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Abstract Au/poly[anthranilic acid-co-3-carboxy-N-(2-thenylidene)aniline/PVAc] [Au/

P(ANA-co-CNTA)/PVAc] electrospun nanofibers were fabricated in different electro-

spinning media including acetone and dimethylformamide (DMF) for covalent immo-

bilization of glucose oxidase (GOx). The surface of copolymer nanofibers was activated

by EDC/NHS chemistry, and the presence of Au nanoparticles as tiny conduction centers

inside the copolymer matrix enhanced the electrochemical properties. Morphology and

composition of enzyme-immobilized nanofibers were characterized by scanning electron

microscopy/energy-dispersive X-ray spectroscopy (EM/EDX) and atomic force micro-

scope (AFM). The effective covalent binding of glucose oxidase onto the Au/P(ANA-co-

CNTA)/PVAc nanofibers was also confirmed by FTIR-ATR and Raman spectroscopy.

EIS measurements revealed that the charge transfer resistances of the enzyme-immo-

bilized nanofibers were decreased with increasing amount of enzyme. The effect of

electrospun nanofiber diameter on sensing properties of enzyme-functionalized nanofi-

bers was investigated by EIS. The sensitivities of electrodes calculated from impedance

measurement were 7.24 9 106 and 6.67 9 103 X mM-1 cm-2 for the Au/P(ANA-co-

CNTA)/PVAc-GOX (DMF) and Au/P(ANA-co-CNTA)/PVAc-GOX (acetone), respec-

tively. The impedance measurement results revealed that the linear range of Au/P(ANA-
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co-CNTA)/PVAc-GOX (DMF) was lower than Au/P(ANA-co-CNTA)/PVAc-GOX

(acetone). It could be attributed that smaller fiber diameter resulted in the higher specific

surface area. This contributes to increasing the number of available active sites and, thus,

increasing the amount of the enzyme loading.

Graphical abstract
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Abbreviations
TEM Transmission electron microscopy

SEM Scanning electron microscopy

AFM Atomic force microscopy

EIS Electrochemical impedance spectroscopy

FTIR-ATR Fourier transform infrared spectroscopy

P(ANA-co-CNTA) Poly(anthranilic acid-co-3-carboxy-N-(2-thenylidene)aniline)

PVAc Poly(vinyl acetate)

EDX Energy-dispersive X-ray spectroscopy

EDC (1-Ethyl-3-(3-dimethylamino)propyl) carbodiimide

NHS N-Hydroxysuccinimide

PANA Poly anthranilic acid

SDS Sodium dodecyl sulfate

GOx Glucose oxidase

PBS Phosphate buffer solution

RMS Root mean square

DC Direct current

ITO-PET Indium tin oxide-polyethylene terephthalate

Introduction

Enzymes are efficient catalysts with excellent properties including highly selective

activity and specificity that accelerate the rate of chemical reactions without being

consumed in the process [1].

However, the using of enzymes in the industrial applications due to their

instability and non-reusability, is a challenging process. From such a viewpoint,

covalent immobilization of enzymes by the surface functional groups of substrate as

binding reaction sites has been recognized as an attractive strategy. Covalent

immobilization has numerous advantages including enhanced and stable enzyme

activity, facilitation of substrate, better product recovery, easier prevention of

product contamination and reducing the costs of industrial applications [2]. Enzyme

3D structure is essential to its activity, then selecting support matrix and designing

the carrier are very important in enzyme immobilization process.

Recently, conducting polymers in the forms of one-dimensional nanostructured

(fibers) have attracted much attention as an enzyme immobilization support due to

their highly porous structure, large surface area, and smaller size of the fiber, high

loading, higher conductivity and easy and low-cost preparation [3]. Among various

conducting polymers, polyaniline nanofibers (PANFs) provide an ideal support for

the immobilization of the enzyme owing to their suitability as matrices for the

immobilization and entrapment of enzymes [4]. However, the low process ability of
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polyaniline nanofibers, due to their low solubility, limits their applications. An

effective way to overcome these limitations is using polyaniline derivatives such as

poly anthranilic acid (PANA). It is preferred due to its solubility in aqueous and

non-aqueous solvents as well as other polar solvents. Also, PANA nanofibers by

containing carboxyl groups (–COOH) on their main structure have shown enormous

potential for enzyme immobilization since amide linkages are formed by the

condensation reaction of the carboxyl groups with amino groups of the enzymes

[5, 6]. However, fabrication of PANA nanofibers with electrospinning is a

challenging process due to their rigid backbones and relatively low molecular

weight forms. To overcome this problem, blending of PANA with another

electrospinnable polymer like polyvinyl acetate (PVAc) is needed since it offers

good adhesion to most surfaces and can be dissolved in many solvents other than

water [7].

In the past decades, Au nanoparticles with large surface area and good electronic

properties have attracted continuous interest in many applications including, drug

delivery [8], radiotherapy [9], cancer diagnosis [10], sensors and biosensors [11]

and protein delivery systems and biological sensors [8]. Au nanoparticles act as

conduction centers in the nanofiber structure to facilitate and improve electron

transfer between the redox center of the enzyme and provide a stable host matrix for

enzyme immobilization [12–14]. So, combination of both PANA with carboxyl

groups and gold nanoparticles as tiny electrical centers in the fiber shape has

exhibited excellent properties of both conducting polymer and nanoparticles as

substrate for enzyme immobilization [15].

Monitoring of blood glucose level in biomedical applications is of great

significance due to the metabolic disorder resulting from insulin deficiency and

hyperglycemia when glucose concentrations in empty stomach are higher than the

normal range of about 3.9–6.2 mM (2 h after eating something 3.9–7.8 mM). It can

reduce the risk of diabetes mellitus due to induced heart disease, blindness and

kidney failure by rapid and early detection of glucose levels in the blood [16–18].

