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ABSTRACT 

A novel catechol bearing polypeptide (CtP) was synthesized and used as a component of 

electrochemical biosensor involving both enzymatic activity and affinity-based sensing systems. 

Glucose oxidase (GOx) and Anti-Immunoglobulin G (Anti-IgG) were selected as model 

biorecognition elements for the selective analysis of glucose and IgG. Step by step surface 

modifications were followed using various techniques such as cyclic voltammetry (CV) and 

electrochemical impedance spectrometry (EIS) as well as X-Ray photoelectron spectroscopy 

(XPS). Additionally, contact angles were measured in order to observe surface properties. 

Amperometric measurements using GOx biosensor, were performed at -0.7 V by following the 

oxygen consumption due to the enzymatic reaction in different glucose concentrations. Affinity 

based interactions via IgG sensor was monitored using differential pulse voltammetry (DPV) 

technique. As the ‘surface design with CtP’ approach employed herein is generally applicable 

and easily adaptable to obtain functional matrices for biomolecule immobilization, CtP coated 

surfaces can be promising platforms for the fabrication of various bio-based sensing systems. 
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INTRODUCTION 

Polymers bearing functional structures such as polypeptides and poly(ethylene glycol) chains etc. 

have received great interest as they can be used in biomedicine, drug delivery, nanoscale self-

assembly or tissue engineering. Their specific characteristics are associated with the recognition 

properties like antibody-antigen interactions, biodegradability, catalytic activity mimicking and 

biocompatibility.
1-5

 Polypeptides, prepared by using primary and tertiary amine initiators,
6,7

 can 

form α-helix, β-sheet and random coil structures, and self-assembly. As they possess these 

unique characteristics, they give different properties to any polymeric material they are 

attached.
8,9

  

Affinity-based sensing systems using different methods such as fluorescence-based
10-12

 and 

colorimetric immunoassays,
13,14

 paper-based lateral flow immunoassays
15,16

 and electrochemical 

biosensors
17,18

 are being used in various fields as sensing systems. Electrochemical biosensors 

have gained interest in detecting different biomolecules as they give fast response with high 

sensitivity and can be worked with small amounts of samples easily. Recent literature clearly 

verifies the popularity of electrochemical biosensors; as different analytes including 

glycoproteins,
19,20

 hydrogen peroxide,
21

 proteins,
22,23

 glucose,
24-28

 mycotoxins
29

 and nucleic 

acids,
30-34

 with different recognition agents such as aptamers, proteins, enzymes and red blood 

cell membranes as well as electroactive labels (nanoparticles, quantum dots etc.) were 

successfully used. The biomimetic properties of artificial interfaces mimicking different 

biological and environmental systems are being used in electrochemical biosensing systems to 

investigate biological processes.
35-37

 Recent developments in this promising field have been 

covered by several review articles.
38-42
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Herein, we report the use of catechol bearing polypeptide (CtP) as an electrochemical sensing 

platform. Recently, polypeptide bearing monomers have been synthesized and successfully 

polymerized onto various electroactive substrates serving as both immobilization and 

sensing/bio-recognition surfaces.
43-46

 This work has been conducted starting with the synthesis of 

the catechol-functional polypeptide and the surface modification of an electroactive surface 

(glassy carbon electrode; GCE) with this novel polymeric structure. Catechol has been widely 

used as an anchoring molecule to attach functional molecules and polymers to the surface of 

nanoparticles, metal oxide materials, electrodes etc.  Synthetic strategies for the preparation of 

catechol functional polymers have been extensively investigated. 
[47-49]

   

In the present work, protected dopamine was used as an initiator for the ring opening 

polymerization.  The N-carboxy anhydride ring formation and simultaneous ROP followed by 

deprotection processes facilitated synthesis of catechol functional polypeptide with well-defined 

structures. As model biomolecules, glucose oxidase (GOx) and Anti-Immunoglobulin G (IgG) 

were selected to investigate the potential use of this polymeric architecture as two different 

biosensor systems, namely enzymatic activity and affinity interactions, respectively. These 

biofunctional surfaces were used as working electrodes through the electrochemical 

measurements. Surface modifications were registered by cyclic voltammetry (CV) and 

electrochemical impedance spectrometry (EIS) as well as X-Ray photoelectron spectroscopy 

(XPS). Contact angles of the surfaces after coating and biomolecule binding were also measured. 

