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Abstract 

Fabrication of N-doped multidimensional 

carbon nanofibers via vapor deposition 

polymerization for the high-performance 

cortisol biosensor  

 

Go Een Jeong 

School of Chemical and Biological Engineering 

The Graduate School 

Seoul National University 

 

Cortisol, a stress biomarker, is an importance hormone that regulates blood 

pressure, glucose levels and carbohydrate metabolism for vitalization in 

human life. However, its abnormal secretion causes the various symptoms and 

diseases closely linked with psychological and physical heath. Therefore, the 

significance of cortisol measurements is recently on the rise. In this study, the 

high performance transducers for cortisol detection were fabricated as the N-

doped multidimensional carbon nanofibers with large surface area for the 
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field-effect transistor (FET) type biosensor. Their morphology was facilely 

controlled by pressure conditions of the vapor deposition polymerization 

(VDP) methods during conducting polymers. Thereafter, the conductive 

channels for practical use were completed by thermal treatment, acid treatment 

and finally antibody attachment in order. The changes according to the 

chemical processes were characterized by Raman spectroscopy, Fourier 

transform infrared (FT-IR) spectroscopy, X-ray photoelectron spectroscopy 

(XPS) and scanning electron microscopy (SEM). The superior transducers 

exhibited electron transport behavior at the liquid-ion gated FET type 

biosensors. As a result, they provided a rapid response toward cortisol 

molecules with accurate selectivity, stable reusability as well as high 

sensitivity with the minimum detection level of 100 aM due to the larger 

surface area introduced more active site of antibody. Furthermore, it was also 

measured the real-time responses to evaluate the availability as real-sample 

application with saliva. 

Keywords: Vapor deposition polymerization, N-doped carbon nanofiber, FET type 

biosensor, cortisol 

Student Number: 2016-25867 
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Chapter 1. Introduction 

 

1.1 Biosensor for cortisol detection 

 

1.1.1 Types of cortisol detection 

 

Cortisol, a stress biomarker, helps human’s daily life to vitalize through 

the regulation of blood pressure, glucose levels and carbohydrate 

metabolism.[1] It is generally secreted by the environmental factors as well as 

a circadian rhythm which cortisol levels are the highest during daybreak and 

progressively lower by night sleep.[2] However, situational abnormal 

secretion of cortisol causes the various harmful symptoms and diseases such 

as weakening of immune system, increase of amino acid levels in blood, 

obesity, heart attack, depression, and post-traumatic stress disorder (PTSD).[3-

6] Excess cortisol levels additionally give rise to Cushing’s disease with the 

symptoms of obesity, fatigue and bone fragility, while remarkably low cortisol 
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levels lead to Addison’s disease with the manifestations such as weight loss, 

fatigue, and darkening of skin folds and scars.[7-9] Therefore, the necessity of 

monitoring cortisol levels has steadily concentrated because the symptoms are 

closely linked with human life.[1-4]  

The techniques for cortisol detection have been developed variously. They 

can be divided into two large groups as the labeled and label-free biosensors. 

The labeled biosensors contain the techniques such as enzyme-linked 

immunosorbent assay (ELISA), radioimmunoassay (RIA) and flow 

immunoassay.[10-12] They require long time-consuming, relatively large 

volume of sample, complicated experimental reactions by highly trained 

laboratory staffs. Meanwhile, the electrochemical impedance spectroscopy 

(EIS), high performance liquid chromatography (HPLC), fluorometric assay, 

and reverse phase chromatography are included in label-free biosensors, and 

they also take long analysis times and expensive cost.[1, 3, 4, 6, 13-14]  

Currently, the study of cortisol detection is largely focusing on its 

quantitative measurement or health quality monitoring.[15] Therefore, the 
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biosensors as the cortisol detector require the capacities of wide detection 

range, rapid selectivity and higher sensitivity through higher functional 

surface, more biomolecule loading, smaller resistance and higher electron 

transfer rate.[16-17]  
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1.1.2 Field-effect transistor type biosensor 

 

The field-effect transistors (FET) type biosensor is one of the 

representative label-free biosensors, utilized on various sensor fields in 

biomedical clinical diagnosis, food safety, monitoring environmental 

contaminants and etc.[18-21] The FET type biosensor monitors potential 

current change on the transducers according to the recognition systems using 

enzymes, antibodies, nucleic acids and microorganisms under constant electric 

field.[22] It is known for diverse potentials for portable device, miniaturization 

and point of care (POC) system with various advantages such as ultra-high 

sensitivity, excellent selectivity, real-time response, reusability and cost-

effective fabrication through the superior transducer performance.[15, 22-23] 