Covalent immobilization of GOx as sensing biomolecule into the nanofiber mat, for

the determination of glucose concentration, has attracted enormous attention.

Up to now, many attempts have been made for monitoring the glucose level.

Different techniques used for detection of glucose level, including near-infrared

spectrometry [19], surface plasmon resonance [20], fluorescence [21], colorimetry

[22], and electrochemistry [23]. Electrochemical biosensors based on biomolecules

immobilized on an electrode surface are promising tools due to their good

selectivity, high sensitivity, easy and low-cost operation and compatibility for

miniaturization [24]. In our recently published articles, gold/poly(anthranilic acid)

(Au/PANA) core/shell nanoparticles were synthesized by in situ polymerization

[25], and their electrospun nanofibers were fabricated by blending with polyvinyl

acetate (PVAc) and were utilized as a stable support with high electrochemical

properties for successful protein immobilization [26]. In this study, we report the

nanofiber formation of core/shell [Au/P(ANA-co-CNTA)] nanostructures which

was previously performed by us [27] where oxidation of the monomers and

reduction of Au(III) take place simultaneously by forming composite structures

(metal–polymer) without using any other initiators by incorporation of poly
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3-carboxy-N-(2-thenylidene)aniline (CNTA) into the Au/PANA core/shells. There-

after, in this work, Au/P(ANA-co-CNTA)/PVAc nanofibers were fabricated in two

different solvent medium (DMF and acetone) for GOx immobilization to observe

the effect of solvent on fiber diameter and sensing performance. Incorporation of

gold nanoparticles as efficient electron transfer centers in the copolymer structure

containing (COOH) groups as active sites enhanced the electrocatalytic activity

toward H2O2 which was releasing enzymatic reaction of glucose. Glucose oxidase

(GOx) is a well-known and commercially available enzyme for potential biosensor

[13]. Since 1-ethyl-3-(dimethylaminopropyl) carbodiimide hydrochloride (EDC)/N-

hydroxyl succinimide (NHS) activation process for covalent immobilization of

enzyme has been widely applied to various kinds of substrates of polymers [5], Au/

P(ANA-co-CNTA)/PVAc nanofibers were bioactivated by EDC/NHS chemistry for

covalent immobilization of enzyme using (–COOH) groups of copolymer,

especially PANA-modified gold nanoparticles and amine groups on the enzyme

(Fig. 2). Surface morphologies of enzyme-functionalized nanofibers were analyzed

by SEM/EDX and AFM. The interaction between the enzyme and the carboxylic

acid groups was investigated by EIS analysis and equivalent circuit modeling. The

obtained data revealed the effective immobilization of enzyme on the nanofiber

surface. The sensing of glucose with fabricated electrodes was investigated by the

electrochemical impedance spectroscopy.

Experimental section

Reagents and materials

Polyvinyl acetate (PVAc; molecular weight 500.00 g/mol), 3-aminobenzoic acid

(anthranilic acid) and 3-carboxy-N-(2-thenylidene)aniline were purchased from

Sigma-Aldrich. Glucose oxidase from Aspergillus niger (GOX, 228,253 U/g) was

used in the form of lyophilized powder as received. N-(3-Dimethylaminopropyl)-N-

ethylcarbodiimide hydrochloride (EDC) and N-hydroxysuccinimide (NHS) were

purchased from Sigma-Aldrich. Dimethylformamide (DMF) and acetone were

supplied from Merck. Phosphate buffer solution (PBS, 0.05 M and pH 6.5) was

prepared freshly before each experiment. All chemicals used in the experiments

were of analytical reagent grade. Double-distilled deionized water was used in all of

the experiments.

In this method, the initiator is HAuCl4, and the oxidation of the monomers and

reduction of metal ions Au(III) to Au(0) take place simultaneously for forming

composite structures (metal–polymer) (Fig. 1). The molar ratio of the anthranilic

acid (ANA) to HAuCl4 is 1:1 (0.041 M), and the initial concentration of 3-carboxy-

N-(2-thenylidene)aniline is 0.0024 M. The synthesis of Au/P(ANA-co-CNTA)

nanocomposites was carried out according to our previous work [27]. In details,

200 mg sodium dodecyl sulfate (SDS) was added to 100 ml of doubly distilled

water inside the three-neck round-bottomed flask equipped with stirrer to form

micelles. After stirring for 5 h, 3-aminobenzoic acid (0.57 g) was added to the flask

and stirred in an ultrasonic bath for 30 min. After complete dissolution of this
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monomer, 3-carboxy-N-(2-thenylidene)aniline (0.057 g) was added to the solution

and stirred under the same conditions in ultrasonic bath. After the dissolution of the

monomers, HAuCl4 (2.87 ml) was added dropwise to the solution, and polymer-

ization was initiated and carried out at 28 �C for about 24 h. Finally, the

precipitated brown polymer was collected by filtration, washed and dried in vacuum

at 80 �C for 2 days.

Fig. 1 Schematic representation of the reaction mechanism of P(ANA-co-CNTA) formation
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Preparation of Au/P(ANA-co-CNTA)/PVAc blends

0.01 g of Au/P(ANA-co-CNTA) nanocomposite was dispersed in % 10 wt

polyvinyl acetate (PVAc) prepared in DMF and acetone solvents, separately, and

both the solutions were stirred for 24 h overnight to obtain a homogeneous solution

for optimum electrospinning.