Also, interfering compounds were applied to the modified surfaces to monitor the selectivity and 

specificity of the proposed sensing system. Response signals of GOx biosensor were monitored 

using amperometric measurements at -0.7 V by following the oxygen consumption stemming 

from the glucose oxidation by the GOx. In the case of affinity-based sensor, the sensing 
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performance was proved using differential pulse voltammetry (DPV) data with different 

concentrations of IgG in the presence of a water soluble redox probe and a calibration curve 

obtained using the decrease in the signal responses as a result of selective capturing of IgG by 

Anti-IgG immobilized surface. 

 

EXPERIMENTAL SECTION 

Reagents. Hydrogen bromide (30% in acetic acid, ca. 5.1 mol/L), acetic acid, triethylamine, 3,4-

dihydroxybenzonitrile, phosphorus pentoxide, Lithium aluminum hydride were purchased from 

Tokyo Chemical Industry used as received. All other solvents used in polymer synthesis were 

purchased from Wako Pure Chemical Industries, Ltd. Glutaraldehyde solution (Grade II, 25%), 

Glucose oxidase (Type X-S, lyophilized powder), Glucose (Bio-Xtra, ≥99.5%), Anti-Bovine IgG 

antibody (whole antiserum), IgG from bovine serum (reagent grade, ≥95%), Uric Acid (UA) 

(≥99%, crystalline), Ascorbic Acid (AA) (BioXtra, ≥99.0%, crystalline), Bovine Serum Albumin 

(BSA) (lyophilized powder, ≥96% (agarose gel electrophoresis)) and potassium 

hexacyanoferrate (III) (HCF) was obtained from Sigma (St. Louis, MO, USA). 

 

Apparatus. For polymer synthesis and characterization; NMR (400 MHz) spectra were recorded 

with a JEOL ECS-400 spectrometer, and the chemical shifts were given in ppm using 

tetramethylsilane (TMS) as an internal standard. Fourier transform infrared spectroscopy (FT-IR) 

analysis was carried out on a Thermo Scientific Nicolet iS10 in the 600–4000 cm
−1 

ranges. Size 

exclusion chromatography (SEC) was carried out on a TOSOH HLC-8220 system equipped with 

three consecutive polystyrene gel columns [TSK- gels (bead size, exclusion limited molecular 

weight); super- AW4000 (6 µm, > 4x10
5
), super-AW3000 (4 µm, > 6x10

4
), and super-AW2500 
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(4 µm, > 2x10
3
)] and refractive index and ultraviolet detectors at 40

o
C. The system was operated 

using 10 mM LiBr in N,N-dimethylformamide (DMF) as the eluent at a flow rate of 0.5 mL min
-

1
. Polystyrene standards were employed for calibration.  

PalmSens Potentiostat (Palm Instruments, Houten, Netherlands) was used for the electrochemical 

analyses which are differential pulse voltammetry (DPV) and cyclic voltammetry (CV) for this 

study. Amperometric measurements were performed in 10 mL sodium acetate buffer (50 mM, 

pH 4.5) under ambient conditions at -0.7 V potential to monitor the enzymatic activity on the 

electrode surface. Electrochemical impedance spectroscopy (EIS) was also used for 

characterization of the GCE surface which was implemented with a CHI 6005 C model 

electrochemical analyzer (CH Instruments Incorporation, Austin, Texas, USA). A three-electrode 

system was established with a glassy carbon electrode (GCE) as a working electrode, a platinum 

(Pt) electrode as a counter electrode and Ag/AgCl (3.0 M KCl, Metrohm, Switzerland) electrode 

as a reference electrode. To analyze the modification of GCE, CV and EIS techniques (frequency 

range from 0.03 Hz to 10 kHz at +0.18 V) were used as characterization techniques for the 

surfaces designed on GCE by using HCF. Using the sessile drop method with a CAM100 KSV 

(KSV, Finland), contact angle measurements were performed with a drop of Milli-Q water (4.0 

µL). Changes in contact angle were monitored using a CCD camera. The surface modifications 

as a result of biomolecule binding were confirmed via X-ray photoelectron spectrometer 

(Thermo Scientific, USA). XPS analyses were performed on a mono-chromated Al Kα 

radioactive source. All experiments were conducted at ambient conditions. 

