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Abstract 

Albert is a dog (Canis familiare simum), but he does not realize this. Albert loves human food 

(and beer), watching movies on the internet, sleeping in bed, and more. But he should not do all these 

things. To convince him that, we have desinged a test procedure. The DEFB1 gene is unique to human 

species. Detecting its presence from saliva and in short periods may offer an advantage in the field of 

forensic medicine, and influence Albert’s bad habits.  

This study reveals novel utilization of the multisine impedance spectroscopy carried out during 

potentiodynamic polarization (pDEIS) of the electrode. We have utilized pDEIS to detect DEFB1 gene in 

collected saliva samples. The detection process was conducted at the boron-doped diamond surfaces 

functionalized with DEFB1-complimentary oligonucleotide sequence, anchored at the electrode surface. 

Next, a short-term electrode incubation in presence of target DNA sample allows for achieving DNA 

hybridization when exposed to human DNA material. The dsDNA orientation vs electrode surface is 

affected by polarization, and tracked by changes in the electrode kinetics preceded by subtle capacitance 
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dispersion effects. The optimized measurement conditions range between +0.5 and +0.9 V vs Ag|AgCl 

due to nonspecific DNA adsorption, affecting heterogeneous charge transfer. The DNA hybridization is 

not achieved in the case of non-complimentary ssDNA originated from any other species subjected to this 

test. The discussed differences obtained during electrode incubation are supported by the XPS analyses. 

 

Keywords: beta-defensin 1 gene, impedance biosensor, boron-doped diamond, multisine impedance 

spectroscopy 

1. Introduction 

Many diseases can be easily diagnosed based on nucleic acid analyses, forming a rapid necessity 

to develop new techniques for DNA sequence detection, which is based on hybridization events [1]. The 

concentration of human genomic DNA may be determined by a couple of methods, but the most common 

approaches for biological samples require DNA material amplification with polymerase chain reaction 

(PCR) or branched DNA [2,3], which makes these techniques sophisticated, time-consuming, and highly 

dependent on human error [4,5]. Other methods for ultrasensitive detection of DNA material include 

spectrophotometric [4,6], fluorescence spectroscopy [7,8], or quartz-crystal microbalances [9]. Next, the 

detection of DNA denaturation could be conducted at diamond micro-cantilevers operating in dynamic 

mode in liquid environments. It was detected by physically by comparing the resonance frequency shift of 

the measuring diamond [10].  

Recently, various electrochemical methods (potentiometric, voltammetric and impedimetric) find 

more and more utility for the hybridization and damage of DNA material [11–15]. None of these require 

DNA amplification, presenting an alternative for cost-efficient detection without, but electrochemical 

impedance spectroscopy stands out strongly, where the reported DNA hybridization detection limits 

ranges attomoles [16,17]. With some exceptions, the above given methods, however, suffer from low 

detection specificity [4]. 

The target single-stranded DNA (ssDNA) is anchored from the electrolyte to an electrode surface 

specifically-tailored by the complimentary oligonucleotide sequence, and leading to DNA hybridization. 

In electrochemical biosensing, the detection is based on measuring the anchoring-associated changes in 

charge transfer kinetics, and its comparison with the reference [18,19]. The electrode functionalization 

through the reduction of diazonium salt can lead to numerous processes, such as Suzuki cross-coupling 

[20] or Sonogashira reaction [21] etc. Different functionalization routes may be used for recognition of 

different macromolecules, such as proteins, enzymes or antibodies [18,22–24]. 
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Boron doped diamond (BDD) electrodes are the foundations for creating new electrochemical 

biosensors platforms with very high sensitivity and selectivity for the selected analyte. These electrodes 

possess a wide electrochemical potential window and low background current what significantly increases 

not only the scope of analyzed electroactive compounds but also considerably influences the limit of 

detection [25]. Additionally, the BDD electrodes are characterized by high chemical resistance in aqueous 

and non-aqueous media, good resistance to fouling [26] and are regarded as biocompatible [27]. The 

desired features of the BDD electrode as biosensors are achieved through their surface functionalization 

by chemical methods [28]. Numerous studies reveal the possibility of BDD electrodes functionalization 

with tRNA, as well as single and double-stranded DNA chains or oligonucleotides [29,30]. Nebel et al. 

[31,32] proposed an electrochemical sensing platform based on BDD functionalized with specific ssDNA 

and allowing to detect DNA hybridization at the electrode surface. Yang et al. [33] obtained a strong 

binding preference to complementary versus non-complementary DNA sequences through photochemical 

functionalization. 