Fabrication of Au/P(ANA-co-CNTA)/PVAc nanofibers

An electrospinning device with 1 ml/h feed rate powered by a syringe pump (ES50

model, Gamma High Voltage Inc., USA) was used for the Au/P(ANA-co-CNTA)/

PVAc electrospun nanofibers preparation. The electrospinning solutions were

placed into a 2-ml syringe with a 0.7-mm blunt tip needle. The Au/P(ANA-co-

CNTA)/PVAc electrospun nanofibers were directly deposited onto ITO-PET (NV

Innovative Sputtering Technology, Zulte, Belgium, PET 175 lm, Coating ITO-60)

substrate with dimensions of 0.5 9 2.5 cm, under the following electrospinning

conditions: applied voltage 15 kV, spinning time 5 min, and working distance

15 cm.

Immobilization of GOX on Au/P(ANA-co-CNTA)/PVAc nanofibers

First, to activate COOH groups on the copolymer structure, fabricated Au/P(ANA-

co-CNTA)/PVAc nanofibers were treated by EDC/NHS mixture which contained

0.015 M EDC and 0.03 M NHS prepared in phosphate buffer solution (PBS, pH 6.5,

0.05 M), and the nanofibers were treated by EDC/NHS solution with constant

shaking (200 rpm) for 3 h at room temperature to obtain maximum activation.

Activated nanofibers were then washed with PBS solution (0.05 M, pH 6.5) to

remove excess EDC/NHS amount. Thereafter, nanofibers were immersed in glucose

oxidase solution dissolved in phosphate buffer with concentration of 5 mg/ml.

Nanofiber mats were incubated with glucose oxidase with constant shaking

(200 rpm) for 3 h at ?4 �C. Finally, enzyme-immobilized nanofibers were taken

out, washed again with phosphate buffer solution two times at 4 �C to remove

remaining non-covalent immobilized enzyme and stored at 4 �C for characteriza-

tion. Schematic representation of the activation of Au/P(ANA-co-CNTA)/PVAc

nanofibers by EDC/NHS chemistry for GOx immobilization is shown in Fig. 2.

Characterization of nanofibers before and after GOx immobilization

The morphology of nanofibers was investigated with SEM/EDX (QUANTA 400 F).

Raman spectroscopy was performed using Raman analyzer (Thermo, DXR Raman),

using a diode laser of wavelength 780 nm as excitation source with a power of 14

mW at a spectral resolution of 5 cm-1, and a CCD detector. Raman spectra were

recorded in the range between 200 and 3300 cm-1. FTIR spectrum was recorded by

FTIR-ATR spectrophotometer (Perkin Elmer, Spectrum One, with a universal ATR

attachment with a diamond and a ZnSe crystal). Structural characterization of Au/

P(ANA-co-CNTA)/PVAc nanofibers was investigated with tunneling electron
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microscopy (TEM) (JEOL JEM 2100). The electrocatalytic activity of the

electrodes was evaluated in phosphate buffer solution (PBS 0.1 M) by cyclic

voltammetry (CV) and electrochemical impedance spectroscopy with frequency

range (0.01 Hz–10 kHz) and AC voltage of 10 mV using Ivium vertex (software,

Ivium soft and Faraday cage, BASI Cell Stand C3). Electrochemical impedance

spectroscopy was also performed by electrochemical analyzer (Princeton Applied

Fig. 2 Schematic representation of the activation of Au/P(ANA-co-CNTA)/PVAc nanofibers by EDC/
NHS chemistry for GOx immobilization
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Research, USA) with frequency range (0.01 Hz–100 kHz) and AC voltage of

10 mV. Three-electrode system, consisting of nanofiber mat as working electrode,

platinum wire as counter electrode, and silver wire as pseudo-reference electrode,

was used. All measurements were repeated three times for confirmation. The

measured impedance spectra were analyzed in terms of electrical equivalent circuits

using the analysis program ZSimpWin V.3.10.

Au/P(ANA-co-CNTA)/PVAc electrodes (DMF and acetone)

The electrochemical biosensing of glucose was performed under the optimized

experimental conditions. Cyclic voltammetry measurements were performed on Au/

P(ANA-co-CNTA)/PVAc electrodes prepared in DMF and acetone solvent medium

in phosphate buffer solution (PBS, pH 6.5, 0.1 M) at a potential scan rate of

50 mVs-1 containing glucose concentrations from 20 lM to 0.1 mM and

3–10 mM, respectively. EIS measurements were performed on Au/P(ANA-co-

CNTA)/PVAc electrodes prepared in DMF and acetone solvent medium in PBS

(0.1 M and pH 6.5) containing glucose concentrations from 20 lM to 0.11 mM and

2–11 mM with frequency range between 0.01 Hz and 10 kHz with a perturbation

amplitude of 10 mV at -0.4 V DC potential, respectively. To determine the linear

working range of the electrodes, charge transfer resistance (RCT) as a function of

glucose concentration was obtained by analyzing the EIS data in terms of electrical

equivalent circuit of R(QR).

Results and discussions

TEM and EDX characterization of Au/P(ANA-co-CNTA)/PVAc nanofibers

The structure of Au/P(ANA-co-CNTA)/PVAc nanofibers was investigated with

transmission electron microscopy (TEM) analysis, and the TEM image of Au/

P(ANA-co-CNTA)/PVAc nanofiber is shown in Fig. 3, which confirms the

distribution of gold nanoparticles in the nanofiber structure. As can be seen, the

gold nanoparticles, with higher density, were much darker than the polymeric

matrix due to the density variation of gold nanoparticles and polymer matrix

[28].