Synthesis. Synthetic pathways for all intermediates and their molecular structures are presented 

in Schemes 1-3.  

Synthesis of N-phenoxycarbonyl-L-Lysine with oligoethylene oxide 
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The Nα-phenoxycarbonyl derivative of Nε-(carbobenzyloxy)-L-Lysine 1, was prepared 

according to the literature.
50

 To the mixture of 1 (6.0 g, 15.0 mmol) and acetic acid (2.5 mL), 

hydrogen bromide (30% in acetic acid, ca. 5.1 mol/L) (10.0 mL, 51.0 mmol) was slowly added at 

0°C to remove the Nε-carbobenzyloxy group. After stirring for 1 h at room temperature, diethyl 

ether (100 mL) and distilled water (50 mL) was added into the reaction mixture. The aqueous 

phase was separated and concentrated to give a desired compound 2 as a viscous liquid (Scheme 

1). 
1
H NMR (400 MHz, DMSO-d6, δ, ppm): 1.25-1.85 (m, 6H), 2.70-2.85 (m, 2H), 3.91-4.00 (m, 

1
H), 7.07 (d, 2H, J = 7.8 Hz), 7.19 (t, 1H, J = 7.3 Hz), 7.36 (t, 2H, J = 7.8 Hz), 7.76 (br, 3H), 

8.07 (d, 1H, J = 7.8 Hz). 
13

C NMR (100 MHz, DMSO-d6, δ, ppm): 22.60, 26.49, 30.15, 38.59, 

53.85, 121.60, 125.05, 129.33, 150.94, 154.48, 173.49. 

 

Scheme 1. Removal of Nε-carbobenzyloxy group from Nε-(carbobenzyloxy)-L-Lysine. 

 

 

 

Activated ester-containing oligoethylene oxide 3 prepared according to the literature
51

 and used 

for the conjugation of oligoethylene oxide moiety into the side chain of activated urethane 

derivative (Scheme 2).  
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8

 

Scheme 2. Conjugation of oligoethyleneoxide into N-phenoxycarbonyl-L-Lysine. 

 

Experimentally, to a solution of 2 (4.2 g, 12 mmol) in 1,4-dioxane (15 mL) and water (5.0 mL), 3 

(3.9 g, 14 mmol) was added dropwise. Triethylamine (2.4 g, 24 mmol) was added at 0 °C and 

continued to stir for 2 h at room temperature. The resulting mixture was poured into distilled 

water (100 mL), and then extracted with ethyl acetate (3×100 mL). The combined organic layer 

was dried over Na2SO4, filtered, and concentrated under reduced pressure. The crude products 

were purified by column chromatography (elution with the mixture of 

dichloromethane/methanol, 93:7 vol.%) to give 4.3 g (10.2 mmol, 85 %) of the compound 4 as a 

viscous colorless oil which solidified slowly on standing; mp = 57.1–58.7 °C. 
1
H NMR (400 

MHz, DMSO-d6, δ, ppm): 1.26-1.53 (m, 4H), 1.57-1.84 (m, 2H), 3.02-3.16 (m, 2H), 3.24 (s, 3H), 

3.40-3.50 (m, 2H), 3.52-3.62 (m, 6H), 3.85 (s, 2H), 3.90-4.02 (m, 1H), 7.08 (d, 2H, J = 8.12 Hz), 

7.19 (t, 1H, J = 7.38 Hz), 7.37 (t, 2H, J = 7.82 Hz), 7.68 (br, 1H), 8.05 (d, 1H, J = 7.88 Hz). 
13

C 

NMR (100 MHz, DMSO-d6, δ, ppm): 23.57, 29.35, 30.97, 38.41, 54.53, 58.61, 70.05, 70.14, 

70.49, 70.83, 71.82, 122.13, 125.50, 129.81, 151.57, 154.97, 169.59, 174.15. IR (neat, cm
-1

): 

3300, 2872, 1738, 1614, 1200, 1093. 

 

Synthesis of acetonide-protected 3,4-dihydroxybenzylamine 
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The protected amino functional initiator was prepared according to Scheme 3.  

 

Scheme 3. Synthesis of acetonide-protected 3,4-dihydroxybenzylamine. 