Faradaic impedance spectroscopy is usually considered to be more sensitive to the insulation of 

the electrode surface upon the binding of bulky antibodies to the antigen-functionalized electrode surfaces, 

allowing to achieve low limits of detection, is the electrochemical impedance spectroscopy. The detection 

procedures of the impedance to biosensors are typically carried out in the presence of a redox couple, at its 

formal potential, to keep the system at its equilibrium state and maintaining stationary conditions 

throughout the experiment. However, performing the tests in potentiostatic conditions provides a major 

restriction since the differentiation between impedance response in the absence and presence of a studied 

analyte may be enhanced at certain polarization potentials. Recent DNA hybridization studies prove 

potentiodynamic conditions to be highly valuable for successful DNA assays. This situation is possible in 

particular when the differentiation factor results from varied kinetics of the adsorption/desorption process, 

such as nonspecific adsorption of the target DNA [34,35]. On the other hand, the application of 

electrochemical impedance spectroscopy (EIS) in non-linear and non-stationary conditions during 

potentiodynamic polarization is controversial. 

Impedance measurements with multisine perturbation signal allow obtaining instantaneous 

impedance data for system characterized by dynamically changing conditions. This way, dynamic 

electrochemical impedance spectroscopy (DEIS) was successfully utilized to investigate non-stationary 

processes, such as various types of corrosion [36,37], erosion [38], but also fuel cells failure [39], polymer 

coatings [40] or adsorption processes [41]. More importantly, superimposing the multisine perturbation 

signal on linear sweep voltammetry (LSV) measurement offers significantly enhanced characteristics of 

the electrochemical processes occurring at the electrode interface. This includes electric parameters 
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derivatives as a function of time or polarization depth [42], allowing for a deep insight into nonspecific 

hybridized DNA adsorption. Taking the above into consideration, the authors have decided to utilize the 

DEIS technique to perform an attempt of DNA assay. 

The target of this study is the beta-defensin 1 gene (DEFB1), which is present in the Homo 

sapiens genome and specific to the human DNA. The DEFB1 codes for an antimicrobial peptide 

implicated in the resistance of epithelial surfaces to microbial colonization. Thus, the above-mentioned 

gene can be used to distinguish between human and non-human DNA. Such a discrepancy would be 

useful in diagnostics [43] or forensic medicine when DNA samples of unknown origin are analyzed, 

where usually it is performed by antibody tests detecting human body fluid or PCR testing detecting 

human DNA. The following manuscript presents novel sensing approach of human DNA based on the 

evaluation of potentiodynamic DEIS (pDEIS) for saliva extracts of human origin with the reference to the 

analyte collected for selected mammals and bird species. To the best of the authors' knowledge, this is the 

first reported attempt to perform qualitative electrochemical analysis of complex macromolecular 

structures with multisine impedance technique.  

2. Experimental 

2.1 Materials and chemical reagents 

All chemicals and solvents were analytical grade and were used without any further purification. 

Potassium ferrocyanide K4[Fe(CN)6], hydrochloric acid, sodium nitrite and PBS buffer components were 

purchased from POCh (Poland), N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC), 

N-hydroxysuccinimide (NHS) and 4-aminobenzoic acid were purchased from Sigma-Aldrich (USA). The 

commercially available amino-modified oligonucleotides used for tailored functionalization of BDD 

electrodes were purchased from Genomed (Poland). The sequence of oligonucleotide was  

amino- (CH2)6- 5’- CCC AGT TCC TGA AAT CCT GA-3’, hereafter referred to as ssDNA probes. 

The target DNA samples were obtained using the below-described procedure. Buccal swabs were 

collected from ten men and women and eleven animals: two guinea pigs, two geese, dog, two ducks, two 

cats, and two hens. DNA was isolated using the phenol-chloroform method. The swabs were incubated 

with 400 μl TE buffer pH 8.0, 20 μl proteinase K (20 mg ml-1 ) and 13 μl 20% SDS overnight at 56°C. 

