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Abstract: For a few past years, we can observe the enormous growth of investigations related 

to ultrasensitive electrochemical sensors capable of reliable determination of important body 

parameters and analytes. Utilized procedures rely on standard electrochemical methods, 

demanding electrode polarization, and information about the initial characteristics of the 

working electrode. More and more complex electrode materials are characterized however their 

electrochemical response is not fully understood or defined, affecting data reproducibility.  

Herein, we propose a novel protocol utilizing dynamic electrochemical impedance 

spectroscopy in galvanostatic mode (g-DEIS) to verify the sensor performance. The protocol 

was applied to study the response of Ti-Au nanotextured electrode depending on glucose 

concentration changes. The g-DEIS allowed to monitor complex mechanism occurring at the 

electrode/electrolyte interface with the continuously dosed glucose through electric parameters 

derivatives in analyte content. Our studies revealed a visible increase in electrode electric 

heterogeneity above 1.9 mM of glucose and gold nanoparticles’ oxidation above 3.8 mM, both 

influencing electrode kinetics. The results were confirmed using supporting cyclic voltammetry 

and x-ray photoelectron spectroscopy studies. The proposed protocol’s unique features could 

significantly spread further application of targetable biosensors for real-time diagnostics. 
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1. Introduction 

In today’s world, diabetes has become one of the major causes of death. The morbidity is 

spreading more and more every year due to the sedentary lifestyle and poor eating habits. 

Therefore, extensive research is conducted to ensure the frequent monitoring of glucose levels 

in human body fluids essential for maintaining this disease daily. Most glucose monitoring 

biosensors are electrochemical due to the low cost of production and reliability. The 

impedimetric sensors are not as thoroughly studied as potentiometric or amperometric ones; 

however, the Electrochemical Impedance Spectroscopy (EIS) allows exact measurements 

allows ultra-high sensitivity, ranging from 10-12 M glucose concentration [1,2]. Unfortunately, 

impedance spectroscopy’s main drawback is that it is an indirect technique based on data fitting 

with adequate models, which typically require full knowledge regarding the studied system’s 

initial electric state.  

Electrochemical sensors detect differences in the charge transfer due to the analyte 

interaction with specifically functionalized electrode surface [3–5]. The initial electrode 

conditions are never fully known. Subtle, yet uncontrollable differences in the functionalization 

film thickness or surface homogeneity may introduce an alteration in the charge transfer 

kinetics, which is a significant threat for results reproducibility. This threat is partially 

minimized by standardization of the electrode pre-treatment processes and determination of the 

electrode’s response prior to its utilization as the biosensor. Knowing that the charge transfer 

kinetics are dependent on glucose concentration, one has to consider the differentiated 

electrochemical response in modeling the impedance data and building the calibration curve.  

The protocol utilizing Dynamic Electrochemical Impedance Spectroscopy (DEIS) allows 

to resolve some level of uncertainty related to variable electrode kinetics, allowing the 

monitoring of capacitance dispersion degree and thus local inhomogeneity of the electrode 

material. The theoretical background for the DEIS technique was proposed by Darowicki [6]. 

The goal was to handle the impedance measurements of the non-stationary corrosion processes. 

Slepski undertook the construction of the first operating measuring tool shortly after [7]. The 

assumption of DEIS measurements is to abandon the frequency response analyzer (FRA) 

sequential perturbation in favor of a multi-frequency sinusoidal signal package, continuously 

applied to the investigated system throughout the measurement duration. Individual sinusoids 

are characterized by adequately selected and optimized values of frequencies, amplitudes, and 
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phase shifts. Simultaneously, the analyzed frequencies’ scope is limited to ~1 Hz, which 

restricts each impedance spectrum acquisition time. The so-called window function cuts out 

fragments of the recorded response signal, decomposed using Fourier transform. This procedure 

allows limiting the acquisition time of a single impedance spectrum down to even 1 second. 

The acquisition time depends entirely on the window function’s size, which depends on the 

lowest measured frequency of the perturbation signal. Such an approach ensures meeting the 

quasi-stationary conditions and allows to investigate a significant number of real systems. 

Throughout the last decade, the technique has gained considerable attention. It was used in 

numerous studies related not only to corrosion processes [8–12], but also to energy conversion 

[13–15], chemical-mechanical failure [16,17], impedance mapping [18–20], 

electropolymerization [21–23], or adsorption phenomena [24,25]. 

One should also pay attention to the studies of Bandarenka et al. [26–28], taking into 

consideration the high analytical importance of capacitance dispersion due to surface 

heterogeneity and tracking impedance changes during electrochemical oxidation/reduction 

processes. DEIS carried out in potentiodynamic mode allows observing subtle structural 

modifications at the interface between the platinum electrode and the electrolyte. These 

modifications were related to surface transformation occurring in the two-dimensional 

adsorption layer, which was explained by a relatively slow exchange of ions between the outer 

and inner Helmholtz plane. For example, studies of oxygen electroreduction on Pt allowed for 

the isolation of three free radical intermediates at the electrode surface [26]. The utilization of 

potentiodynamic DEIS measurements has its first implementation in biosensing. The technique 

allowed for the detection of DNA hybridization by tracking the capacitance dispersion effects 

of the specifically-anchored oligonucleotide sequences at the anodically polarized boron-doped 

diamond electrode interface [4]. 