Moreover, the liquid-ion gated FET type biosensor is operated in the solution 

state through the gate dialectic with transducers.[23] It is especially superior 

to rapid responses and improved signal transduction under the low voltage 

electric field.[23-25] 
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1.2 Transducers for the FET type biosensor 

 

1.2.1 N-doped multidimensional carbon nanofiber 

 

The allotropes of carbon nanomaterials such as graphene, fullerenes and 

nanofibers are extremely useful and unique substances by leading to 

extraordinary electrical, optical and mechanical properties.[26-28] The 

nanofiber structure especially shows exceptional promise for numerous 

applications such as electronic devices, energy storage, solar cells, chemical 

and biological sensors due to its outstanding charge carrier mobility along the 

rotational axis, processability and chemical stability.[29-30] In addition, it can 

be enhanced its surface area by introducing to multidimensional structures on 

the carbon nanofibers.[31] However, pure carbon nanofibers are handicapped 

by insufficient for the semiconducting properties as the high-performance 

transducer for the FET type biosensor.[29]  
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The doping approach is one of the promising feasible method to control 

the semiconducting properties of carbon nanofibers by tuning the energy band 

gap in carbon lattice.[29] The heteroatoms improve the kinetic and electrical 

performance of carbon nanofibers by generating structural defects and 

changing carbon lattices.[32-35] Especially, the doped nitrogen atoms can 

tremendously effect on the electronic behavior and structural lattice of carbon 

nanofibers.[33, 36] Besides, nitrogen species as the electron donors lead to n-

type transistor behavior for the transducer.[37-38]  

 

 

  



７ 
 

1.2.2 Vapor deposition polymerization methods 

 

The vapor deposition polymerization (VDP) is an extremely facile method 

for fabricating conducting polymer on various surfaces.[39-41] The vaporized 

monomer diffuses and uniformly polymerizes on the template in VDP 

chamber without any stabilizer or surfactant.[42-43] The morphology and 

thickness control of conducting polymer is influenced by simple condition 

change such as initiator, reaction time, temperature and pressure.[44-45]  

Particularly, the pressure variable effects on polymerized shape due to 

different kinetics of vaporized monomer during VDP process.[46] Therefore, 

it facilitates the introduction of the multidimensional morphology on all 

templates regardless of any structure to increase surface area for the sensitivity 

enhancement of transducers in the FET type biosensor.[47-48]  
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1.3 Objective of this study 

 

The N-doped multidimensional carbon nanofibers were fabricated via 

electrospinning, vapor deposition polymerization (VDP) and carbonization. 

They were applied on the field-effect transistor (FET) type cortisol biosensor 

as the transducer. The morphology of transducers was controlled by change of 

pressure variable during VDP steps. The transducer under vacuum condition 

had smooth surface, while another one was formed spiky shape with higher 

surface area under atmospheric condition. The minimum detection 

concentration of antibody attached N-doped carbon nanofibers from 

atmospheric VDP method (AA_PCANFs) was 104 times lower than that from 

vacuum VDP step (VA_PCANFs) in the real-time responses. The reason was 

that the larger surface area of AA_PCANFs effectively enhanced the 

performance of transducer. Furthermore, it was suggested that the 

AA_PCANFs FET type biosensor is available as the real-sample application 

with salivary cortisol.  
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Chapter 2. Experimental 

 

2.1 Materials 

 

Poly(vinyl alcohol) (PVA, MW 85,000), ferric (III) chloride (FeCl3, 97 %), 

methanol ( ≥ 99.9 %), pyrrole (98 %), (3-aminopropyl) triethoxysilane (APS, 

98 %), 4-(4,6-dimethethoxy-1,3,5-triazin-2-yl)-4-methylmorpholimium 

chloride (DMT-MM), hydrocortisone (≥ 98 %), cortisol antibody (F4P1A3), 

neuron-specific enolase from human brain (NSE, ≥ 95 %), prostate specific 

antigen from human semen (PSA, ≥ 99 %) and epidermal growth factor from 

mouse (EGF) were purchased from Sigma-Aldrich Chemical Company.  
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2.2 Fabrication of N-doped multidimensional carbon 

nanofibers 

 