Then, the samples were extracted with phenol:chloroform:isoamyl alcohol mixture (25:24:1), and 

precipitated with absolute ethanol and 3 M sodium acetate. Precipitates were resuspended in Tris-HCl 

buffer (pH 8.5) and purified using microcolumns (Ultracel YM 100, Microcon) according to the 

manufacturer's protocol. The total DNA concentration was measured with a NanoDrop-1000 

spectrophotometer (ThermoFisher Scientific, USA) following the manufacturer’s protocol and its quantity 
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was normalized to 100 ng µl-1. Finally, the solution containing extracted samples was heated at 95oC to 

unravel the DNA double-strand directly before the incubation at the electrode. It should be noted that 

samples contained DNA of an analyzed organism and microbes, in an unknown ratio, due to difficulties in 

measuring DNA of each species. 

The BDD films were synthesized in a microwave plasma-assisted chemical vapor deposition 

system (SEKI Technotron AX5400S, Tokyo, Japan). The BBD electrodes were deposited on p-type 

silicon (100) plates with dimensions 10 x 10 mm, with 500 µm thickness and electric resistivity ranging 

10 Ωcm. The Si substrates were cleaned in an ultrasonic bath for 2 min in acetone and 2-propanol, and 

next nucleated in water-based nanodiamond suspension (NanoAmando Aqueous Colloid, Japan) for  

25 min. The optimized parameters set were 1% CH4 of 300 sccm total gas flow and 2% of diborane (B2H6) 

which corresponds to 10000 ppm [B]/[C] ratio in the gas phase. The temperature of the heated stage was 

set to 700℃, microwave power to 1300 W, process pressure to 50 Torr. The time of the deposition was 6 h 

which results in approx. 3 µm thick diamond film [44].  

Following the deposition process, a four-step pre-treatment of deposited BDD/Si electrodes was 

applied to obtain H-terminated surface and etch sp2-carbon phase impurities. First, the removal of  

sp2-carbon phase impurities by a hot “piranha” solution (H2O2:H2SO4 1:3, v-v) at 90°C, followed by 

hydrogen plasma treatment under following conditions, heated stage temperature was set to 500℃, 

microwave power to 1100 W, the pressure to 50 Torr and hydrogen flow to 300 sccm. The time of 

hydrogen plasma treatment was optimized to 10 min.  

 

2.2 Modification, functionalization and incubation steps 

Before their functionalization, the BDD electrodes were ultrasonically cleaned in methanol 

solution for 10 min, washed with distilled water and dried in air. In the first modification step, the BDD 

was electropolymerized by the reduction of diazonium salt of 4-aminobenzoic acid to generate carboxylic 

groups on the electrode surface. The modification procedure details are described elsewhere [18,45]. 

Following this step, the electrodes were washed with water and dried in air. The second step was the 

functionalization of the modified electrode with ssDNA probes. The prepared mixture was consisting of 

0.10 M EDC and 0.05 M NHS in 0.10 M PBS, at pH = 7.4 [46]. A mixture composed of 50 µL 

oligonucleotide solution and 50 µL EDC/NHS was dropped on each modified BDD electrode. The ssDNA 

probe was covalently attached to the electrode surface through amide bonds during 1-hour 

functionalization.  
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Finally, the solution containing the studied analyte was incubated on the functionalized electrode 

surface at room temperature. A 100 µL of the solution containing 0.2 µM analyte in 0.1 M PBS was 

dropped at the electrode surface and left for 30 min. The DEFB1 gene concentration in the mixture used 

for incubation was 1 ng ml-1. Both functionalization and incubation procedures were followed with the 

washing of the BDD electrode with 0.1 M PBS solution to remove unbounded DNA targets. The 

functionalization and incubation processes combined took 1.5 h, after which the BDD electrode was 

immediately used for electrochemical studies. The above-discussed procedures are schematically shown in 

Fig. 1a.  

2.3 The electrochemical and physico-chemical methods 

Electrochemical measurements were carried out in a three-electrode setup. Functionalized BDD 

served as the working electrode (electric contact provided at the back-side of the electrode). The electrode 

surface area exposed to electrochemical studies was 0.5 cm2. Silver rod covered with silver chlorides 

(Ag|AgCl) served as the reference electrode and platinum mesh as the counter electrode. All 

electrochemical measurements were performed in 0.1 M PBS with 5.0 mM K4[Fe(CN)6], in the 

electrochemical cell with a volume of 8 mL. A more detailed discussion on the utilization of ferrocyanide 

ions is provided in the Supplementary Material. The electrolyte was purged with argon before each 

experiment. 