Energy-dispersive X-ray spectroscopy (EDX) was used to determine the

amount of gold and sulfur atoms in the Au/P(ANA-co-CNTA)/PVAc nanofibers,

and also the distribution of the gold nanoparticles in the nanofibers was monitored

by EDX mapping and represented in Fig. 4. As can be seen, the amount of gold

atoms in the Au/P(ANA-co-CNTA)/PVAc nanofibers (DMF) and Au/P(ANA-co-

CNTA)/PVAc nanofibers (acetone) was 0.23 and 0.27 %, respectively (Table 1).

Also, the amount of sulfur atoms in the Au/P(ANA-co-CNTA)/PVAc nanofibers

(DMF) and Au/P(ANA-co-CNTA)/PVAc nanofibers (acetone) was 0.03 and

0.04 %, respectively.
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Fig. 3 TEM image of Au/P(ANA-co-CNTA)/PVAc nanofibers

Fig. 4 EDX mapping of Au/P(ANA-co-CNTA)/PVAc (DMF) (a) and Au/P(ANA-co-CNTA)/PVAc
(acetone) (b)

1502 Polym. Bull. (2017) 74:1493–1517

123



FTIR-ATR characterization of Au/P(ANA-co-CNTA)/PVAc nanofibers

FTIR-ATR spectrophotometry was carried out to confirm the incorporation of poly

3-carboxy-N-(2-thenylidene)aniline in the Au/P(ANA-co-CNTA)/PVAc nanofibers

structure. Significant difference between the spectra of Au/PANA/PVAc and Au/

P(ANA-co-CNTA)/PVAc and also Au/P(ANA-co-CNTA)/PVAc and 3-carboxy-N-

(2-thenylidene)aniline monomer is seen in Fig. 5. The strong stretching vibration of

carboxyl group (C=O) of PANA was at around 1728 cm-1 at Au/PANA/PVAc

(Fig. 5), however, it was shifted to 1730 cm-1 in the case of Au/P(ANA-co-

CNTA)/PVAc nanofibers [25]. The peak at 1220 cm-1, generally assigned to the C–

N?• stretching vibration in the polaron structure, indicates that the PANA is in the

doped state [29]. The bands centered at 1360 and 1545 cm-1 are originated to

symmetric and asymmetric C=C stretching vibrations of the thiophene ring. Also,

S–H stretching of thiophene ring appeared at 2356 cm-1 [30]. The peak at

878 cm-1, also assigned to the C–S bending band, provides incorporation of

3-carboxy-N-(2-thenylidene) aniline into the final copolymeric nanofibers.

Table 1 Elemental concentrations for gold (Au) and sulfur (S) atoms in Au/P(ANA-co-CNTA)/PVAc

nanofibers

Samples Au (wt%) S (wt%)

Au/P(ANA-co-CNTA)/PVAc (DMF) 0.23 0.03

Au/P(ANA-co-CNTA)/PVAc (acetone) 0.27 0.04

Fig. 5 FTIR spectra of Au/P(ANA-co-CNTA)/PVAc and [Au/PANA/PVAc nanofibers and 3-carboxy-
N-(2-thenylidene)aniline (inset)]

Polym. Bull. (2017) 74:1493–1517 1503

123



FTIR-ATR and Raman characterization of GOX-immobilized nanofibers

FTIR-ATR spectra of Au/P(ANA-co-CNTA)/PVAc nanofibers were obtained

before and after glucose oxidase immobilization to confirm the covalent immobi-

lization of glucose oxidase onto the nanofibers (Fig. 6a, b). The appearance of sharp

absorption bands at 1655 and 1647 cm-1 in the FTIR spectra of Au/P(ANA-co-

CNTA)/PVAc-GOx (DMF) and Au/P(ANA-co-CNTA)/PVAc-GOx (acetone)

nanofibers is attributed to the formation of amide bond after immobilization of

GOx, respectively [31]. In the FTIR spectrum of GOx-immobilized nanofibers

(DMF and acetone), sharp peaks at 2369 and 2357 cm-1 were assigned to R–N?

group at Au/P(ANA-co-CNTA)/PVAc-GOx (DMF) and Au/P(ANA-co-CNTA)/

PVAc-GOx (acetone), respectively, which is due to the protonated form (imida-

zolium) of histidine side chain [32]. These peaks were overlapped with S–H

stretching peak of thiophene ring at 2356 cm-1, and the peak absorbance of Au/

P(ANA-co-CNTA)/PVAc-GOx (DMF and acetone) nanofibers increased in com-

parison with bare Au/P(ANA-co-CNTA)/PVAc nanofibers which confirms the

immobilization of glucose oxidase onto the membrane (inset of Fig. 6a, b) [32]. The

obvious peaks at 3300 and 3289 cm-1 in the spectra of Au/P(ANA-co-CNTA)/

Fig. 6 FTIR spectra of Au/P(ANA-co-CNTA)/PVAc nanofibers (DMF) (a), Au/P(ANA-co-CNTA)/
PVAc nanofibers (acetone) (b) before and after immobilization of glucose oxidase and Raman spectra of
Au/P(ANA-co-CNTA)/PVAc nanofibers (DMF) (c) and Au/P(ANA-co-CNTA)/PVAc nanofibers
(acetone) (d) before and after immobilization of glucose oxidase
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PVAc-GOx (DMF) and Au/P(ANA-co-CNTA)/PVAc-GOx (acetone) belong to the

O–H stretching of hydroxyl groups of the GOx molecule, respectively [31]. The

results were in agreement where GOx really exists in the electrospun nanofibers.

The assignments of the FTIR-ATR bands of Au/P(ANA-co-CNTA)/PVAc

nanofibers (DMF and acetone) and Au/P(ANA-co-CNTA)/PVAc-GOx nanofibers

(DMF and acetone) are listed in Table 2.