Due to the impossibility of an unambiguous determination of the initial electrode 

conditions, the differential analysis of the instantaneous changes of measured parameter 

emerges as a possibly lucrative approach towards sensory application. An analogous procedure 

was successfully applied in monitoring resonating frequency [27,28], electrochemical or 

acoustic noise [9,29], optical indices [30,31], etc. In electrochemical studies, the system’s 

instantaneous monitoring is possible due to dynamic impedance measurements in galvanostatic 

mode (g-DEIS), controlling the charge flowing through the electrode. This mode of operation 

in multisinusoidal impedance measurements was proposed first by Slepski and Ryl to handle 

the appearance of undesired polarization of the working electrode introduced by changes of the 

open circuit potential (OCP) [15,32,33]. Ryl and Wysocka adopted g-DEIS methodology in 
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their studies focused on efficient adsorption isotherm determination, carried out during 

controlled corrosion inhibitor injection to the electrolyte during the measurement [24,25].  

As the goal of this work, we explore the mechanism of glucose influence on GOx-

anchored over gold nanoparticles (AuNPs) based electrode using differential g-DEIS 

impedance analysis, revealing the complex adsorption mechanism and charge-transfer 

interactions. We have chosen modified Au nanostructures integrated with textured Ti platform 

as the investigation object since both gold and titanium are regarded as biocompatible materials 

ensuring direct contact with the human body that is of high importance for further real 

application in glucose diagnostics [34]. The composition of the electrode has been already 

optimized and characterized using microscopy and standard electrochemical methods while its 

sensing parameters have been already compared with others [35]. On the contrary to our 

previous work, herein the applied protocol boosts the high applicability of g-DEIS monitoring 

to measure the electric parameters’ derivative as a function of time and glucose concentration, 

independent of the electrode boundary conditions and heterogeneity, providing essential 

information on changes of biosensor kinetics. Similar studies have not been reported before and 

could state as a valuable support for other sensor-like investigations to the best of our 

knowledge. 

2. Experimental

2.1. Ti-Au nanotextured electrode fabrication 

The investigated electrode material is composed of a dimpled Ti plate where each cavity 

is filled with a single gold nanoparticle and modified with glucose oxidase. The composite 

structure was prepared via a three-step procedure covering a) fabrication of TiO2 nanotubes 

accompanied (TiO2NTs) with their subsequent etching, b) formation of AuNPs, and c) GOx 

immobilization. 

Before anodization, rectangular Ti plates (2×3 cm2, Strem 99.7%) were degreased in 

acetone, ethanol, and deionized water for 10 min in each medium, respectively. Afterward, each 

Ti plate was used as an anode and Pt mesh as a cathode in a two-electrode arrangement. Both 

electrodes placed opposite to each other were immersed in the cylindrical glass reactor filled 

with organic-water electrolyte. The synthesis protocol covers two subsequent anodization 

stages, followed by the etching of as-grown titania nanotubes. For each anodization batch, the 

electrolyte was composed of 0.27 M NH4F dissolved in 99%/1% vol/vol ethylene glycol/water 

mixture. To grow the TiO2NTs layer the voltage of 40 V was kept for 2 h and 6 h for the first 
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and the second anodization stage while the temperature of 23°C was maintained. The rate of 

voltage increase and the decrease was set to be 0.1 V/s and controlled by dedicated software. 

The TiO2NTs removal performed after the 1st and 2nd anodization was realized via overnight 

immersion in diluted 0.5% oxalic acid. After the second etching procedure, the Ti substrate was 

rinsed in ethanol and dried. Such material ascribed as titanium nanodimpled foil (TiND) was 

used for the next step of the fabrication procedure. The synthesis of gold nanoparticles starts 

from the evaporation of 10-nm thin Au film using magnetron sputtering machine (Q150T S 

system, Quorum Technologies) where the thickness of the formed metal coating is controlled 

by quartz crystal microbalance. Afterward, substrates were loaded in the electric oven for 10 

min at 450°C to ensure rapid thermal treatment. The obtained material was labeled as Au-TiND. 

Then, the modification by glucose oxidase was performed. The procedure was based on the 

approaches proposed by Crespilho et al. [36] and Li et al. [37] and modification exhibits cross-

linking character. The mixture used for the modification contains 4 mg bovine serum albumin 

(BSA, Serva), 2.5% glutaraldehyde (GA, Sigma Aldrich) and 0.5 mg/mL of GOx (135200 

units/g, Sigma Aldrich from Aspergillus niger). The BSA/GA/GOx solution was dropped onto 

the Au-TiND substrate and stored for 2 h in ambient conditions. When the incubation time has 

passed, the surface was washed by 0.1 M PBS, and then the sample (GOx/Au-TiND) was kept 

at 4°C until the electrochemical measurements. The whole modification process regarding 

enzyme anchoring was described in details in our previous work [35]. 

 

2.2.Ti-Au nanotextured electrode characterization 

The material’s surface topography at each fabrication step was verified using scanning 

electron (SEM) and atomic force (AFM) microscopies. SEM images for substrates at each 

fabrication step were captured using FEI Quanta FEG250 equipped with ET secondary detector, 

with 20 kV accelerating voltage. The AFM profile for dimpled TiND substrate was recorded 

using Nanosurf EasyScan2 in the contact mode regime. 

The Dynamic Electrochemical Impedance Spectroscopy in galvanostatic mode (g-DEIS) 

studies were performed on functionalized GOx/Au-TiND electrode during glucose injection to 

0.1 M PBS electrolyte (pH=7.4). The initial OCP value was -0.09 ± 0.02 V vs. Ag|Ag2O. The 

microflow peristaltic pump (Fluid BQ80S, China) was set to dose glucose to the 

electrochemical cell at a constant flow rate of 10 μL/min after an initial conditioning period of 

GOx/Au-TiND electrode in 0.1 M PBS. The injection was conducted upon reaching 10 mM of 

glucose in the electrochemical cell, which lasted for four hours. The g-DEIS studies were 
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carried out at zero DC current, which corresponds to OCP conditions. A linear increase of the 

OCP by 40 mV was recorded with glucose injection. 