PVA solution was prepared by dissolving 0.8 g of PVA in 10 mL of 

distillated water with vigorous stirring at room temperature. The polymer 

solution was electrospun with applied 16 kV of voltage and 5.5 µL min-1 of 

flow rate over 15 cm of a fixed collection distance. The electrospun PVA 

nanofibers were dipped in 9 wt% ferric chloride solution in methanol. Then, 

polypyrrole (PPy) was polymerized on the PVA nanofibers at 100 OC with 

proper time and pressure conditions via vapor deposition polymerization 

(VDP) method. The PPy nanofibers (PPyNFs) were carried out thermal 

treatment steps; stabilization step at 135 OC for 2 h in air and carbonization 

step at 600 OC for 1 h under argon atmosphere successively. Afterwards, the 

carbonized PPyNFs (PCNFs) were immersed in 3:1 volume mixture of 1 M 

sulfuric acid and 1 M nitric acid for 6 h as acid treatment and washed by 

distillated water. The acid treated PCNFs (PCANFs) were soaked in the 
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mixture of diluted cortisol antibody solution in phosphate-buffered saline 

(PBS, pH 7.4) solution and 1 wt% aqueous DMT-MM solution for 12 h, 

washed by distillated water and dried at room temperature. 
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2.3 Fabrication and measurement of the FET type cortisol 

biosensor 

 

The interdigitated array (IDA) electrodes were treated with 5 wt% aqueous 

APS for 6 h to give amino functional group on the surface of glass substrate. 

The 1 wt% of antibody attached carbon nanofibers solution in acetone was 

prepared and dropped on the electrodes. Then, the completely dried electrodes 

were exposed 1wt% aqueous DMT-MM again and dried at room temperature. 

The FET type sensor was based on a liquid-ion gate with pH 7.4 of PBS 

solution. The current was measured at room temperature through a source 

meter device and normalized as follows; 

[
∆I

Io

]
SD

(%) =
(I - Io)

Io

×100 

where Io indicates the initial current and I is the real-time measured current. 
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2.4 Characterization 

 

Scanning electron microscopy (SEM) images were taken by a JSM-

6701F (JEOL). X-ray photoelectron spectra (XPS) were obtained using an 

SIGMA PROBE (VG, UK). Raman and Fourier transform infrared (FT-IR) 

spectra were investigated by T64000 (HORIBA, FR) and Frontier 

(PerkinElmer), respectively. All electrical measurements were performed 

with a Keithley 2612A source meter (Keithley Instruments, Inc.) and a probe 

station (MS TECH, model 4000).    
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Chapter 3. Results and discussion 

 

3.1 Fabrication of N-doped multidimensional carbon 

nanofibers 

 

Figure 1 illustrates an overall fabrication procedure of polypyrrole 

nanofibers (PPyNFs) via electrospinning and vapor deposition polymerization 

(VDP) methods. Poly(vinyl alcohol) (PVA) nanofibers were fabricated by the 

electrospinning method as the template for the conducting polymer growth. 

The electrospun nanofibers as the one dimensional (1D) nanomaterials, 

provide the superb charge mobility along the long-axis by permitting efficient 

electron transport and enhancing the charge carrier density.[49-51] The 

production of thin and uniform PVA nanofibers required the suitable 

electrospinning conditions such as concentration of precursor solution, applied 

electrical potential, collection distance, and etc.[52] The optimum conditions 

for 8 wt% aqueous PVA were 5.5 µl min-1 of the flow rate and 16.0 kV of the 
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voltage, and the electrospun nanofibers were fabricated ca. 120 nm in diameter 

(Figure 2a).  

The methanolic solution containing ferric (III) chloride (FeCl3) was 

prepared as an initiator for introduction of conducting polymer on the 

electrospun nanofibers through VDP method. Once the PVA nanofibers were 

dipped into an initiator solution, Fe cations were adsorbed by charge-charge 

interaction between Fe3+ ions and the partial negative charge of the oxygen 

atoms on the surface of PVA nanofibers. Then, adsorbed Fe3+ ions were 

exposed to pyrrole monomer and occurred the chemical oxidation 

polymerization reaction on the PVA surface.[49, 53]  The methanol to 

dissolve FeCl3 is a good polar solvent to increase conductivity of polypyrrole 

because pyrrole monomers were able to form the hydrogen bonds with 

methanol.[54] Moreover, the dipole moment of pyrrole specifically increased 

due to charge transportation along the polymer chain and chain orientation 

during polymerization.[45]  