Raman spectra of the GOx, Au/P(ANA-co-CNTA)/PVAc nanofibers (DMF and

acetone) and Au/P(ANA-co-CNTA)/PVAc-GOx nanofibers (DMF and acetone) are

shown in Fig. 6c, d. Presence of peaks at 1615 and 1621 cm-1 was attributed to the

C–C stretching of benzoic stretching at Au/P(ANA-co-CNTA)/PVAc nanofibers

(DMF) and Au/P(ANA-co-CNTA)/PVAc nanofibers (acetone), respectively [33].

The bands that centered at about 1300 and 1293 cm-1 were assigned to the C–N?•

stretching of PANA at Au/P(ANA-co-CNTA)/PVAc nanofibers (DMF) and Au/

P(ANA-co-CNTA)/PVAc nanofibers (acetone), respectively [34].The peaks at 860

and 850 cm-1 are attributed to the amine deformation of benzenoid ring of PANA

at Au/P(ANA-co-CNTA)/PVAc nanofibers (DMF) and Au/P(ANA-co-CNTA)/

PVAc nanofibers (acetone), respectively [35]. The characteristic bands of the C=C

ring stretching of thiophene rings in the thiophene unit chains appeared at 1468 and

1462 cm-1 at Au/P(ANA-co-CNTA)/PVAc nanofibers (DMF) and Au/P(ANA-co-

CNTA)/PVAc nanofibers (acetone), respectively [36]. Two peaks at 1195 and

1183 cm-1 are attributed to the C–H bending in benzenoid structures of Au/

P(ANA-co-CNTA)/PVAc nanofibers (DMF) and (acetone), respectively [33]. The

bands at (709, 704 cm-1) and 1097 cm-1 and (1004, 1000 cm-1) belong to C–S–C

ring deformation, C–H bending and C–S stretching of thiophene units at Au/

P(ANA-co-CNTA)/PVAc nanofibers (DMF) and Au/P(ANA-co-CNTA)/PVAc

nanofibers (acetone), respectively [36, 37]. These results confirmed the presence

of thiophene units in the matrix and formation of copolymer. By comparing the

Raman spectra of the Au/P(ANA-co-CNTA)/PVAc nanofibers (DMF) and Au/

P(ANA-co-CNTA)/PVAc nanofibers (acetone) (Fig. 6c, d) and GOx (inset of

Fig. 5) with those of the enzyme-immobilized electrodes, a new peak appeared at

1415 cm-1 which is a characteristic peak of the CO2
- symmetric stretching

vibration in amino acid which is seen at 1440 cm-1 for GOx-immobilized

nanofibers (inset of Fig. 6c, d) indicating that GOx is immobilized onto the

nanofibers’ surface [38]. The assignments of the Raman bands of Au/P(ANA-co-

CNTA)/PVAc nanofibers (DMF and acetone) and Au/P(ANA-co-CNTA)/PVAc-

GOx nanofibers (DMF and acetone) are listed in Table 3.

Table 2 The assignment of the bands in the FTIR-ATR spectra of Au/P(ANA-co-CNTA)/PVAc

nanofibers

Assignment Au/P(ANA-co-CNTA)/

PVAc (DMF) cm-1
Au/P(ANA-co-CNTA)/

PVAc (acetone) cm-1

Amide bond 1655 1647

R–N? group 2369 2357

S–H stretching 2356 2356

O–H stretching of hydroxyl groups 3300 3289
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Morphological and structural investigation of Au/P(ANA-co-CNTA)/PVAc
electrodes (DMF and acetone) before and after GOx immobilization (SEM
and AFM)

The morphology of Au/P(ANA-co-CNTA)/PVAc nanofibers under both conditions,

before and after glucose oxidase immobilization, was investigated with SEM. The

average diameters of nanofibers were determined using ImageJ by randomly

measuring the diameters of ten individual fibers shown in SEM images. The average

diameters of Au/P(ANA-co-CNTA)/PVAc nanofibers (DMF), before and after

immobilization of glucose oxidase, were 440 ± 178 nm and 550 ± 190 nm,

respectively (Fig. 7a, b). However, the average fiber diameter of Au/P(ANA-co-

CNTA)/PVAc nanofibers (acetone) was 1200 ± 750 nm which increased to

3220 ± 1721 nm after immobilization of enzyme (Fig. 7c, d). The increase in the

nanofibers’ diameter indicates the successful attachment of the glucose oxidase onto

the nanofibers.

To investigate the morphology of the Au/P(ANA-co-CNTA)/PVAc nanofibers

before and after enzyme immobilization, AFM was used. Figure 8a–f shows the

AFM images of the immobilized and non-immobilized nanofibers. Au/P(ANA-co-

CNTA)/PVAc nanofibers prepared in DMF and acetone solution have RMS

roughness of 45.46 and 70.00 nm, respectively. However, the surface roughness was

slightly increased after glucose oxidase immobilization. The RMS roughness values

of Au/P(ANA-co-CNTA)/PVAc-GOx nanofibers (DMF) and Au/P(ANA-co-

CNTA)/PVAc-GOx nanofibers (acetone) were 66.84 and 82.59 nm, respectively.

This increase in roughness indicates the successful immobilization of GOx on the

surface of activated Au/P(ANA-co-CNTA)/PVAc nanofibers [39].