 

To a suspension of 3,4-dihydroxybenzonitrile 5 (2.7 g, 20 mmol) and phosphorus pentoxide (4.2 

g, 30 mmol) in toluene (40 mL), acetone (2.3 g, 40 mmol) was added and stirred at 80°C for 3 h. 

After cooling to room temperature, 2.0 N NaOH aqueous solution was added to adjust pH to be 

neutral and then extracted with ethyl acetate. The combined organic layer was dried over 

Na2SO4, filtered, and concentrated under reduced pressure. The crude product was purified by 

column chromatography (elution with the mixture of ethyl acetate/hexane, 1:7 vol.%) to give a 

catechol-protected compound 6 (25%). 
1
H NMR (400 MHz, chloroform-d, δ, ppm): 1.70 (s, 6H), 

6.76 (d, 1H, J = 7.96 Hz), 6.93 (d, 1H, J = 1.72 Hz), 7.16 (dd, 1H, J = 8.24, 1.80 Hz). 
13

C NMR 

(100 MHz, chloroform-d, δ, ppm): 25.99, 104.31, 109.03, 111.30, 119.30, 120.22, 127.80, 

147.86, 151.40. Lithium aluminum hydride (370 mg, 9.7 mmol) was added to a solution of the 

obtained compound 6 (850 mg, 4.8 mmol) in tetrahydrofuran (20 mL) and the mixture was 

refluxed for 4 h. After cooling to room temperature, 2.0 N NaOH aqueous solution (1.0 mL) was 

added to the resulting mixture. The mixture was filtered through a pad of celite, and the filtrate 

was concentrated under reduced pressure to give 644 mg (7.3 mmol, 75%) of target compound 7 

as colorless oil. 
1
H NMR (400 MHz, chloroform-d, δ, ppm): 1.47 (s, 2H), 1.66 (s, 6H), 3.74 (s, 

2H), 6.60-6.72 (m, 3H). 
13

C NMR (100 MHz, chloroform-d, δ, ppm): 25.95, 46.57, 107.69, 

108.08, 117.81, 119.57, 136.93, 146.34, 147.76. 
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Preparation of CtP by chain growth polycondensation of N-phenoxycarbonyl-L-lysine derivative  

The urethane derivative 4 (426 mg, 1.0 mmol) and acetonide-protected 3,4-

dihydroxybenzylamine 7 (5.56 mg, 0.04 mmol) were dissolved in anhydrous DMAc (2.0 mL) 

(initial feed ratio, [4]:[7] = 25:1), and the mixture was added to a Schlenk tube. The resulting 

mixture was stirred at 60°C for 12 h under a nitrogen atmosphere. The reaction mixture was 

cooled to room temperature and poured into diethyl ether (150 mL). The resultant precipitate was 

collected and then dried under vacuum to give 0.24 g (81%) of
 
target polypeptide as a sticky 

powder, (Mn = 5,700, Mw/Mn = 1.43, estimated by SEC analysis). Deprotection of acetonide 

group was conducted by acid treatment of obtained polypeptide. The polypeptide (200 mg) was 

dissolved in the methanol (5.0 mL) and water (1.0 mL), and then 4.0 N HCl/1,4-dioxane (2.0 

mL) was added slowly. The mixture was stirred at room temperature for 12 h. The resulting 

mixture was poured into diethyl ether (150 mL) and formed precipitate was collected and then 

dried under vacuum to give 184 mg (92%) of CtP. 
1
H NMR (400 MHz, DMSO-d6, δ, ppm): 

1.20-2.11 (br, 6H), 3.01-3.22 (br, 2H), 3.26-3.60 (br, 11H), 3.71-4.12 (br, 3H). IR (neat, cm
-1

): 

3291, 2872, 1648, 1537, 1093. 

 

Surface modification of the GCE, electrochemical characterization and measurements. 

Initially, GCE was polished with 0.1 micron alumina slurry to get a mirror-like surface and bath 

sonicated for 5 min. in ethanol: distilled water (1:1) solution and then with only distilled water. 