The pressure and temperature play a key role in morphology change during 
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the VDP step.[45] The different surface shape of polypyrrole (PPy) was caused 

by the pressure variables in this study. The PPy was grown as the needle-like 

shape on the PVA nanofibers under atmospheric pressure, while it was evenly 

coated the thickness of ca. 50 nm under vacuum condition. The morphology 

difference is extremely apparent as it is confirmed by just scanning electron 

microscopy (SEM) images of Figure 2b and 2c. The PPy layer was grown by 

nucleation-growth mechanism and the kinetic and thermodynamic conditions 

determined the morphology of the deposited polymer layer during VDP 

step.[42] The ion substrate of transition metal specifically helped PPy to form 

π-π conjugation along the heteroaromatic structures as dopant ions.[55] 

Therefore, the iron (III) salts became the nuclei to adsorb the vapored 

monomer on the surface of PVA nanofibers and the vaporized pyrrole 

monomer occurred the oxidation polymerized reaction as long as the monomer 

and initiator were existed.[56] In addition, the thin and uniform PPy layer was 

formed under vacuum condition because of faster kinetics during VDP step. 

The lower pressure made the monomer vapors moving faster inside the reactor 
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and leading to rapid and uniform polymerization rate which effect on the PPy 

morphology change.[46]  

Figure 3 describes the schematic illustration for synthesis of antibody 

attached N-doped carbon nanofibers, and the morphology change is confirmed 

by the SEM images, as shown in Figure 4. The nitrogen-doped carbon 

nanofibers were generated by two thermal treatments. The first stabilization 

step helps the grown spiky PPy maintain its shape during the following acid 

treatment and antibody attachment in aqueous solutions. Specifically, once the 

PPyNFs were heated at 135 OC for 2 h in air, the micro-crosslinking was 

formed in PVA nanofibers, and enhanced stability against water by greater 

crystallinity.[57-58] Subsequently, carbonization at 600 OC for 1 h was 

conducted in a flowing argon atmosphere for the fabrication of N-doped 

carbon nanofibers. They finally showed dramatically shrunken thickness and 

rough surface after stabilization and carbonization, but the morphology was 

still maintained (Figure 4a and 4d).  
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The following acid treatment was carried out for introduction of the 

oxygen-related functional groups on the carbonized PPyNFs (PCNFs) to 

attach cortisol antibody stably. The surface of acid treated PCNFs (PCANFs) 

was changed smoothly after soaking in 3:1 volume ratio mixture of 1 M 

sulfuric acid and 1 M nitric acid aqueous solution at room temperature for 6 h. 

(Figure 4b and 4e). The 6 h of time condition was concluded as the optimum 

time for maintenance of surface morphology. It became unclear and partially 

destroyed when the acid treatment was carried out over 21 h. The resulting 

PCANFs were subsequently immersed in the mixture of diluted cortisol 

antibody solution in PBS and 1 wt% aqueous DMT-MM as the catalyst for 12 

h, washed by distillated water and dried at room temperature. The SEM image 

of Figure 4c indicates the antibody attached PCANF from vacuum VDP 

method (VA_PCANFs), and Figure 4f presents the antibody attached PCANF 

for atmospheric VDP method (AA_PCANFs). Both clearly show cortisol 

antibody of cotton shape stably attached on the surface of the PCANFs.  
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Figure 1. Schematic diagram of fabrication steps for the polypyrrole 

nanofibers (PPyNFs). 
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Figure 2. The SEM images of (a) PVA nanofibers, (b) PPyNFs from vacuum 

VDP method, (c) PPyNFs from atmospheric VDP method.  
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Figure 3. (a) Schematic diagram of fabrication steps for N-doped carbon 

nanofibers via vacuum VDP method and (b) atmospheric VDP method. 
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Figure 4. The SEM images of (a) PCNFs, (b) PCANFs, and (c) antibody 

attached PCANFs from vacuum VDP step (VA_PCANFs). And the SEM 

images of (d) PCNFs, (e) PCANFs, and (f) antibody attached PCANFs from 

atmospheric VDP step (AA_PCANFs). 
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3.2 Characterization of N-doped multidimensional carbon 

nanofibers 

        

3.2.1 Fourier-transform infrared (FT-IR) spectroscopy of N-

doped multidimensional carbon nanofibers 

 

