117, 1246-1257.  

34. Zuker, M. Mfold web server for nucleic acid folding and hybridization prediction. Nucl. Acids 

Res. 2003, 31, 3406-3415. 

35. Bayraktaroglu, B.; Leedy, K.; Neidhard, R. High-frequency ZnO thin-film transistors on Si 

substrates. IEEE Electron. Dev. Lett. 2009, 30, 946-948. 

36. Nomura, K.; Ohta, H.; Takagi, A.; Kamiya, T.; Hirano, M.; Hosono, H. Room-temperature 

fabrication of transparent flexible thin-film transistors using amorphous oxide semiconductors. 

Nature 2004, 432, 488-492. 

37. Hermanson, G. Bioconjugate Techniques; Elsevier: New York, NY, USA, 2008. 

38. Piunno, P.; Krull, U. Trends in the development of nucleic acid biosensors for medical 

diagnostics. Anal. Bioanal. Chem. 2005, 381, 1004-1011. 

© 2011 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/3.0/). 