The setup for electrochemical measurements consisted of Autolab 128N potentiostat (Metrohm, 

Netherlands) connected to two measurement cards (National Instruments, USA): PXI-4464 served for a 

generation of ac perturbation signal while PXI-6124 was used for acquisition of ac/dc response. Both 

these cards operated in PXIe-1073 chassis.  

DEIS measurements were performed using a multifrequency perturbation signal composed of 

superimposed 29 elementary signals in frequency range was between 94 kHz and 7 Hz. The phase shift of 

each elementary signal was selected using optimization software written in LabView environment to 

minimize the resultant signal amplitude. The optimized multifrequency signal peak-to-peak amplitude did 

not exceed 15 mV. Such an approach allows to maintain the linearity regime. Detailed information about 

the construction of a multifrequency perturbation signal is presented elsewhere [47,48]. The sampling 

frequency was 204.8 kHz. The acquisition signal was sequenced with an analyzing window 1 s in length, 

then its sections were decomposed using Fourier Transform, which allowed to obtain instantaneous 

impedance spectra. Due to a large amount of the impedance spectra, the fitting procedure was performed 

using dedicated fitting software built in the LabView environment and based on the Nelder-Mead 

algorithm [49]. The impedance measurements were carried out simultaneously to the LSV study, realized 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


7 
 

with the scan rate of 5 mV s-1. The potentiodynamic polarization range was -1.0 to +1.0 V vs Ag|AgCl 

electrode. Selection of the scan rate derived from DEIS measurement restrictions. The limiting factor 

when choosing a scan rate is the length of the analytic window/single portion of the signal used for 

Fourier Transformation. When the applied scan rate is too high, the system non-stationarity degree is 

significant. Furthermore, the disproportion between scan rate and amplitude of ac multifrequency signal 

harms the quality of spectra.  

The high-resolution X-ray photoelectron spectroscopy (XPS) studies were carried out in the 

binding energy range of C1s and N1s spectra, which allowed for the identification of functionalization 

efficiency. The analysis was carried out on the Escalab 250Xi spectroscope (ThermoFisher Scientific, 

USA), equipped in monochromatic AlKα source, with the spot diameter of 650 µm. Measurements were 

conducted using 15 eV pass energy and 0.05 eV energy step size. The charge compensation was 

controlled through low-energy electrons and low-energy Ar+ ions emission through a flood gun. The 

spectral deconvolution was performed using Avantage v5.973 software (ThermoFisher Scientific, USA). 

Scanning electron microscope S-3400N (Hitachi, Japan) was used to image the surface of the BDD 

electrode. The microscope was operating in secondary electrons mode, with an accelerating voltage of  

20 kV.  

 

3. Results and discussion 

Each step of BDD electrode modification and functionalization was monitored by EIS studies, 

carried out in open circuit potential conditions (see Supplementary Material, Fig. S1). These results 

confirm the significant increase in the charge transfer resistance RCT, resulting from the formation and 

growth of the adsorbed functionalized layer, which is assisted by moderate changes of the quasi-capacitive 

parameter and electrode homogeneity. At the same time, the development of the functionalization layer is 

visible on SEM images and high-resolution XPS studies (Fig. 1b-d). 

Fig. 1c shows the C1s spectra recorded for bare H-terminated BDD electrode before its 

modification. The spectrum is dominated by the presence of C(1) component at 284.3 eV, which was 

ascribed to sp3-carbon rich hydrogen-terminated BDD substrate. The second, smaller component is 

typically attributed to non-hydrogenated carbon atoms in BDD or adsorbed polyhydride carbon species 

contaminating the electrode surface [50]. The successful modification of the BDD electrode surface with 

4-aminobenzoic acid may be confirmed with the appearance of additional components on C1s spectra. The 

C(3) peak lies in the binding energy range characteristic to sp2-carbon in benzene, while the positions of 

peaks C(4) and C(5) are commonly found in the amine (286.1 eV) and carboxyl (288.3 eV) functional 
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groups, respectively [51,52]. This observation was further confirmed by the appearance of N1s peak N(1) 

at 399.5 eV, which is characteristic of amine functional groups (Fig. 1d) [52]. Surface hydroxyl groups 

originating from 4-aminobenzoic acid overlap the previously defined C(2) peak at 285.1 eV. 

 

 

Fig. 1 – a) The scheme for BDD electrode modification with 4-aminobenzoic acid, its functionalization with DEB1-
complimentary oligonucleotide sequence ssDNA and finally incubation with one of studied DNA material after its 
denaturation, b) SEM images illustrating topography of bare BDD electrode and BDD after modification and 
functionalization, c) high-resolution XPS spectra in the C1s, d) N1s binding energy range. 