Fourier-transform infrared (FT-IR) spectroscopy was used to confirm the 

change of chemical functional groups according to the chemical treatments 

(Figure 5). The major characteristic peaks of PVA and PPy were clearly 

observed at PPyNF spectrum. The peaks for polypyrrole at 1549, 1424, 1046, 

968 and 794 cm-1 were assigned to C=C stretching vibration, C-C stretching 

vibration, C-N stretching, C-H in plane and C-H out of plane vibration, 

respectively. Then, PVA was indicated at 3219 cm-1 (-OH stretching vibration 

of the hydroxyl group), 2925 cm-1 (-CH2 asymmetric stretching), 1697 cm-1 

(C=O carbonyl stretch), 1621 cm-1 (C-H bending vibration), 1375 cm-1 (C-H 

deformation vibration), 1070 cm-1 (C-O stretching in acetyl group) and 840 
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cm-1 (C-C stretching vibration). The FT-IR spectrum of PCNFs as the N-doped 

carbon nanofibers showed the disappearance of some PVA and PPy 

characteristic peaks except for –OH hydroxyl group peak at 3450 cm-1. The 

peak signified some possibilities that oxygen atoms in PVA reacted with 

surrounding atoms during carbonization and the small amount of PVA 

remained after carbonization. On the other hand, the PCANF spectrum had 

some peaks ascribed to the presence of various oxygen-related functional 

groups after acid treatment at 3450 (-OH stretching vibration of the hydroxyl 

group), 1743 (C=O stretching) and 1169 (C-O stretching) cm-1. 
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Figure 5. (a) Fourier transform infrared (FT-IR) spectra of PPyNF (black), 

PCNF (red) and PCANF (blue). 
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3.2.2 Raman spectroscopy of N-doped multidimensional 

carbon nanofibers 

 

Raman spectroscopy exhibits two principal peaks called D peak and G peak 

to analyze the structural organization in carbon materials, as shown in Figure 

6. The D peak at 1340 cm-1 indicates disordered sp2 carbon, and G peak at 

1580 cm-1 means well-ordered or graphite. The PPyNF spectra also appeared 

two characteristic peaks at 1374 cm-1 and 1602 cm-1, which were assigned to 

the C-N stretching and C=C backbone stretching in pyrrole rings, 

respectively.[59] The intensity ratio (ID/IG) is applied to the degree of 

crystallization in carbon materials.[60] The ID/IG ratio of the PCNF was 

calculated as 0.81. This is analogous to values of other carbonized carbon 

materials as about 0.80.[60-61] Meanwhile, the value of PCANF increased to 

0.89, and the increased value meant structural defects of carbon backbone by 

acid functional groups attachment after acid treatment. The peaks were slightly 

shifted after thermal and acid treatments due to structural change of carbon 



２７ 
 

materials by heat and the π-π interaction between PPy backbone and acid 

functional groups. 
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Figure 6. Raman spectra of PPyNF (black), PCNF (red) and PCANF (blue).  
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3.2.3 X-ray photoelectron spectroscopy (XPS) of N-doped 

multidimensional carbon nanofibers 

 

The chemical composition of PPyNF, PCNF and PCANF was investigated 

by X-ray photoelectron spectroscopy (XPS). The overall XPS spectra signified 

the peaks at around 285.1, 400.7 and 532.0 eV, indicated C 1s, N 1s and O 1s 

orbitals related to polypyrrole and oxygen-related functional groups, as shown 

in Figure 7a. The PPyNF and PCNF spectra were exhibited residual peaks of 

oxidative solution, FeCl3 at 710, 269 and 198 eV, assigned Fe 2p, Cl 2s and Cl 

2p orbitals, respectively. Besides, one of the peaks at 233 eV denoted S 2s 

orbital and the other 169 eV peak denoted S 2p spectrum, and both peaks 

implied sulfuric acid solution for acid treatment in the PCANF. High 

resolution XPS analysis of the C 1s peaks at around 284.1 eV were 

deconvolved to analyze chemical bonds in Figure 7b – d. The high resolution 

C 1s spectrum of PPyNF shows three peaks at 284.5, 286.1 and 288.6 eV 

indicated the presence of C-C/C=C, C-N and C-O bonds in PPy and PVA 
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electrospun fiber (Figure 7b). On the other hand, the spectra of PCNF and 