Biosensor surface for the GOx-based biosensor was constructed as follows: GOx was 

immobilized on polymer covered electrode surface using GA as a cross-linker and the response 

signals related with the enzymatic reaction was measured by the injection of different 

concentrations of glucose solutions. Briefly, 5.0 µL polymer solution (0.5 mg/mL stock solution 
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in dimethyl formamide (DMF)) was drop casted on GCE surface and dried at ambient conditions 

to form a thin layer on the surface. The optimum polymer concentration was determined 

according to the signal response. Afterwards, GOx (1.0 mg in 5.0 µL 50 mM sodium phosphate 

buffer, pH 7.4) was mixed with 5.0 µL of GA (1.0% v/v in 50 mM sodium phosphate buffer, pH 

7.4) and dropped on the surface, then, allowed to react at room temperature, to form a biolayer 

together with the polymer on GCE. Following the immobilization of the enzyme, biosensor 

responses were monitored with chronoamperometry at -0.7 V. In the measurement procedure, the 

biosensor was initially incubated in the sodium acetate buffer (50 mM, pH 4.5) for 5 min to 

activate the enzyme and different amounts of glucose from 0.1 M stock solution were added to 

10 mL working buffer solution. This pH value was chosen as the best working condition, 

according to the literature. 
52

 After a baseline was observed, glucose was added and changes in 

the response signals were observed for another 200 s. Glucose solutions (0.01 – 5.0 mM) were 

prepared in working buffer, each measurement were taken in triplets and a calibration curve was 

obtained depending on the amperometric signals vs substrate concentrations. Surface 

characterization was done with CV (potential range, from -0.4 to +0.8 V), and EIS 

measurements. Biosensor surface was rinsed with Milli-Q water after each step, before and after 

the measurements to avoid unbound species.  

For the affinity-based biosensor, first, GCE surface was covered with 5.0 µL CtP (0.5 mg/mL 

stock solution in dimethyl formamide (DMF)) as already described for the previous biosensor. 

Following, 20 µL anti-IgG antibody (100 µg/mL in sodium phosphate buffer, pH 7.4) was 

immobilized on the polymeric surface using GA as the same procedure with the GOx biosensor. 

To obtain sensor responses DPV signals were followed using the redox mediator (HCF, 5.0 

mM), prior and after capturing of IgG by the anti-IgG immobilized surface. The drop-in response 
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signals were obtained as a result of selective interaction of Anti-IgG and IgG that prevents 

electron transfer efficiency towards the electroactive GCE surface. To obtain a calibration graph 

(between the difference in the current signals and concentration), different concentrations of 10 

µL IgG (0.05 – 10 ng/mL in sodium phosphate buffer, pH 7.4) was dropped on the surface. CV 

and EIS techniques were also used to prove, surface covering, antibody immobilization and 

selective recognition of IgG. For contact angle and XPS measurements, all surface modifications 

were done with the same concentrations and amounts used for the analytical experiments, except 

they were done on an ITO glasses for CtP, CtP-GOx and CtP-Anti-IgG surfaces, separately.  

To control the specificity and selectivity, control experiments with interfering compounds were 

conducted. For enzymatic activity-based biosensor with GOx, UA, AA and BSA was added to 

the working probe and signal responses were recorded with enzyme-modified GCE and 

compared with the glucose at the same concentration (0.1 mM). Similarly, for the affinity-based 

sensing system, selected interfering compounds, which are AA and BSA, were drop-casted on 

the Anti-IgG coated GCE and current signal response changes were compared with the IgG at 

the same concentration (1.0 ng/mL). 

 

RESULTS AND DISCUSSION 

Based on the methodology for the synthesis of polypeptide by chain growth polycondensation of 

N-phenoxycarbonyl derivative of α-amino acid, preparation of CtP was conducted (Scheme 4). 

In this study, poly(-L-Lysine) attached with oligoethylene oxide on side chain was designed in 

order to provide high solubility in aqueous media. Acetonide-protected catechol amine was used 

as an initiator for polycondensation of N-phenoxycarbonyl derivative. Chain-growth 
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polycondensation proceed smoothly at 60 °C to give a corresponding polypeptide. The obtained 

polypeptide shows high solubility for common organic solvents such as methanol, DMF, 

acetone, chloroform, and water. The molecular weight and polydispersity index were determined 

by SEC analysis to be 5700 g mol
-1

 and 1.43, respectively. Acetonide-protected catechol moiety 

at the terminal group was evidenced by the presence of proton signals in the 
1
H NMR spectrum 

at 6.8 ppm (Figure 1). The acetonide group was successfully removed by hydrolysis using 

hydrogen chloride. 