 The three-electrode assembly was used, where: GOx/Au-TiND was the working 

electrode (WE), Ag|Ag2O served as a reference electrode (RE), and the Pt mesh as a counter 

electrode (CE). The g-DEIS measurement setup consists of Autolab PGSTAT 302N (Metrohm, 

Netherlands) galvanostat and two measurement cards: PXI-4464 for the generation of AC signal 

and PXI-6124 for the acquisition of AC/DC signals (both from National Instruments, USA). 

The g-DEIS measurements were carried out using a multisinusoidal perturbation signal 

composed of 29 elementary signals of various frequencies between 4.5 kHz and 0.3 Hz, with 

7.5 points per decade frequency. The amplitude of the perturbation signal was controlled to 

assure that the response signal amplitude does not exceed 20 mV.  The analytical window length 

was 10 s. 

Four GOx/Au-TiND electrodes were tested by cyclic voltammetry (CV) using: 

potentiostat/galvanostat AutoLab PGStat 302N (Metrohm, Netherlands). The three-electrode 

system was used: GOx/Au-TiND as WE, Ag/AgCl/0.1M KCl as RE, and Pt mesh as CE. The 

air-saturated 0.1 M PBS was the supporting electrolyte with different amounts of glucose in the 

range of 0-10 mM. The CV scanning rate was 50 mV/s. Fifty polarization cycles were 

conducted for each electrode, from -0.5 V to +1.3 V. The amount of cycles ensured Au 

oxidation on the whole electrode surface and prevented the degradation of the modification.  

The X-ray photoelectron spectroscopy (XPS) measurements were performed using 

Escalab 250Xi spectroscope (ThermoFisher Scientific), with a monochromatic AlKα source. 

The high-resolution spectra of Au4f for GOx-functionalized electrodes were showed. 

Calibration based on Au metal (84.0 eV).  

3. Results and discussion

As a model electrode material within this work, we propose the dimpled titanium foil

(TiND) covered with Au nanoparticles (Au-TiND) and functionalized with glucose oxidase 

(GOx/Au-TiND). This particular electrode material arrangement has been already optimized 

using different anchoring approaches and GOx content in the batch while depending on the 

applied electrochemical technique (cyclic voltammetry, differential pulsed voltammetry) the 

sensing parameters were compared to the literature data [35]. 
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Following the Experimental section’s description, each step of the fabrication procedure 

of the Au-TiND electrode material results in different morphology as depicted in Fig. 1. Highly 

ordered aligned titanium dioxide nanotubes are received after the second anodization stage onto 

the initially used flat Ti substrate. Their length reaches ca. 2.8 μm, whereas the internal diameter 

and the wall thickness equal to 85 nm and 15 nm, respectively (see Fig. 1a). The overnight 

immersion in oxalic acid solution resulted in the complete removal of TiO2NTs and textured Ti 

foil remains. As shown in Fig. 1b, the topography stays as a perfect imprint of the bottom part 

of the TiO2NTs layer showing uniformly distributed cavities adhering to each other [38,39]. 

According to AFM profile (see inset in Fig. 1b), each cavity has a ca. 85 nm diameter, whereas 

its depth reaches 6.9 nm. The dimples dimensions were determined as an average value of 30 

measurements at different places of the sample. After Au deposition, the initially sharp edges 

between cavities became smoother (Fig. 1c). Further thermal annealing results in each dimple’s 

occupation by a single gold nanoparticle (Fig. 1d). The obtained substrate is used as a 

nanostructured platform for modification with GOx. Following that, the proposed procedure 

could be regarded as a relatively simple one, allowing fabrication of the electrode material 

exhibiting a very high degree of ordering over the sizeable geometric surface area that is of 

significant importance considering sensor application. Nevertheless, the microscale’s surface 

complexity is relatively high and should be considered during electrochemical studies.    

 

 

Fig. 1. SEM image of a) TiO2 nanotubes (inset: cross-section image of TiO2NTs), b) titanium 
nanodimples (inset: AFM profile), c) TiND covered by thin Au layer, d) TiND substrate filled with 
AuNPs. 
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The Dynamic Electrochemical Impedance Spectroscopy in galvanostatic mode was 

carried out at zero DC current (iDC = 0) to reflect the open circuit potential conditions. A total 

of 1440 independent impedance spectra were recorded at the end of each experiment resulting 

from the length of the analytical window function (10 s). The exemplary instantaneous 

impedance spectra obtained throughout the glucose injection measurement are shown in Fig. 

2a. The impedance spectra reveal slight changes in the analyzed system’s electrochemical 

response, easier to recognize in classic 2D projection. Thus, Fig. 2b shows the capacitance 

impedance spectra in the Nyquist projection at selected time points representative for glucose 

concentration of 1, 2, 4, 6, 8, and 10 mM, transformed according to the procedure proposed 

elsewhere [40,41].  

Fig. 2. a) g-DEIS impedance spectra in the Nyquist plot, registered during the experiment with changes 
of the injected glucose concentration on the X-axis; b) exemplary spectra obtained throughout the 
measurement, plotted in the form of capacitance Nyquist plot; c) RS(CPERF) EEC used for spectral 
analysis; d) χ2-distribution for selected EEC. 