PCANF displayed five peaks assigned C-C/C=C (284.5 eV), C-N (285.7 eV), 

C-O (286.8 eV), C=O (288.2 eV) and COOH (290.1 eV) bonds (Figure 7c 

and 7d). The PCNF spectrum had oxygen-related functional groups peaks, 

repeatedly proved the remained PVA reacted with surrounding atoms during 

carbonization, like the FT-IR spectra results. Nonetheless, the PCNFs were 

carried out additional acid treatment to attach cortisol antibody stably. In 

addition, the intensity ratio (IC-O + IC=O + ICOOH / IC-N) of PCNF was calculated 

as 0.93 and the value of PCANF increased to 1.07. The raised value 

demonstrated that the amount of oxygen-related functional groups increased 

after acid treatment.  
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Figure 7. (a) X-ray photoelectron spectroscopy (XPS) spectra of PPyNF 

(black), PCNF (red) and PCANF (blue). High-resolution C 1s spectra of (b) 

PPyNF, (c) PCNF and (d) PCANF. 
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3.3 Electrical properties of the FET type cortisol biosensor 

   

3.3.1 Electrical characteristics of the FET type cortisol 

biosensor  

 

Figure 8a provides a schematic diagram of the liquid-ion gated FET type 

biosensor system. The constitution was constructed with the IDA substrate 

array using antibody attached PCANFs (VA_PCANFs and AA_PCANFs) as 

the conductive channel transducers. The two kinds of transducers were 

immobilized by the covalent bonds with the IDA surface in the liquid 

electrolyte. Furthermore, the gate electrode (Vg) facilitated gate potential 

control by submerging in the electrolyte; phosphate-buffered saline (PBS, pH 

7.4) solution. The two gold bands were used as the source (s) and drain (d) 

electrodes. The fabricated procedures were explained on experimental 

fabrication section in detail.  
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   The electrical performances of the fabricated transducers on the gold 

electrode substrate were characterized by measuring current-voltage (Isd –Vsd) 

curves over a range of – 0.5 V to + 0.5 V at 0 V of gate voltage (Vg), as shown 

in Figure 8b. The linear performance indicates the ohmic contacts, which 

means good electrical contact between the antibody attached transducers and 

the gold electrodes though strong covalent bonds.[59, 62] In general, carbon 

nanofibers show excellent electrical properties. However, the more the 

chemical treatments were conducted, the more dI/dV values slightly decreased. 

The reason was that the binding oxygen-related functional groups and 

antibody on the surface of carbon nanofibers were nonconductive substrates. 

Nevertheless, the linearity of the Isd –Vsd curve was still maintained after 

introduction of functional groups and antibody, which indicated that the 

binding antibody was effectively incorporated into the PCANFs without any 

aggravation in electrical contact and conductivity. Furthermore, the electrical 

properties of the VA_PCANFs exhibited similar trend with AA_PCANFs.  
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Figure 8. (a)  Schematic diagram of the liquid-ion gated FET type sensor 

with the transducers and (b) source-drain current-voltage (Isd–Vsd) curves of 

PCNF, PCANF and AA_PCANF. 
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3.3.2 Field-effect transistor properties of the FET type 

cortisol biosensor with carious gate voltage 

 

The source-drain current (Isd) and voltage (Vsd) were measured under 

various gate voltage (Vg) in the range of -0.4 V to +1.0 V in every 0.2 V step 

to demonstrate the charge transport properties of VA_PCANFs and 

AA_PCANFs in the FET type biosensor system, as shown in Figure 9. The Isd 

became more positive according to the increase of Vg to the positive direction 

as the typical characteristic of n-type transistors. Although the PPy materials 

are well known for the p-type semiconductor behaviors, the fabricated 

transducers showed the stable electron transporting n-type behaviors after 

nitrogen-doping through thermal treatment.[63] The reason was that the doped 

nitrogen atoms affected on the carbon lattice during the carbonization process 

and revealed the semi metallic properties like vanishing or narrow band 

gap.[33, 64] Besides, electron-rich nitrogen species typically led to n-type 

transistor behavior with carbon atoms.[37] This results indicate that the 
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VA_PCANFs and AA_PCANFs FET type sensors were suitable as the 

electrochemical biosensor for detecting charged biomolecules in a PBS buffer 

solution.  
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Figure 9. Source-drain current-voltage (Isd–Vsd) curves of AA_PCANF FET 

sensor according to various gate voltage (Vg) ranging from -0.4 V to 1.0 V in 

every 0.2 V step.  
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3.4. Sensing performance of the FET type cortisol biosensor 