 

 

Scheme 4. Synthesis of catechol-attached polypeptide (CtP). 
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Figure 1.  
1
H NMR spectra of acetonide- and catechol-bearing polypeptide. 

 

 

Surface characterization and analytical features of GOx biosensor. Response signal of GOx 

biosensor was monitored by creating a modified GCE surface starting with the functionalization 

with CtP, followed by the immobilization of the enzyme to the surface by using glutaraldehyde 

(GA) as a cross-linker. Schematic representation of the surface modification and principles of 

electrochemical measurement of current signals are shown in Scheme 5.  
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Scheme 5. Schematic representation of the preparation of GOx biosensor. 

 

CV and EIS measurements which were taken stepwise for each surface modification, are given 

in Figure 2 (A and B). As can be seen from Figure 2A, modifications through polymer coating 

and biomolecule binding formed bulkier structures on the surface that prevent possible electron 

transfer processes occurring as the redox reaction takes place in the probe. Consequently, anodic 

and cathodic peaks were significantly decreased, confirming the successful modification on the 

GCE surface. Bare The measured anodic current peaks were found to be for Bare GCE: 42.697 

µA (peak-to-peak separation of 0.084 V), for GCE-CtP: 18.396 µA (peak-to-peak separation of 

0.434 V), and for GCE-CtP/GOx: 7.613 µA (peak-to-peak separation of 0.520 V). Similarly, 

cathodic current peaks were obtained as follows: Bare GCE 41.909 µA, GCE-CtP 22.839 µA, 

GCE-CtP/GOx 11.67 µA. 
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Figure 2. A) CV of Bare GCE, GCE-CtP, GCE-CtP/GOx surfaces. B) Nyquist diagrams of 

Bare GCE, GCE-CtP, GCE-CtP/GOx surfaces. [Randle's equivalent circuit was used to fit 

Nyquist plots and fitted graphs were given]. [All experiments were carried out in 50 mM 

sodium phosphate buffer (pH 7.4) containing 5.0 mM [Fe(CN)6]
3−/4−

 and 0.1 M KCl]. 

 

Furthermore, EIS also proves the successful modification of the GCE surface by showing the 

increase on the resistance in accordance with the step-by-step modification. EIS data were 

analyzed using the circuit design which includes solution resistance (Rs), Warburg impedance 
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(Zw) resulting from the diffusion of redox probe, the double layer capacitance (Cdl) and the 

change of the electron transfer resistance (Rct). As seen in the Figure 2B, a considerable increase 

was observed on the resistance after the surface modification with the CtP. The increase in the 

resistance values was even more pronounced for the surface after GOx immobilization. Rct 

values of Nyquist plots calculated for the designed biosensor at various stages were; Bare GCE: 

161.1 Ω, GCE-CtP: 6837 Ω, and GCE-CtP/GOx: 12280 Ω.  

Initially, signal responses of GOx biosensor were investigated. GOx worked as an electron flow 

monitoring agent on the surface, tracking the oxygen consumption rate. Based on the oxidation 

reaction of β-D-glucose to glucono-D-lactone, GOx was reduced. Consuming the molecular 

oxygen in the working buffer, it was oxidized to its original state, releasing hydrogen peroxide as 

a side product. The measured current signal was increased correlated with the increasing 

concentration of the glucose added to the working buffer solution. A calibration curve, given in 

Figure 3, was obtained using the correlated increase on the current signals (∆I). After addition of 

glucose to working buffer, a rapid increase in the current signal indicates the enzymatic activity 

on the surface. The linear range was obtained in between 0.01-1.0 mM glucose, which 

corresponds to 1.8-180 µg/mL. The equation for the linear plot in the interval was calculated as y 

= 3.321x - 0.1869 and the R
2
 was 0.9868. 

 

 

 

 

 

 

Page 17 of 36

ACS Paragon Plus Environment

Biomacromolecules

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

18

 

Figure 3. The calibration curve of GCE-CtP/GOx in response to different concentration of Glu 

solutions obtained by amperometric measurements (In 50 mM sodium acetate buffer, pH 4.5, 

25°C, −0. 7 V. Error bars show ± S.D.). 

 

Surface characterization and analytical features of affinity-based IgG Sensor. Initially 

similar strategy applied for the GOx immobilization was followed. Basically, Anti-IgG antibody 
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was bound to CtP with GA and different concentrations of IgG was then applied on the surface 

to facilitate observation of antibody/antigen interactions. Schematic representation for the 

surface modification and the basis of sensing responses were given in Scheme 6. 