 

The functionalization of the previously modified BDD surface does not bring significant changes 

in surface carbon chemistry. Based on previous literature studies it should be assumed that the 

hydrocarbons within oligonucleotides will contribute the C(2) peak, carbon bound to nitrogen (C-N,  

N-C=N) will contribute C(4) peak, while amide carbon (N-C=O) and urea carbon (N-C(=O)-N) produce 

peaks shifted above 288 eV, contributing C(5) peak [53,54]. The functionalized layer naturally has a 

higher thickness, which, in consequence, produces a smaller signal from BDD substrate C(1). Moreover, 
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more complex nitrogen chemistry is represented by the appearance of N(2) peak on N1s spectra. The N1s 

spectra for all nucleobases except adenine consists of a strong signal peaking at region above 400 eV, 

which is attributed to amino N sites that connect with single bonds. On the other hand, the N(1) peak is 

enriched with the overlapping signal from imino species including N=C bond [53,54]. Full deconvolution 

data are summarized in Supplementary Material, Table S1. 

 

Fig. 2 – Exemplary pDEIS results for sample from Albert the pug: a) linear sweep voltammetry curve registered and 
b) corresponding potentiodynamic DEIS diagram in Nyquist projection with polarization potential at Z-axis, c) 
schematic representation of the electric equivalent circuit (EEC) commonly used to describe electrodes 
functionalized with organic macromolecules and the heterogeneity introduced by the adsorbed layer, d) simplified 
EEC used in this study. 

 

As described within the experimental section, the multisine perturbation signal is superimposed 

with LSV scans during the potentiodynamic DEIS measurements. The exemplary voltammogram with the 

corresponding simultaneously-recorded DEIS spectra is shown in Fig. 2a and 2b, while all the LSV 

results are presented in the Supplementary Material, Fig. S2. The course of the polarization scan may be 

easily tracked based on the location of Fe[(CN)6]3-/4- oxidation/reduction peak, where initiation of the 

redox process is directly linked with the decrease of measured impedance, visible in the form of a 

decrease in the capacitive loop dimensions. Three different stages of both the anodic and the cathodic scan 

should be distinguished, namely: preceding stage (A1/C1), ferrocyanide ions oxidation/reduction stage 

(A2/C2) and stage resultant from Fe[(CN)6]4-/3- concentration drop at the interface (A3/C3) [55].  

A two time-constants electric equivalent circuit EEC is often used in similar studies, as presented 

in Fig. 2c. The first time constant consists of charge transfer resistance (RCT) and double layer capacitance 
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(CDL), while the second one reflects the transition of the charge transfer through surface adsorbed layer 

(RADS, CADS). Finally, RS defines electrolyte resistance and ZW is Warburg element representing linear 

diffusion. When considering electrode heterogeneity effects in the double layer as well as sluggish charge 

transfer processes, authors often utilize constant phase element (CPE), which influences frequency 

dispersion [56]. The above-defined heterogeneity may be introduced by numerous features, including non-

uniform site-specific charge transfer kinetics due to electrode polycrystallinity, 2D adsorption of 

macromolecules or contaminants, and resultant interspace regions but also electrode material geometry 

and porosity [57,58]. The impedance of the CPE is defined by two parameters, quasi-capacitance Q and 

exponent α, according to eq. (1): 

𝑍𝑍𝐶𝐶𝐶𝐶𝐶𝐶 = 1
𝑄𝑄(𝑗𝑗𝑗𝑗)𝛼𝛼     (1) 

For an ideal capacitor α = 1, thus the CPE exponent is associated with the electrode heterogeneity, 

introduced by frequency dispersion of capacitance.  

In the case of small site-specific variation of the charge transfer kinetics the resultant 

characteristic frequency where the influence of these heterogeneities is maximum is similar. Thus, the 

presence of a thin and discontinuous functionalization layer of anchored ssDNA probes or hybridized 

DNA in real conditions should be considered using a single-time constant EEC with frequency dispersion 

of capacitance. A similar conclusion may be drawn when analyzing the shape of the obtained impedance 

spectra. The final modification of the EEC presented in Fig. 2d is dictated by the frequency range used in 

the pDEIS experiment, having 7 Hz as the lowest elementary frequency in the multisine perturbation 

signal. The linear diffusion manifests itself at low frequencies (< 10 Hz) [52,59], thus its presence in the 

EEC is unjustified. To conclude, the EEC used within this study consists of a singular time constant, 

where RCT defines the charge transfer resistance through the electrode/electrolyte interface and CPE 

defines the frequency dispersion of the electric double layer and adsorbed layer capacitances. 