Electrochemical impedance spectroscopy (EIS) and equivalent circuit
modeling

Electrochemical impedance spectroscopy (EIS) has been a popular tool to monitor

the electrode assembly process due to its immediate and sensitive response to the

Table 3 The assignment of the bands in the Raman spectra of Au/P(ANA-co-CNTA)/PVAc nanofibers

Assignment Au/P(ANA-co-CNTA)/

PVAc (DMF) cm-1
Au/P(ANA-co-CNTA)/

PVAc (acetone) cm-1

C–C stretching 1615 1621

C–N?• 1300 1293

Amine deformation 860 850

C=C ring stretching 1468 1462

C–H bending 1195 1183

C–S-C ring deformation 709 704

C–H bending 1097 1097

C–S stretching 1004 1000

CO2
- symmetric stretching vibration 1440 1440
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surface changes [40]. Electrical properties of the Au/P(ANA-co-CNTA)/PVAc

nanofibers (DMF) and Au/P(ANA-co-CNTA)/PVAc nanofibers (acetone) on ITO-

PET were studied before and after GOx immobilization by electrochemical

impedance spectroscopy (EIS). Nyquist (Figs. 9a, 10a) and Bode phase (Figs. 9b,

10b) plots of the Au/P(ANA-co-CNTA)/PVAc nanofibers (DMF) and Au/P(ANA-

co-CNTA)/PVAc nanofibers (acetone) and Au/P(ANA-co-CNTA)/PVAc-GOx

nanofibers (DMF) and Au/P(ANA-co-CNTA)/PVAc nanofibers (acetone) were

recorded by applying an AC signal of 10 mV amplitude in the frequency range

0.01 Hz–100 kHz, to confirm the presence of GOx on the surface of nanofibers.

Significant differences in the Nyquist and Bode phase were observed depending on

the covalent immobilization of glucose oxidase onto the nanofibers. Bare Au/

P(ANA-co-CNTA)/PVAc nanofibers showed a linear behavior with a higher slope

in Nyquist plots, indicating the capacitive behavior of Au/P(ANA-co-CNTA)/PVAc

nanofibers (DMF and acetone), while enzyme-immobilized Au/P(ANA-co-CNTA)/

PVAc-GOx nanofibers (DMF and acetone) showed a linear line with a depressed

semicircle at Nyquist plots (Figs. 9a, 10a).

Fig. 7 SEM images of Au/P(ANA-co-CNTA)/PVAc nanofibers (DMF) (a), Au/P(ANA-co-CNTA)/
PVAc-GOx nanofibers (DMF) (b), Au/P(ANA-co-CNTA)/PVAc nanofibers (acetone) (c) and Au/
P(ANA-co-CNTA)/PVAc-GOx nanofibers (acetone) (d)
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Figures 9b and 10b represent Bode phase plots of Au/P(ANA-co-CNTA)/PVAc

nanofibers (DMF and acetone), and the values were *85�. After GOx immobi-

lization onto the Au/P(ANA-co-CNTA)/PVAc nanofibers (DMF and acetone), from

intermediate to high frequencies, there was no significant change in phase angle

values, indicating that diffusion process was slightly dominated through nanofibers’

changes in Bode phase plot [41] at medium to low frequency domain; changes in

Fig. 8 AFM images of Au/P(ANA-co-CNTA)/PVAc nanofibers (DMF) (a), Au/P(ANA-co-CNTA)/
PVAc-GOx nanofibers (DMF) in 8 lm (b) and 20 lm magnification (c), Au/P(ANA-co-CNTA)/PVAc
nanofibers (acetone) (d), Au/P(ANA-co-CNTA)/PVAc-GOx nanofibers (acetone) in 8 lm (e) and 20 lm
magnification (f)
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phase angle values were observed and the phase angle values were decreased

(around 65) which is due to the presence of immobilized enzyme as additional

capacitive elements onto the nanofibers [42, 43].

The EIS spectra were analyzed in terms of electrical equivalent circuits modeled

to evaluate the kinetics of the systems using ZSimpWin software, and the calculated

data and measured data were well fitted with the chosen equivalent circuit (Fig. 11).

The impedance spectra of Au/P(ANA-co-CNT)/PVAc (DMF and acetone) and

enzyme-immobilized Au/P(ANA-co-CNT)/PVAc nanofibers (DMF and acetone)

are described by the equivalent circuit of R(QR) (Fig. 11) in short hand. Table 4

Fig. 9 Nyquist (a) and Bode phase (b) plots obtained after GOx immobilization onto the Au/P(ANA-co-
CNTA)/PVAc nanofibers (DMF) indicating that measured and calculated data well fitted to each other
with the model

Polym. Bull. (2017) 74:1493–1517 1509

123



represents the fitting parameters for the equivalent circuit elements by modeling of

the impedance spectra of nanofibers after GOX immobilization.

The first component represents the solution resistance of the electrolyte (Rs) due

to the presence of the electrolyte on the nanofiber in the solution [13] or maybe of

the electrical contacts [44, 45].

According to Table 4, the Rs values of Au/P(ANA-co-CNTA)/PVAc nanofibers

(DMF) and Au/P(ANA-co-CNTA)/PVAc nanofibers (acetone) were dramatically

increased after GOx immobilization. These data correlated with the data obtained

from AFM images. Since, after GOx immobilization, surface roughness increased

significantly, then it is expected to have higher solution resistance in comparison to

Fig. 10 Nyquist (a) and Bode phase (b) plots obtained after GOx immobilization onto the Au/P(ANA-
co-CNTA)/PVAc nanofibers (acetone) indicating that measured and calculated data well fitted to each
other with the model
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the bare Au/P(ANA-co-CNTA)/PVAc nanofibers (DMF and acetone), and also due

to the presence of high enzyme immobilized onto the bare Au/P(ANA-co-CNTA)/

PVAc nanofibers (DMF) in comparison with Au/P(ANA-co-CNTA)/PVAc

nanofibers (acetone), the Rs is increasing more significantly.