Each impedance spectra is built of a single, dispersed time-constant. Over time, the 

increase of glucose concentration leads to a slight but consistent decrease of capacitance on the 

electrode/electrolyte interface, marked with red arrows. A more detailed analysis is possible 

after the selection of the electric equivalent circuit (EEC) to fit the impedance data. Based on 

the shape of obtained spectra and previous literature findings [42–44] we proposed a modified 

Randles circuit. The RS(CPE-RF) EEC consists of electrolyte resistance RS, GOx-functionalized 

film resistance RF and constant phase element CPE, schematically presented in Fig. 2c. The 
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constant phase element represents the capacitive behavior of functionalized film and its 

heterogeneity. Its impedance is given with eq. (1): 

𝑍𝑍𝐶𝐶𝐶𝐶𝐶𝐶 = [𝑄𝑄(𝑗𝑗𝑗𝑗)𝛼𝛼]−1     (1) 

It should be noted that in the boundary case, if α=1, the CPE impedance responds to the 

capacitor of capacitance Q. In contrast, for α=0, the CPE impedance is assigned to the resistor 

of resistance 1/Q. Therefore CPE exponent α is often considered as the homogeneity factor; its 

decrease corresponds to the increase of heterogeneity, while Q reflects the quasi-capacitance of 

the heterogeneous electrode interface.  

The quasi-capacitance describes the complex charge accumulation at the heterogeneous, 

functionalized GOx/Au-TiND electrode surface. Its changes may originate from the change in 

electrode electric homogeneity through eq. (1), and the actual changes in the double layer 

capacitance or functionalized film capacitance, as defined with eq. (2). 

𝐶𝐶 = 𝜀𝜀0𝜀𝜀𝐴𝐴
𝑑𝑑

 (2) 

Here, ε0 and ε refer to vacuum permittivity and relative permittivity of GOx-functionalized 

electrode interface, respectively, A is the electrochemically-active electrode surface area and d 

stands for the functionalized layer thickness. Homogeneity factor α influence standardization 

requires estimation of the effective functionalized film capacitance CEFF with one of the 

available algorithms [45]. Eq. (3) defines CEFF in the case of the surface distribution of the time 

constants. 

𝐶𝐶𝐶𝐶𝐸𝐸𝐸𝐸 = 𝑄𝑄1 𝛼𝛼⁄ (𝑅𝑅𝑆𝑆−1 + 𝑅𝑅𝐸𝐸−1)(𝛼𝛼−1) 𝛼𝛼⁄     (3) 

The impedance spectra were analyzed using the Nelder Mead algorithm. The selected 

EEC offered high fitting quality, represented by the χ2-distribution, see Fig. 2d. The lowest fit 

quality was found in the concentration range between 2 and 6 mM, possibly originating from 

higher system non-stationarity at that time, yet it did not exceed 1.4×10-3. It should be noted 

that χ2-distribution should not be considered the primary factor during EEC selection, as 

illustrated by the example present in the Supplementary Information file, section S1. 

The absence of additional time constants in the EEC originates from two factors: similar 

relaxation times of the occurring processes and the g-DEIS restriction regarding the low-

frequency measurement range. The lowest applied frequency is constrained by the length of the 

analytical window, which, on the other hand, is constrained by the non-stationary behavior of 

the investigated system [8,23]. More developed EEC models were also evaluated during the 
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impedance data analysis and discussed in Supplementary Information Figs. S1, S2. Here, 

another significant advantage of g-DEIS measurements emerges in comparison to the classic 

EIS approach. The single numerical values most often provided with EIS studies do not allow 

for a direct verification if changes of the EEC parameters are physically explicable. Lack of 

continuity of analyzed electric parameters disqualifies their selection. 

Fig. 3 presents the scheme of g-DEIS impedimetric measurement methodology, which 

consists of two parallel experiments, without and with glucose injection, as shown in Fig. 3a. 

The recorded instantaneous impedance spectra are fitted with EEC to obtain the electric 

parameters (see Fig. 3b). 

 

 

Fig. 3. a) Schematic representation of the electrochemical setups: left - with glucose supplied by a 
peristaltic pump,  right – used for the reference experiment. b) The fitting process’s output with the 
Nelder Mead algorithm while resultant electric parameters were used further in differential function 
leading to graph c). 

 

The complex changes of the impedance parameters are dependent on (i) the initial 

electrode conditions and (ii) environmental factors affecting the investigated system. The 

studied electrode’s initial electric parameters are influenced mainly by uncontrollable 

differences in bulky enzyme-functionalized layer thickness, subtle variation in electrode 

geometry, and electroactive surface area. Even small changes in electrode or electrolyte 

parameters will alter experimental conditions. Therefore, the protocol based on differential 

impedance analysis leading to the final output graph given in Fig. 3c emerges as the new 

possible approach to evaluating complex electrode kinetics. 
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The differential impedimetric analysis of the studied electric parameters: RF, CEFF, Q, and 

α are shown in Fig. 4. The oxygen is the primary factor affecting electrode response in glucose 

absence through direct interaction with the enzyme or the corrosion process in Au-TiND nano-

galvanic cells. The second set of measurements was done after purging the electrolyte with 

argon to evaluate the oxygen influence on the studied system.  

 

 

Fig. 4. Instantaneous changes of: a) enzyme-functionalized film resistance RF; b) CPE exponent – the 
homogeneity factor α, and c) CPE quasi-capacitance Q; d) functionalized film effective capacitance 
CEFF. 
 

The observed changes in the functionalized film resistance present quite complex 

behavior. The ∆RF parameter value (Fig. 4a) initially increases but reaches a plateau later on. 

This behavior is independent of argon purging; however, in the absence of dissolved oxygen, 

the measured resistance values are slightly higher, possibly due to the oxygen depolarization 

process occurring at the Au-TiND electrode interface.  