Fitting of the pDEIS impedance spectra with EEC allows observing changes of the electric 

parameters during LSV polarization scan. The results for the anodic polarization are presented in Fig. 3a-c 

for charge transfer resistance and Fig. 3d-i for constant phase element parameters. The cathodic scan 

reveals no significant changes, therefore it was shown in Supplementary Material, Fig. S3.  

The significant drop of the RCT during anodic polarization in A1 polarization range reflects charge 

accumulation at the electrode surface, leading to oxidation of the ferrocyanide electroactive species. This 

drop is visible for each analyzed sample, regardless of the DNA origin used during the incubation step, 

however, the initial RCT values may differ depending on various material features and functionalization 

efficiency. Next, the RCT minima are observed at the potential corresponding to the ferrocyanide oxidation 
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peak, where it reaches approx. 500 Ωcm2. Again, this is observed regardless of the analyzed sample.  

A significant difference between the BDD electrode incubated in the presence of human DNA and any 

other DNA material is observed only in the last stage (referred to as A3 in Fig. 2). Here, the measured  

RCT values for human DNA is nearly twice higher than in the case of any other investigated sample. This 

important feature should be explained by the altered behavior of electroactive species in the presence of a 

positively charged electrode surface covered with hybridized DNA material, as discussed further in the 

manuscript. 

 

 

Fig. 3 – Instantaneous changes of RCT parameter (a-c) and CPE parameters Q (d-f) and α (h-i), during anodic 
polarization scan, obtained with pDEIS for BDD electrodes incubated with various DNA material: a,d,g) human,  
b,e,h) household pets, c,f,i) domestic fowl. Scan rate 5 mV s-1. 

 

Comparing the course of quasi-capacitance changes during anodic polarization scan (Fig. 3d-f) 

one can observe the stability of this parameter in the stage preceding Fe[(CN)6]4- ions oxidation (A1),  

a feature common for all the analyzed samples. Similarly, initiation of the oxidation process (stage A2) is 

accompanied by an increase in the quasi-capacitance parameter value. The quasi-capacitance parameter Q 
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is closely related to the CDL, whereas the electric double layer is determined by the ions in the solution and 

at the electrode vicinity. Throughout A1 stage, the electrolyte composition is relatively constant, but after 

reaching A2 stage the anodic process intensifies, leading to a rapid decrease in Fe[(CN)6]4- concentration 

and the increase in its oxidized form, Fe[(CN)6]3-, at the electrode/electrolyte interface. The effect of 

discussed changes is the observed increase in Q during stage A2 and partially A3 of the anodic 

polarization scan. However, the most important feature, diversifying the results obtained for the electrodes 

exposed to human DNA during the electrode incubation, is the appearance of a well-developed capacitive 

peak in the final polarization stage (A3), at 0.5 V vs Ag|AgCl. This feature is exclusive to incubated 

electrodes with human origin DNA material. Significantly, this peak also corresponds to the decrease in 

CPE exponent α value (Fig. 3g-i). Typically, measured changes in capacitance value are related with a 

combination of changes in electroactive surface area A, the relative permittivity of species present at the 

interface ε or the thickness of considered layer d, through a well-known relation: 

𝐶𝐶 = 𝜀𝜀𝑜𝑜𝜀𝜀𝜀𝜀
𝐴𝐴

     (2) 

where ε0 is the vacuum permittivity. However, for analyses utilizing the CPE, electrode homogeneity and 

resultant capacitance dispersion have a significant influence on quasi-capacitance value, through eq. (1).  

Higher levels of capacitance dispersion are always associated to phase transition phenomena that 

take place at the interface, even in the case of monocrystalline electrodes. Thus, the dispersion should not 

be exclusively attributed to the characteristics of the surface but rather the interfacial processes, primarily 

those taking place in the inner layer of the electric double layer [58]. The decrease of CPE exponent α 

seen throughout the anodic polarization process is a clear indication of the increase in capacitance 

dispersion and surface heterogeneity, observable on in the case of samples exposed to human DNA.  