The second resistance in both circuits represents the charge transfer resistance

(Rct) between the electrolyte and the surface of the Au/P(ANA-co-CNTA)/PVAc

nanofibers or enzyme-immobilized nanofibers (DMF and acetone) [43].

The charge transfer resistances (Rct) of Au/P(ANA-co-CNTA)/PVAc nanofibers

(DMF) and Au/P(ANA-co-CNTA)/PVAc nanofibers (acetone) were 2.4E8 and 15.7

X, respectively, however, after GOx immobilization, the charge transfer resistance

values decreased to 1.04 and 0.65 X, respectively. Since all the EIS measurements

were performed in PBS buffer solution with a pH 6.5, the GOx molecule is

negatively charged, because the isoelectric point (Ip) of GOx lies at pH 4.2 [46].

Positively charged ions can interact with negatively charged GOx on the surface,

and negatively charged ions interact with PANA on the electrode surface, and

solvated counter ions align along the nanofiber surface [43, 47]. Therefore, charge

Fig. 11 Equivalent circuit for the simulation of the EIS spectra of Au/P(ANA-co-CNTA)/PVAc
nanofibers before and after GOx immobilization
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transfer resistance of Au/P(ANA-co-CNTA)/PVAc (DMF and acetone) nanofibers

is decreased after immobilization of GOx.

Q corresponds to the constant phase element (CPE) that was associated with non-

ideal behavior due to the surface roughness and anomalous transport effects and the

electrode resulting from the nanofiber composition [47, 48]. The formula

[ZCPE = TCPE (jw)-n] is used to define the impedance of a non-ideal electrode.

TCPE and n are frequency-independent constants, w is the angular frequency, n is a

parameter describing the deviation from an ideal capacitor and arises from the slope

of the log Z versus log f plot [25]. The values for n vary from 0 to 1. n = 1

subscribes to an ideal capacitor, while n = 0 and 0.5 denote resistance and Warburg

behavior, respectively [43]. The n values of Au/P(ANA-co-CNTA)/PVAc

nanofibers (DMF and acetone) were around 0.94, indicating that they behave like

ideal capacitors. But after enzyme immobilization, the n values of Au/P(ANA-co-

CNTA)/PVAc nanofibers (DMF and acetone) were slightly decreased to 0.83 and

0.89, respectively, which indicate more resistive behavior compared to nanofibers

before enzyme immobilization.

Au/P(ANA-co-CNTA)/PVAc-GOx (DMF) and Au/P(ANA-co CNTA)/PVAc-
GOx (acetone) as glucose sensors

GOx exhibits a catalytic activity toward glucose oxidation by dissolving oxygen.

Glucose can be used for the detection of the enzymatic release of H2O2 by

electrochemical method. GOx catalyzes the oxidation of glucose in the presence of

O2 to produce gluconic acid and generates hydrogen peroxide (H2O2) [49]. Thus,

H2O2 could be determined by electrochemical technique such as CV, chronoam-

perometry, and EIS.

Table 4 Fitting values for the equivalent circuit elements by the simulation of the impedance spectra of

Au/P(ANA-co-CNTA)/PVAc before and after GOx immobilization

Solvent Samples Rs (X) Q(CPE) (10-6)

sn (lX-1)

Rct (107 ) (X) n Chi-squared

error (10-3)

DMF Au/P(ANA-co-CNTA)/

PVAc

R(QR)

5696 3.25 2.4E8 0.94 5.4

Au/P(ANA-co-CNTA)/

PVAc (GOx)

R(QR)

41,060 2.86 1.9 0.83 7.7

ACT Au/P(ANA-co-CNTA)/

PVAc

R(QR)

3333 2.48 15.7 0.94 5.5

Au/P(ANA-co-CNTA)/

PVAc (GOx)

R(QR)

6369 3.55 0.65 0.89 9.8
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b�D-glucose þ O2�!
GOx

D-glucolactone þ H2O2

D-glucolactone þ H2O ! D-gluconic acid

The cyclic voltammograms of the Au/P(ANA-co-CNTA)/PVAc-GOx electrodes

(DMF and acetone) recorded using various concentrations of glucose (20 lM–

0.1 mM) for Au/P(ANA-co-CNTA)/PVAc-GOx (DMF), and 3–10 mM for Au/

P(ANA-co-CNTA)/PVAc-GOx (acetone) electrodes in 0.1 M PBS (pH 6.5)

electrolyte at a scan rate of 50 mVs-1 are shown in Fig. 12a, b. The redox peaks

were observed relating to the reduction of H2O2 and probably O2 in the

voltammograms [44, 50, 51]. The reduction peak current both in Au/P(ANA-co-

CNTA)/PVAc-GOx (acetone) and Au/P(ANA-co-CNTA)/PVAc-GOx (DMF) elec-

trodes increased linearly with increasing concentration of glucose. This indicated

that GOx-immobilized Au/P(ANA-co-CNTA)/PVAc-GOx (DMF) and Au/P(ANA-

co-CNTA)/PVAc-GOx (acetone) electrodes exhibit electro-activity toward the

reduction of H2O2 [43]. Figure 12c, d represents the variation of peak current

Fig. 12 Cyclic voltammogram of Au/P(ANA-co-CNTA)/PVAc-GOx (DMF) electrode in PBS solution
containing various concentrations of glucose at scan rate of 50 mVs-1 (a), Au/P(ANA-co-CNTA)/PVAc-
GOx (acetone) electrode in PBS solution containing various concentrations of glucose at scan rate of
50 mVs-1 (b), calibration curve of Au/P(ANA-co-CNTA)/PVAc-GOx (DMF) current density vs. glucose
concentration (mM) (c), and current density vs. glucose concentration for Au/P(ANA-co-CNTA)/PVAc-
GOx (acetone); inset shows corresponding calibration of Au/P(ANA-co-CNTA)/PVAc-GOx (acetone)
(mM) (d)
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response with glucose concentration for both the Au/P(ANA-co-CNTA)/PVAc-