Neither of the reference experiments (with or without argon purging) was characterized 

by an increase in RF over experiment duration, which confirms that glucose injection is directly 

responsible for successful inhibition of the charge transfer through the enzyme-functionalized 

film at the electrode surface. The above could be assigned to the interaction between glucose 

and GOx-functionalized Au-TiND electrode, according to eqs. (4-6) [46]: 
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Glucose + GOx(FAD) → Gluconic acid + GOx(FADH2) (4) 

GOx(FADH2)+O2 → GOx(FAD) + H2O2   (5) 

H2O2 → O2 + 2H+ + 2e- (6) 

Following eq. (4) enzyme FAD centers present on the electrode surface start to saturate, 

restricting the electrochemically active surface area. The function ∆RF(cglucose) is characterized 

by inflection at cglucose = 3.8 mM. The most likely explanation for the alteration of charge 

transfer kinetics at that concentration is the appearance of secondary electrode processes at that 

point. It should be noted that the following trend of changes is possible either due to (i) the 

occurrence of two competitive processes at low glucose concentrations, one of which is ceased 

at some point, or (ii) initiation of the electron transfer reaction at higher concentrations. The 

authors’ hypothesis favors the second option. Initiation of a redox process results in the drop of 

functionalized film resistance through the electrode, an observation widely reported in previous 

DEIS studies [7,40,47]. In authors’ opinion, metallic gold oxidation in the presence of H2O2 is 

responsible for the observed change in charge transfer kinetics. Being the product of eq. (5), 

H2O2 could release the oxygen according to eq. (6). The hypothesis will be evoked further on. 

On the other hand, full and uniform blockade of GOx-functionalized electrode by glucose 

molecules takes place at glucose concentrations exceeding 10 mM.

More detailed information regarding the glucose influence may be obtained by studying 

the parallel capacitance changes. As mentioned before, the CPE exponent α is considered the 

electrode homogeneity factor. The ∆α changes are presented in Fig. 4b. The electric 

homogeneity of the studied electrode is not strongly affected at the start of the experiment. 

However, after reaching approx. 1.9 mM glucose concentration, the value of α is slowly 

decreasing. This feature is negligibly affected by the oxygen content; however, if argon is 

purged into the system before the experiment, the electrode homogeneity is higher.  

The most prominent influence on electrode homogeneity is visible after exceeding a 

glucose concentration of 3.8 mM. This observation is in good agreement with the proposed 

electrode blockade mechanism. The injected glucose adsorbs at the electrode surface interacting 

with GOx at the most outer layers of functionalized Au-TiND substrate. Consequently, it leads 

to the local modification of the charge transfer kinetics through the appearance of temporarily 

saturated areas within the enzyme-anchored platform [48]. The higher the glucose 

concentration, the deeper the enzyme layers are affected. Negligible ∆α changes observed in 

the initial period of the experiment reflect the behavior of partially-blocked, spatially 

heterogeneous electrodes with small-sized blocked areas. Davies and Compton thoroughly 
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investigated the following subject when considering the distribution of the diffusion layers for 

electrodes composed of conductive and insulating parts [49–51]. However, in our case, the 

electrochemically heterogeneous surface is less defined since the local dispersion is 

characterized by less evident differences in conductivity. The conductive areas’ local dispersion 

is initiated with larger enzyme saturated areas and blocked zones within the functionalized film.  

While the quasi-capacitance Q alone does not provide valuable information without its 

proper standardization to CEFF, the ∆Q was plotted in Fig. 4c for comparison. Next, the ∆CEFF 

function obtained through eq. (3) is plotted in Fig. 4d. When comparing the obtained results 

with and without argon purging, one can see a significant difference in the electrode 

characteristics introduced by glucose injection. Interestingly, in both studied cases, the resultant 

effective capacitance changes reveal a nearly-linear decrease with linearly growing glucose 

concentration. GOx-functionalized film blocks the charge transfer on glucose injection, 

gradually restricting the electroactive surface area, decreasing the effective capacitance. 

Furthermore, as was reported by Liao et al. [52], the relative permittivity of aqueous glucose 

solution decreases with the increase of glucose concentration in a linear manner. Both of these 

relationships explain the linear fall of the CEFF value during glucose injection. However, when 

the amount of oxygen is minimal, the ∆CEFF parameter is significantly less affected. Carrying 

out the experiment without glucose dosing or purging electrolyte with argon, the CEFF parameter 

slowly and linearly increases (approx. by 1 µF), assigned to the corrosion process occurring in 

nanogalvanic Au-TiND cells. 

The voltammetry tests were also performed in 0.1 M PBS to confirm the sensing 

capability of the GOx-functionalized electrode and validate the concentration range of its 

performance, plotted in Fig. 5a. The little oxidation hump was observed at +0.9 V in the pure 

PBS solution, whereas at the reverse scan the reduction at ca. +0.4 vs. Ag/AgCl/0.1M KCl was 

recorded. Those signals are attributed to the gold oxide formation and its further reduction, 

respectively [53]. Systematic growth of the oxidation current density at +0.9 V vs. 

Ag/AgCl/0.1M KCl occurs along with the increase of glucose level, as shown in Fig. 5a. Three 

ranges exhibiting different slopes emerge regarding the tendency of current change. The most 

rapid change is found in the lowest glucose concentration range, up to 2 mM, while above it, 

the current growth rate noticeably changes its dependence. The sensitivity values in those linear 

ranges equal to 19.3 and 23.9 µA cm- 2 mM-1 for the lowest (in green frame, Fig. 5a) and 

medium (in yellow frame, Fig. 5a) glucose level, respectively. 
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Upon further glucose dosage (shown in the blue frame, Fig. 5a), when the concentration 

exceeds 4 mM, the slope diminishes, and the current density reaches the plateau near 10 mM. 