Both observable features differentiating human and non-human DNA, i.e. the charge transfer 

resistance as well as preceding homogeneity factor decrease, are introduced only when a positive electric 

field is built up at the electrode and only in the case of hybridized double stranded DNA (dsDNA). These 

features may be explained by the appearance of dsDNA nonspecific adsorption appearing when a positive 

electric field is built up at the electrode surface. Similar effects originating from nonspecific adsorption of 

target DNA were observed by other studies in their differential pulse voltammetry and impedance 

spectroscopy studies [34,60–63]. The alteration of the electron transfer at positively charged-up electrode 

interface should be explained with the presence of the coulombic repulsion between negatively-charged 

ferrocyanide ions in the buffer and negatively-charged DNA phosphate groups on the electrode surface, 

which partially hinders ferrocyanide diffusion to the surface [62]. This is schematically illustrated in  

Fig. 4a. 
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Fig. 4 – a) The schematic representation of the processes taking place at the functionalized BDD surface after its 
incubation with human or animal DNA material and when affected to anodic polarization in presence of 
ferrocyanide species, b) C1s XPS spectra recorded for the incubated sample exposed to (1) human DNA, (2) Albert 
the pug DNA, (3) geese DNA. 

 

According to the previous examination, the tilt angle of DNA anchored on the BDD surface is 

around 33-36° [64,65]. It is plausible that the organization of the phosphate groups on the outside of 

hybridized dsDNA leads to their attraction towards a positively-charged electrode surface, and modifying 

the geometry of the anchored dsDNA. Such changes in hybridized DNA orientation in the electric field, 

assisted by potential-induced desorption of ssDNA from the surface are the reported reasons for the 

observed variations in the capacitance and fluorescence studies carried out by Meunier et al. [61]. The 

above-presented explanation is in good agreement with the observable changes in the adsorbed 

functionalization layer spatial homogeneity within this study. Naturally, this change precedes modification 

of the charge transfer resistance. The recorded frequency dispersion of capacitance offers a detailed 

pattern of altered behavior of the electrode with anchored DNA species, while the function of CPE 

exponent on the electrode potential allows us to reveal and monitor structuring effects, disturbing the 

nature of the Faradaic reactions. 

The utilization of frequency dispersion to track subtle changes at the heterogeneous electrode 

interface finds confirmation in the earlier studies by the Bondarenka group [66–68], in their studies on 

potential-driven adsorption of bisulfates at the monocrystalline Pt surface. The above-mentioned studies 

revealed that the frequency dispersion effect is largely governed by 2D phase transitions in the adsorbed 

layers and in general by structural effects at the electrode/electrolyte interface. Similar observations were 
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made by our group on the polycrystalline electrode surfaces for carboxylic acid adsorption on the 

aluminium surface [52], but also in the case of the BDD electrodes [69]. 

Finally, Fig. 4b presents the exemplary representative C1s XPS spectra recorded for incubated 

BDD samples with DNA material of human origin, but also taken from pet (yes, it was Albert) and 

domestic fowl. The same deconvolution model was utilized as the one previously described. When 

comparing the surface chemistry of all three electrodes there are some qualitative changes visible. The 

major change applies to the intensity from the BDD substrate. For non-human samples, the share of C(1) 

component remains similar to the one observed in the case of the functionalized electrode, equal to 50.5% 

(change by 8%) and 47.9% (change by 3%) for Albert’s and geese samples, respectively. However, the 

intensity of the C(1) signal after incubation with human DNA diminished to 35.4% (change by 24%). 

Similarly, a notable shift was observed in the case of C(2) component, which intensity for the BDD 

sample incubated with human ssDNA rise by 61% (its change for Albert and geese samples was 3 and 

12%, respectively). To remind the reader, the primary source of the C(2) signal are hydrocarbon chains in 

the ssDNA probe. The observed shift of both these components is huge, suggesting an increase in the 

functionalization layer thickness or coverage due to anchoring human ssDNA to ssDNA probes during 

sample incubation, most likely leading to DNA hybridization. On the other hand, incubation of ssDNA of 

other origin leads to significantly smaller changes in the surface chemistry. Full deconvolution data are 

summarized in Supplementary Material, Table S2. 

Moreover, DNA molecules are polyanions revealing negative charges at the phosphate backbone. 