   

3.4.1 Real-time responses of the FET type cortisol biosensor  

 

The real-time performances of the VA_PCANFs and AA_PCANFs FET 

type biosensors were measured by monitoring the current changes according 

to the addition of various cortisol concentrations at constant Vsd (0.7 V) and Vg 

(0.005 V), as shown in Figure 10a. The biosensor device immediately reacted 

(< 1 s) whenever the sensor was exposed to the target solution. The electrical 

sensing platform based on the FET type biosensor is formed electric field by 

applying the voltage on the gate electrode. Mulchandani et al. suggested that 

the hole carriers decreased during interaction between antibody and cortisol 

molecule in p-type single-walled carbon nanotube channels.[13] Furthermore, 

it is possible that the doped nitrogen atoms play a role as electron donors to 

the carbon nanofiber transducers when antigen-antibody interacts.[65] Namely, 

the binding events after injection of target material effectively induced the 



３９ 
 

positive charges near the surface of transducers in the liquid-ion gate dielectric, 

and the accumulated negative electron carriers consequently caused increase 

of the current in the n-type conductive channels. 

The AA_PCANFs FET type biosensor exhibited extremely sensitive 

responses to cortisol molecule with the minimum detection limit of 100 aM at 

room temperature, and its sensitivity was much greater than that from 

VA_PCANFs. The needle-like pointy structure of AA_PCANFs has higher 

possibility to introduce many chemical functional groups with more antibody 

on the carbon nanofiber surface, compared with the VA_PCANFs which has 

smooth surface. In other words, the different surface area affected on the better 

sensitivity as a result of the enhanced cortisol antigen-antibody interactions. 

The minimum detection concentration of AA_PCANFs (100 aM) was 104 

times lower than that of VA_PCANFs (1 pM). Figure 10b shows changes in 

sensitivity with respect to various cortisol concentration. The sensitivity (S) 

was determined by saturation point of the normalized current change 

calibration, measured after about 30 s of the analyte addition. Compared to 
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cortisol sensor based on VA_PCANFs, the sensitivity of the AA_PCANFs was 

higher because more antibody on its larger surface area enhanced the chance 

to recognition of antibody-antigen interactions. In addition, the graph of 

AA_PCANFs presented much more improvement for cortisol detection 

because its sensitivity showed the linear part in a wide range although the 

result of the VA_PCANFs was nonlinear.  
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Figure 10. (a) Real-time responses and (b) calibration curve of the 

AA_PCANF and VA_PCANF FET sensors according to various cortisol 

concentrations. 
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3.4.2 Selective responses and reusability of the FET type 

cortisol biosensor 

 

The cortisol selectivity of the AA_PCANFs FET type biosensor was 

investigated by real-time monitoring of Isd for several related proteins and 

biological interfering agents; PBS, Prostatic Specific Antigen (PSA), Neuron 

Specific Enolase (NSE) and Epidermal Growth Factor (EGF), as shown in 

Figure 11a. The remarkable increase in the current occurred when cortisol was 

injected, even at far lower concentrations than the other compound in the 

analyte. Exposure of the sensors to PSA, NSE and EGF solutions as the non-

target materials did not significantly change the charge density on the 

transducer surface, and the change showed only by the injection of cortisol 

solution. These results clearly demonstrate that the AA_PCANFs FET type 

biosensor specified towards cortisol molecule.  

The reusability and stability of the VA_PCANFs and AA_PCANFs FET 

type biosensor system are measured by monitoring sensitivity changes at the 
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constant cortisol concentration (10 nM), as shown in Figure 11b. The injection 

of target material was performed several times at an interval of 3 days. The 

responses of the cortisol biosensor slightly decreased during 1 month, but not 

much change, and indicated good reproducibility. The sensitivity specifically 

reduced to ca. 19.6 % for AA_PCANFs and ca. 14.0 % for VA_PCANFs 

because of partially inactivation of the binding antibody or the collapse of the 

transducer. Nevertheless, the binding interaction between PCANFs and 

antibody via covalent bonds fully induced chemical and functional stability at 

room temperature for the maintenance of the sensing performance and 

reusability at the FET type biosensor. 
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Figure 11. (a) Real-time response for the selectivity test of non-target (PBS, 