It can be then concluded that for concentrations above 10 mM the enzyme active centers are 

filled with glucose. However, we would like to underline that from the application point of 

view, the sensitivity value (4.8 µA cm- 2 mM-1) found in the highest glucose level (blue frame 

in Fig. 5a) cannot be considered for reliable detection. 

 

 

Fig. 5. a) CV curves registered for GOx/Au-TiND electrode in the air-saturated 0.1 M PBS for different 
glucose concentrations; b-c) the Lineweaver-Burk plot of the GOx/Au-TiND biosensor, based on: b) 
dynamic impedance response, c) voltammetric response. 

 

While the CV allows evaluating glucose oxidase based on gold oxidation, through the 

polarization peak at +0.9 V, the analogous g-DEIS results hint at the possibility of Au oxidation 

already at OCP conditions. The activity of glucose oxidase is directly dependent on oxygen and 

glucose availability. The GOx catalyzes glucose oxidation to gluconolactone and H2O2 using 

oxygen, while gluconolactone is hydrolyzed to gluconic acid. The process was tracked with the 

titrimetric method; chromogenic substrate color changes were monitored 

spectrophotometrically [54,55]. According to the complementary interpretation proposed by 

[56,57], a summary reaction eq. (7) is likely to occur. 

4Au + 4H2O2 → 2Au2O3 + O2 + 8H+ + 8e-    (7) 

The Michalis-Menten constant (KM) was estimated for the studied system based on both 

g-DEIS and CV measurements, to determine the biological activity of the immobilized enzyme. 
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This parameter is derived from the Lineweaver-Burg equation based on voltammetric response 

using eq. (8) [58,59].  

1
𝑖𝑖𝑆𝑆𝑆𝑆

= 𝐾𝐾𝑀𝑀
𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚

1
𝑐𝑐𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔

+ 1
𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚

(8) 

where iSS and imax are currents measured for glucose detection under steady-state and GOx 

saturation, respectively. Similar estimation may be drawn from g-DEIS results, based on ∆RF 

function, given into consideration that at low overpotentials eq. (9), is met. 

𝑅𝑅𝐸𝐸 = 𝐵𝐵 1
𝑖𝑖

(9) 

where B is the proportionality constant. More detailed information is given in the 

Supplementary Information file, section S2. The GOx enzyme kinetic constant, KM, was 

found to be equal to 2.45 mM when estimated based on the g-DEIS data (Fig. 5b) and 1.54 mM 

based on the CV results (Fig. 5c). The difference derives from different analytical approaches 

and electrode polarization ranges. The KM values reported for the enzymatic glucose sensors 

containing AuNPs show large discrepancies: from 0.23 mM [60], 0.6 mM [48], 1.08 mM [58] 

and even 5.66 mM [59]. Here, both the obtained results match the literature survey. Importantly, 

performing the electrochemical measurement under argon purging reduces the KM value 

obtained with g-DEIS technique, down to 0.6 mM. The above suggests that glucose interaction 

is prone to interference by oxygen concentration through eq. (5) and (6), a problem wider 

described elsewhere [61]. Moreover, a smaller KM value indicates higher enzyme activity and 

affinity to glucose. This phenomenon was observed and discussed by Asrami et al. [62], who 

suggested that the atmospheric oxygen molecules dissolved in the electrolyte adsorb at the 

sensor surface, forming a semiconducting film (TiO2 in this case). As a consequence, the 

decrease of the transducer conductance is observed, hindering the electrochemical glucose 

oxidation step represented with eq. (6). 

 The high-resolution X-Ray Photoelectron Spectroscopy (XPS) studies were carried out 

on GOx-functionalized Au-TiND electrode to verify the possibility of gold oxidation at OCP 

conditions and the hypothesis regarding the role of H2O2 at the third observed phase of glucose 

interaction. These measurements were carried out for the electrodes pre-exposed in the 

electrolyte with specific glucose concentration. The measurements were carried out in Au 4f 

binding energy (BE) range at glucose concentrations of 1, 3, 6, and 10 mM. Fig. 6a reveals the 

Au4f XPS spectra’ shape at the lowest and the highest analyzed glucose concentration.  
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Fig. 6. High-resolution XPS spectra recorded at Au4f BE range with proposed peak deconvolution, and 
b) the changes of Au 4f5/2 Au2O3/Au(OH)3 component share in the total signal from gold.

The deconvolution model was composed of two peak doublets. First, the dominant 

component with Au 4f5/2 peak located at BE of 84.0 eV should be ascribed to the metallic gold 

[63–65]; however, the model was enriched by the second peak doublet with Au4f5/2 peak at 

85.8 eV. While its absence during data analysis for the lowest glucose concentration does not 

lead to significant fitting errors, the secondary component’s peak area gradually increases and 

is non-negligible at higher concentrations. This peak doublet is most often ascribed to Au(III) 

[66,67], confirming the presence of gold oxides and/or hydroxides.  

The Au(III) share in the total [Au] signal recorded was plotted versus glucose 

concentration in Fig. 6b. This data reveals that gold electrode substrate undergoes gradual 

oxidation, most likely under mechanism proposed in eq. (7). The oxidation process is restricted 

to exposure at electrolytes containing glucose concentration exceeding 3.8 mM, supporting the 

authors’ hypothesis. The small share of the oxidized gold at lower concentrations is constant 

and most likely arose during the electrode pre-treatment. The adsorption of H2O2 to the 

components of the model system of Au/TiO2 and decomposition to 2OH while interaction with 

surface hydroxyls on TiO2(100) can provide a low barrier to a surface OOH species, and even 

water formation [68]. Ishida et al. explored the decomposition of H2O2 with the use of different 

AuNPs’ sizes and formation of active oxide species [69]. Studies show that gold nanoparticles 

can interact with O2 and be used for catalysis at room temperature [70,71]. 