GOx (DMF) and Au/P(ANA-co-CNTA)/PVAc–GOx (acetone) electrodes, respec-

tively. The calibration curve of Au/P(ANA-co-CNTA)/PVAc-GOx (DMF) and Au/

P(ANA-co-CNTA)/PVA-GOx (acetone) corresponding to amperometric response

(Fig. 12c and inset of Fig. 12d) was linear against the concentrations of glucose

ranging from 20 lM to 0.1 mM for Au/P(ANA-co-CNTA)/PVAc-GOx (DMF)

(R2 = 0.9906) and 3–7 mM for Au/P(ANA-co-CNTA)/PVAc-GOx (acetone)

(R2 = 0.9866), respectively. The sensitivities of Au/P(ANA-co-CNTA)/PVAc-

GOx (DMF) and Au/P(ANA-co-CNTA)/PVAc-GOx (acetone) were calculated as

20.3733 and 0.3952 lA mM-1 cm-2, respectively. The linear range of Au/P(ANA-

co-CNTA)/PVAc-GOx (DMF) was lower than Au/P(ANA-co-CNTA)/PVAc-GOx

(acetone). It could be attributed that the smaller fiber diameter and the higher

specific surface area contribute to the increase in the number of available active

sites, thus increasing the amount of enzyme loading.

Variation of glucose concentration was also investigated by EIS measurements of

the Au/P(ANA-co-CNTA)/PVAc-GOX (DMF) and Au/P(ANA-co-CNTA)/PVAc-

GOX (acetone) on the successive additions of glucose to 0.1 M PBS (pH 6.5).

H2O2 which is transformed by GOX can be determined by the charge transfer

reaction [52]. Figure 13a, b shows the Nyquist plots of electrodes in the increasing

Fig. 13 Nyquist plots of Au/P(ANA-co-CNTA)/PVAc-GOX nanofibers (DMF) (a) and Au/P(ANA-co-
CNTA)/PVAc-GOX nanofibers (acetone) in 0.1 M PBS (pH 6.5) buffer solution at different glucose
concentrations; frequency range between 0.01 Hz and 10 kHz with a perturbation amplitude of 10 mV
DC potential of -0.4 V(b), calibration curve of Au/P(ANA-co-CNTA)/PVAc-GOX(DMF) RCTn–
RCTBare vs. glucose concentration (mM) (c) and charge transfer resistance (RCTn–RCTBare) vs. glucose
concentration for Au/P(ANA-co-CNTA)/PVAc-GOx (acetone); inset shows calibration curve of Au/
P(ANA-co-CNTA)/PVAc-GOX (acetone) RCTn–RCTBare vs. glucose concentration (mM) (d)
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concentrations of glucose. The linear correlation (Fig. 13c, d) for glucose was

obtained by plotting charge transfer resistance (RCTn - RCTbare) obtained from the

equivalent circuit modeling R(QR) as a function of glucose concentration. The RCT

of Au/P(ANA-co-CNTA)/PVAc-GOX (DMF) (Fig. 13c) increased linearly with the

concentration of glucose in the linear range of 30 lM–0.11 mM according to linear

regression equation: y = 6.41 9 105 ? 7.24 9 106x with a squared correlation

coefficient, R2, of 0.9424. The sensitivity of Au/P(ANA-co-CNTA)/PVAc-GOX

(DMF) electrode was 7.24 9 106 X mM-1 cm-2. Au/P(ANA-co-CNTA)/PVAc-

GOX (acetone) electrode (Fig. 13d) displayed a linear response for glucose

concentrations ranging from 3 to 7 mM, according to the linear equation:

y = 6.18 9 104 ? 6.67 9 103x, with a squared correlation coefficient, R2, of

0.9866. The sensitivity of electrode was determined as 6.67 9 103 X mM-1 cm-2.

The calibration curves obtained from impedance measurements considerably

exhibited the same linear range as that obtained from amperometric response.

Impedance measurements also revealed that the Au/P(ANA-co-CNTA)/PVAc-GOX

(DMF) electrode had a low linear range than Au/P(ANA-co-CNTA)/PVAc-GOX

(acetone) electrode.

Conclusion

Glucose oxidase (GOx) was successfully immobilized via covalent bonding onto the

Au/P(ANA-co-CNTA)/PVAc nanofibers with different fiber diameters. The effect

of fiber diameters on enzyme immobilization, and also morphological, structural

and electrochemical characterization of enzyme-immobilized nanofibers were

studied by SEM/EDAX, AFM, FTIR-ATR, Raman, CV and EIS. The sensitivities

of Au/P(ANA-co-CNTA)/PVAc-GOX (DMF) and Au/P(ANA-co-CNTA)/PVAc-

GOX (acetone) electrodes were calculated as 20.3733 and 0.3952 lA mM-1 cm-2

from cyclic voltammetric measurements, and 7.24 9 106 and 6.67 9 103 X mM-1

cm-2 from impedimetric measurements, respectively. The impedance and amper-

ometric measurement results revealed that the linear range of Au/P(ANA-co-

CNTA)/PVAc-GOX (DMF) was lower than Au/P(ANA-co-CNTA)/PVAc-GOX

(acetone). It could be attributed that smaller fiber diameter results in the higher

specific surface area. This contributes to increasing the number of available active

sites, thus increasing the amount of the enzyme loading.
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