 

 

Scheme 6. Schematic representation of the preparation of affinity-based biosensor. 

 

Modifications at each stage were followed using CV and EIS techniques and obtained data were 

given in Figure 4. 
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Figure 4. A) CV of Bare GCE, GCE-CtP, GCE-CtP/Anti-IgG and GCE-CtP/Anti-IgG/IgG 

surfaces. B) Bare GCE, GCE-CtP, GCE-CtP/Anti-IgG and GCE-CtP/Anti-IgG/IgG surfaces. 

[Randle's equivalent circuit was used to fit Nyquist plots and fitted graphs were given]. [All 

experiments were carried out in 50 mM sodium phosphate buffer (pH 7.4) containing 5.0 mM 

[Fe(CN)6]
3−/4−

 and 0.1 M KCl]. 

 

Figure 4A clearly shows the successful modification of the surface as the current gets lower in 

each step of the procedure in the presence of the mediator. The observed reduction in the current 

power is due to the preclusion of electron transfer reactions. GCE measures the potential of the 

redox probe, Fe(CN)6
4-

 being oxidized to Fe(CN)6
3-

 and Fe(CN)6
3-

 being reduced to Fe(CN)6
4-

 in 
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the forward and backward measurements, respectively. GCE acts as both oxidant and reductant 

surfaces in the reversible process. The application of higher amount coating material would 

effect the current flow through the electrode surface. Consequently, the redox reaction stated 

above would become more difficult to monitor with increasing concentrations on the surface, and 

essentially resulting in a decrease in the current signal peaks. Anodic current peaks were 

measured as follows: Bare GCE 45.898 µA (peak-to-peak separation of 0.074 V), GCE-CtP 

16.151 µA (peak-to-peak separation of 0.454 V), GCE-CtP/Anti-IgG 11.915 µA (peak-to-peak 

separation of 0.566 V) and GCE-CtP/Anti-IgG/IgG 9.020 µA (peak-to-peak separation of 0.622 

V). Cathodic current peaks were measured as follows; bare GCE 44.358 µA, GCE-CtP 20.006 

µA, GCE-CtP/Anti-IgG 18.739 µA and GCE-CtP/Anti-IgG/IgG 14.154 µA. EIS data were also 

confirming these modifications as well as IgG recognition, as seen in Figure 4B. A drastic 

increase in Rct values in each step of the modification proves the successful covering, 

immobilization and selective interaction of the species. Rct values of Nyquist plots calculated for 

the designed biosensor were: Bare GCE: 380.1 Ω, GCE-CtP: 13290 Ω, GCE-CtP/Anti-IgG: 

14620 Ω.  Sensing ability to detect different concentrations of IgG was also investigated by 

immobilizing Anti-IgG antibody to polymer coated surface (GCE-CtP) and measuring the 

current change when different concentrations of IgG solutions were dropped on the GCE surface. 

As the concentration of the IgG solution increased, the difference in DPV signals between Anti-

IgG coated and IgG bound GCE proportionally increased. Calibration curve given in Figure 5 

was obtained using the current signal difference corresponding to the analyte concentration. The 

Linear range for the affinity-based sensor was found to be in between 0.05-2.50 ng/mL (linear 

plot was given as inset in Figure 5) and the equation for the linear fit was y = 0.7822x + 0.2828 

with R
2
 = 0.986. A drop in current responses was observed at higher IgG concentrations. This 
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could be due to the fact that analyte accumulation on the surface as a result of interactions 

between IgG molecules when higher amount of analyte was applied which prevents the diffusion 

of redox mediator to the electroactive surface. 