The proposed mechanism of glucose interaction with GOx-functionalized Au-TiND 

electrode is summarized in Fig. 7. According to the previously provided explanation, the first 

concentration range (0 – 1.9 mM) is characterized by the saturation of the outer active centers 

within the GOx-functionalized film, producing H2O2, which then takes part in FADH2 
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conversion to FAD. The process mentioned above is assisted with the increase of the film 

resistance, but the global change in electrode homogeneity is negligible due to the small-sized 

glucose-saturated areas. The possible evolution of analyzed impedance is restricted to outer 

functionalization coating. 

 

Fig. 7. Schematic representation of the kinetic changes occurring at the GO-functionalized Au-TiND 
electrode during glucose injection at a constant rate. 

 

The more glucose is injected (range 1.9 – 3.8 mM), the more complex changes are 

observed. The electrode homogeneity significantly decreases, which can be traced primarily by 

the CPE exponent α. Presumably, the electrode is now characterized by surface and normal 
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distribution of the time constants, and glucose can saturate inner functionalization layers. 

Notably, the derivative of the solution resistance and functionalized film resistance changes 

remain the same as they were in the first stage. 

In the last analyzed glucose concentration range (3.8 – 10 mM), at least some of the active 

centers in the whole volume of GOx-functionalized layer are saturated, leading to the 

production of H2O2 species directly in the vicinity of gold nanoparticles substrate. As a 

consequence, no further ∆RF changes are observed. Since all the active centers are saturated, 

the H2O2 produced in the nearest vicinity of the electrode surface leads to gold oxidation. The 

process proceeds competitively to eq. (6). At this concentration range, the parallel resistance is 

not solely bound to the functionalized film resistance but also the charge transfer resistance of 

gold oxidation, as discussed during EEC selection. Initiation of the electron transfer process 

results in a subsequent drop of parallel resistance [7,15]. Above 10 mM concentration, all active 

centers in the enzyme are saturated by the glucose molecules, and the overall process is 

inhibited, being dependent on the FAD to FADH2 transformation rate. 

4. Conclusions

We have proposed a new protocol to explore the complex, multi-step electrochemical

response of nanotextured surfaces. The studies allowed tracking glucose oxidation at GOx-

functionalized AuNPs. Dynamic impedimetric measurements in the galvanostatic mode 

guaranteed a non-destructive and reproducible environment, partially omitting the electrode’s 

initial state’s lack of knowledge. Moreover, the g-DEIS allows for an accurate and easy 

Michaelis-Menten constant determination, which was found to be 2.45 mM. 

The novel approach with g-DEIS allows to observe subtle variations in the kinetics of the 

analyzed process due to below-summarized interactions: i) the decrease of GOx activity by 

oxygen dissolved in the electrolyte, presumably due to formation of semiconductive TiO2 thin 

film; ii) change in the electrode homogeneity due to GOx active centers saturation at glucose 

concentrations exceeding 3.8 mM; iii) irreversible AuNP oxidation by hydrogen peroxide 

produced during GOx(FADH2) transformation in the nearest vicinity of the nanotextured 

electrode surface. The gold oxidation process further affects electrode homogeneity and, in 

consequence - kinetics. This multi-step behavior was first confirmed by g-DEIS measurements 

and positively verified using XPS and CV studies. The results indicate that the proposed 

approach’s unique features could significantly spread further application of targetable 

biosensors for real-time diagnostics. At the same time, the information obtained with g-DEIS 
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should be considered to prepare calibration curves upon analyte dosing when the electrode’s 

performance is examined. 
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S1. Estimation of the impedimetric results with different electric equivalent circuits 

Although within the manuscript we have chosen RS(CPE-RF) EEC, other equivalent circuits were also 

taken into consideration during our studies. In particular we have considered the utilization of Warburg element 

to simulate the diffusion resistance, which based on the literature survey [1,2] .  

First, we have applied the simple Randles circuit expanded only with Warburg impedance in series with 

GOx-functionalized film resistance: RS(C(RFW)). This circuit does not take into consideration the surface 

heterogeneity, originating from complex and nanotextured GOx/Au-TiND electrode structure as well as 

saturation of enzyme active centres by glucose. The results of impedance analysis with RS(C(RFW)) EEC are 

shown on Fig. S1.  

Authors have chosen exactly the same data, which served to present Figs. 2d, 3, 4 and 5 to provide easy 

illustration how EEC selection affects not only the values but also the distribution of obtained fitting quality. 

The functionalized film resistance RF (Fig. S1a) is characterized both with unreasonably low values as well as 

very high spread, ranging 9 orders of magnitude. The lack of continuity of this parameter versus time and 

glucose concentration should be considered the decisive factor affecting EEC selection. Such high fluctuation 

in RF are inexplicable, which concludes that RS(C(RFW)) is not capable to provide projection of real physical 

parameters. 

On the other hand, both values and trend of changes in the capacitance (Fig. S1b) are nearly mirroring 

the CEFF data, based on Hirschorn model and presented on Fig. 5. It should be noted that the spread of the 
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obtained data is slightly higher in this case. Warburg coefficient W obtained based on RS(C(RFW)) EEC show 

similar discrepancy, with multi-step behaviour somehow correlated with glucose concentration changes as 

reported within the manuscript.  

Fig. S1. The results of instantaneous impedance data fitting calculated with RS(C(RFW)) EEC: a) RF, 
b) C, c) W and d) χ2-distribution. The data were obtained with g-DEIS as a function of injected glucose
concentration changes cglucose.