PSA, NSE, EGF) and target (cortisol) materials and (b) stability and 

reusability test of the AA_PCANFs and VA_PCANFs FET type biosensors at 

10 nM of cortisol concentration over 1 month. 
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3.4.3 Real-time responses of the FET type cortisol biosensor 

with salivary cortisol 

 

Another real-time response was enacted to evaluate the availability as real-

sample application, as shown in Figure 12. Most cortisol measurements 

originally were made in blood serum, but the blood collection requires 

complicated preprocessing procedures and generates the trauma of 

venipuncture to patients. Therefore, the convenient and simple systems using 

non-invasion methods recently have been studied for cortisol measurement.[4] 

However, there were complicated administrative procedures for using real 

salivary cortisol sample in this system. Therefore, the simple detection 

experiments were designed as the various cortisol concentrations dissolved in 

commercial artificial saliva solution. Salivary cortisol is nominally secreted 

from 0.05 µg/dl (1.4 nM) to 0.5 µg/dl (14 nM) during the diurnal cycle 

vary.[66-67] Therefore, the biosensor to detect salivary cortisol is required to 

highly sensitive performance with low detection limits. In this regards, the 
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VA_PCANFs and AA_PCANFs FET type biosensor showed ultrasensitive 

performance as much as the real-time response with normal cortisol solution 

in PBS. (Figure 12a) In addition, the AA_PCANFs FET type biosensor still 

exhibited much more sensitivity as the low detection limits of 100 aM than 

that of VA_PCANFs. Moreover, as shown in Figure 12b, the calibration curve 

for the AA_PCANAFs reveals enough linear part in a wider range to detect 

salivary cortisol. This result hereby was deemed the evidence that the 

AA_PCANFs FET type biosensor is available as the real-sample application 

with saliva. 
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Figure 12. (a) Real-time responses and (b) calibration curve of the 

AA_PCANF and VA_PCANF FET type biosensors as various cortisol 

concentrations in artificial saliva solution. 
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Chapter 4. Conclusion 

 

This study provides the facile method to control the morphology of 

conducting polymer, and thereby applies the N-doped multidimensional 

carbon nanofibers as the superior transducers on the improved cortisol 

biosensor. The VDP method is utilized for facilely control of conducting 

polymer morphology through the simple variable changes. The transducers, 

the N-doped multidimensional carbon nanofibers, were functionalized using 

an antibody that binds specifically to cortisol molecules. It revealed 

outstanding selectivity, efficient reusability as well as ultra-high sensitivity as 

the minimum detectable level of 100 aM with rapid response time. 

Furthermore, it can offer the advanced methodology for the state of the art 

cortisol analysis and be broadly applied on real-sample applications with 

saliva.   
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초   록 

   본 실험은 기상증착중합법의 간단한 변수조절을 통해 다양한 형태의 

폴리피롤이 코팅된 탄소나노섬유를 제조하였다. 그 후, 열처리를 

함으로써 질소 원자가 도핑된 탄소나노섬유를 제조하고, 코티졸에 

선택적으로 감응하는 항체를 도입하여 코티졸 센서를 용이하게 

제조하였다. 이를 전계 효과 트랜지스터에 적용하여 코티졸을 감응하는 

실시간 감지 특성을 얻을 수 있었으며, 매우 높은 감응도 및 뛰어난 

선택성를 보였다. 이 때, 표면적이 더 넓은 가시모양의 트랜스듀서가 

매끄럽게 코팅된 모양의 트랜스듀서보다 100 aM의 최소감응농도로 훨씬 

더 민감한 반응을 보였으며, 이는 넓은 표면적에 더 많은 항체를 

도입함으로서 타겟 물질을 감지하는 활성 부위가 더 넓었기 때문이다. 

또한, 코티졸을 인공 타액에 용해시켜 민감도를 측정한 실험에서도 100 

aM의 매우 민감한 반응을 보였다. 본 논문에서는 간단한 변수 조절로 

질소 원자가 도핑된 다차원 탄소나노섬유를 효과적으로 제조할 수 

있었고, 그 성능은 코티졸 분석을 위한 첨단 시스템에 도입될 수 있을 뿐 

아니라 타액을 이용한 센서 장치에도 광범위하게 적용될 수 있는 

가능성을 제시할 수 있다.  
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주요어: 기상증착중합법, 질소원자가 도핑 된 탄노나노섬유, 바이오센서, 
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