 

Figure 5. Calibration curve of GCE-CtP/Anti-IgG in response to different concentration of IgG 

solutions obtained by DPV measurements. Linear range was shown as inset (In 50 mM sodium 

phosphate buffer, pH 7.4, 25°C, Error bars show ± S.D). 
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Control experiments to test the selectivity of the proposed biosensor for both of the systems were 

conducted with possible interferants. Ascorbic acid (AA), uric acid (UA) and bovine serum 

albumin (BSA) were selected to be tested with the GOx activity-based sensing platform. They 

were added to the measurement probe of 10 mL of 50 mM sodium acetate buffer (pH 4.5) and 

enzymatic activity on the surface was monitored with the same principle, current signal response 

change, using the same experimental method with amperometric measurements. As shown in 

Figure 6A, there was no significant increase on the current signal from interfering compounds, 

compared to as of glucose at equal concentration. These results proved that, proposed enzymatic-

activity based sensing platform selectively works with glucose more efficiently. With the same 

goal, selectivity test experiments were conducted with Anti-IgG modified GCE, using BSA and 

AA as interfering compounds. Using the same experimental procedure, these interferants were 

applied on the surface instead of IgG and current signal response changes were recorded. As seen 

in Figure 6B, no significant response was observed when interferants were applied on the surface 

compared to IgG at the same concentration, showing that this biosensor works selectively with 

Anti-IgG.   
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Figure 6. A) Effect of interfering compounds on glucose biosensor; AA, BSA, and UA. The 

response signals were obtained via amperometric measurements. (In 50 mM sodium acetate 

buffer, pH 4.5, 25°C). B) Effect of interfering compounds on IgG biosensor; AA and BSA. The 

response signals were obtained via DPV. (In 50 mM sodium phosphate buffer, pH 7.4, 25°C) 

(Error bars show ± S.D.). 

 

Contact angle measurements also provide substantial evidence for the changes of the surface 

characteristics that defined by the other techniques. As the synthesized polypeptide is highly 

hydrophilic, the contact angle is very low at the beginning. After immobilization of the 

biomolecules to the surface, contact angle increased due to their hydrophobic nature. As 

hydrophobic/hydrophilic amino acid ratio is different between the GOx and Anti-IgG, contact 

angles of two different biofunctional surfaces are different. 

 

Table 1. Contact angle measurements of the surfaces with sessile drop method. 

    Polymer 

coated GCE  

GOx  

bound 

Anti-IgG 

bound 

  CA Mean (
o
) 

Std. Dev. (
o
) 

 9.43 

1.27 

48.74 

4.46 

25.20 

5.58 

 

XPS measurements. XPS measurements illustrate the crucial bonds used in conjugation steps. 

Elemental configuration analysis shows strong peaks at 284.08 eV, 399.08 eV and 532.08 eV 

indicating C1s, N1s and O1s binding energies.  In Figure 6, C1s peaks of the surfaces are given. 

As shown in Figure 6A, CtP surface contained mostly sp
2
 hybridized C-C bonds due to the 
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catechol group on the surface. Additionally, a considerable amount of sp
3
 hybridized C-C bonds, 

C-N and C=N structures and C-O groups were found on the surface. GOx modified surface was 

analyzed in Figure 6B. GOx molecules were mostly occupied by sp
2
 hybridized C-C, C-N and 

C=N groups. It also contains sp
2
 hybridized C-C bonds and C-O groups. Finally, in Figure 6C, 

Anti-IgG antibody modified surface was explored. Unlike the first two, the majority of the 

surface was occupied by sp
3
 hybridized C-C bonds due to the amino acid sequence. Furthermore, 

similar chemical groups were also observed, which are sp
2
 hybridized C-C bonds, C-N and C-O 

groups. 
53-56  

The peak values were given in Table 2. 

Table 2. C1S peaks of three different surfaces and functionalities. 

CtP CtP/GOx  CtP/Anti-

IgG 

Functionality 

284.28 eV 284.38 eV 284.28 eV C-C (SP
2
) 

285.28 eV 285.08 eV 284.88 eV C-C (SP
3
) 

285.88 eV 285.98 eV 285.88 eV C-N, C=N 

287.28 eV 287.58 eV 287.58 eV C-O 

    286.38 eV C-N, C=N 

 

 

Figure 7. C1s peaks of the A) CtP, B) CtP-GOx, C) CtP-Anti-IgG structures using XPS. C=C (sp
2
), 
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C-C (sp
3
), C-N, C = N and C-O peaks were identified. 

 

CONCLUSIONS 

In conclusion, we described a novel methodology for the synthesis of a catechol-bearing 

polypeptide and created a unique functional surface for both enzyme activity- and affinity-based 

biosensor using GOx and Anti-IgG as model receptors, respectively. Both proposed systems 

worked properly and emerged as a promising selection for the sensors that will be developed in 

the future. 
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