However, the value of Warburg coefficient should be dropping with the increase of glucose 

concentration. Warburg impedance ZW is a special case of constant phase element CPE for α = ½ (see eqs. (1) 

and (S1)), which in authors opinion leads to a significant dependence between ZW, capacitance dispersion and 

increase in electrochemical heterogeneity of the electrode. The Warburg coefficient W may be described using 

eq. (S2). 

𝑍𝑍𝑊𝑊 = 𝑗𝑗𝑊𝑊
√𝜔𝜔

 (S1) 

𝑊𝑊 = 𝑅𝑅𝑅𝑅
𝐴𝐴𝑛𝑛2𝐹𝐹2𝜃𝜃𝜃𝜃√2𝐷𝐷

(S2) 

where R and F are gas and Faraday constants, respectively, T is thermodynamic temperature, n is the valency, 

A is electrochemically active surface area, θ is the fraction of reduced and oxidized species, 

C is the concentration of the electrolyte and D is the diffusion coefficient. 

Last but not least, the χ2-distribution is nearly 3x higher for RS(C(RFW)) in comparison to RS(CPERF) 

EEC. Importantly, the value of χ2-distribution was increasing over time, which suggests that the equivalent 

circuit poorly represents changes introduced by glucose addition.  

To summarize, while revealing similarities with RS(CPE-RF) EEC, RS(C(RFW)) is characterized by 

inexplicable values and spread of functionalized film resistance during the course of measurements as well as 
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difficult to explain behaviour of Warburg coefficient function, affected by electrode heterogeneity. The level 

of fit was decreasing throughout the measurement, suggesting that some physical processes were not included. 

Since some of the issues with the discussed above circuit derived from disregarding the capacitance 

dispersion, the next investigated circuit, RS(CPE(RFW)), included CPE instead of a capacitance. The results of 

impedance analysis with following circuit are presented on Fig. S2. 

Fig. S2. The results of instantaneous impedance data fitting calculated with RS(CPE(RFW)) EEC: a) RF, b) 
CPE parameters Q and α, c) W and d) χ2-distribution. The data were obtained with g-DEIS as a function of 
injected glucose concentration changes cglucose.  

The RS(CPE(RFW)) EEC had similar difficulties in representation of the parallel resistance changes, in 

particular in concentration range exceeding 3.8 mM, where gold oxidation process is initiated. Importantly to 

note, the behaviour of CPE parameters Q and α reveal a similar dependence as in the case of RS(CPERF) 

function, suggesting that inadequate equivalent circuit selection only to a small extend affects the capacitive 

parameters. This is an important observation, taking into consideration the development of the capacitance 

sensors, that base on the impedance measurements. 

The better fit of this model was further verified by the expected changes in Warburg coefficient over 

glucose injection. Its linear drop and inflection at 3.8 mM are in good agreement with eq. (S2), suggesting that 

the parameter is primarily but not exclusively affected with glucose concentration. One should also note, that 

the calculated W values were two times smaller in comparison with RS(C(RFW)) EEC.  

The primary reason behind rejection of the RS(CPE(RFW)) EEC from further studies was connected 

with alarmingly high spread of RF values. Other calculated parameters were also characterized with higher 

data discrepancy in comparison to RS(CPE-RF), but not large enough to hinder the dynamics of changes in 

electrical parameters. The χ2-distribution in this case was nearly two orders of magnitude lower, which derives 

from greater number of degrees of freedom in the applied model.  
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Due to the restriction of g-DEIS measurements in low-frequency regime (measurements were carried in 

the frequency range between 4.5 kHz and 0.3 Hz) we came to a conclusion that the Warburg impedance should 

not be included in the final EEC selection. The diffusion resistance is typically revealed at frequencies beneath 

1 Hz.  

It is important to observe another emerging advantages of the g-DEIS measurements in comparison with 

classical EIS approach. The single numerical values most often provided with EIS studies does not allow for 

a direct verification if changes of the EEC parameters are physically explicable. χ2-distribution should not be 

considered the key parameter when discussing the EEC. 

S2. The i-to-RF transformation for the Linewaver-Burg equation 

Determination of the Michaelis-Menten constant KM based on Lineweaver-Burg equation requires the 

knowledge of the current flowing through the electrode at different glucose concentrations. The current 

function under polarization conditions is described by the Butler-Volmer formula, eq. (S3). 

𝑖𝑖 = 𝑖𝑖0 �𝑒𝑒𝑒𝑒𝑒𝑒 �
(1−𝛼𝛼)𝑛𝑛𝐹𝐹𝑛𝑛

𝑅𝑅𝑅𝑅
� − 𝑒𝑒𝑒𝑒𝑒𝑒 �−𝛼𝛼𝑛𝑛𝐹𝐹𝑛𝑛

𝑅𝑅𝑅𝑅
�� (S3) 

where i0 is the exchange current, E is the electrode potential, α is charge transfer coefficient, F, R, T, n have 

their usual meaning. For low overpotentials (the conditions that match our experiment) eq. (S3) may be 

simplified by replacing the exponential function with a linear function: 

𝑒𝑒𝑥𝑥 ≈ 1 + 𝑒𝑒   (S4) 

and modify the Butler-Volmer formula (S3) to simplified form (S5): 

𝑖𝑖 = 𝑖𝑖0
𝑛𝑛𝐹𝐹
𝑅𝑅𝑅𝑅
𝐸𝐸 (S5) 

Eq. (S5) describes the current response, which is proportional to the voltage perturbation in the studied system 

and the inverse of the resistance describing the studied reaction. In the simplified form, eq. (S3) may be written 

as (S6). 

𝑖𝑖 = 𝐵𝐵
𝑅𝑅𝐹𝐹

(S6) 

where B is the voltage proportionality coefficient, characteristic for the studied electrochemical process. 
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