Thus, the hybridization of the ssDNA probe molecule with its complementary ssDNA string involves 

charge transfer resulting in a modulation of the flat-band potential [70]. Nevertheless, the transfer of 

hybridization-induced signal is multi-factor dependent on i.e. the acid-base behavior, the density of the 

ssDNA layer, the length and orientation of DNA molecules, the length of linker molecules, the ionic 

strength of the buffer, as well as the electric field distribution at the electrode surface [71].  

In the standard EIS conditions [72], the low frequencies attract migration of the polyvalent ions 

toward the electrode inducing DNA coil conformations and stabilizing weak attachment of nontargeted 

DNA molecules. Hence, the high frequencies suppress ions migration due to near charge relaxation times 

of the ions resulting in stretched DNA oligonucleotides conformations, which leads to improved detection 

sensitivity and selectivity. In our multisine approach, these both mechanisms are competing resulting in 

DNA conformations modulation, hence keeping oligonucleotides stretched by continual high-frequency 

component. This effect is attributed to the achieved high specificity of detection despite measurements in 

real samples. The reproducibility of the sensors was likewise satisfactory showing minor signal variations 

(below 5%) depending on the electrode set.  
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Similar to other studies on DNA detection, the charge transfer resistance was two times higher for 

dsDNA compared to ssDNA from other species (measured at +0.85 V), which might require further 

enhancement in order to prove its worth for forensic applications.  Given the pDEIS was proved capable 

to detect subtle changes in dsDNA geometry at the electrode surface, it is possible that the disturbance of 

electrode homogeneity might be the route to further increase the detection limits. Such a situation would 

be achieved in the case of surface-modified nanoparticles self-assembling at the electrode surface in the 

electric field and due to biomolecular interactions [73,74].  

 

4. Conclusions 

We present a novel and efficient approach towards the detection of DNA hybridization under 

potentiodynamic conditions when a positive electric field is built up at the electrode surface. Within this 

study, we have utilized the discussed pDEIS approach to detect the presence of the DEFB1 gene, unique 

to human species, in collected saliva samples. 

The detection process requires pre-treatment of the BDD electrode through tailored 

functionalization with oligonucleotide sequence, complementary to the DEFB1 gene sequence, which is 

anchored at the electrode surface. Next, a short-term incubation of the electrode in the presence of a target 

DNA sample allows achieving DNA hybridization when exposed to human DNA material. The DNA 

hybridization is not achieved in the case of non-complimentary ssDNA originated from any other species 

subjected to this test. The discussed differences obtained during electrode incubation are supported by the 

XPS analyses. 

Next, given the hybridization is accomplished, its presence may be sensed through changes in 

electron transfer kinetics by ferrocyanide species at the positively-charged electrode surface. The observed 

increase in charge transfer resistance is preceded by subtle changes in frequency dispersion of capacitance 

as the positively-charged electrode surface affects the orientation of the hybridized dsDNA. We revealed 

that the impedimetric changes observed upon the formation of the bio-affinity complexes are potential-

dependent and the optimal conditions for their measurement could be found. In this case, the highest shift 

in RCT was observed at +0.85 V, preceded by CPE exponent α peak at approx. +0.50 V vs Ag|AgCl. 

Our studies show that the DEFB1 gene can be used for a simple and rapid distinction between 

human and non-human material. Such an approach for specific DNA sequence detection can be an 

alternative for classic methods, usually involving PCR. The total length of the proposed DNA assay lasts 

for less than two hours. While PCR remains the gold standard of DNA testing, the above-described 

method, which does not require DNA amplification, provides new application perspectives. With the 
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capability to track the impedance changes as a function of applied polarization potential, our approach 

may surpass the DNA detection specificity offered by different electrochemical techniques, and in real 

conditions. Using other DNA sequences could provide possibilities like detection of pathogens, mutations, 

or polymorphisms, however additional research should be performed to fully evaluate these possibilities. 
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1. The influence of the modification and functionalization steps on BDD surface chemistry 

A derivative of Randles electric equivalent circuit (EEC) was chosen, for the reasons discussed 

later in the manuscript. The capacitance was replaced with a constant phase element (CPE) to simulate 

heterogeneities at the electrode surface. It is visible that each modification step contributes to the increase 

in electrode’s charge transfer resistance (Fig. S1), with the final functionalization step modifying the RCT 

value vs bare BDD electrode over 7 times, measured at open circuit potential conditions. This is a 

characteristic feature to any electrode functionalization process, deriving from formation of ssDNA 

adsorption layer limiting the electron transfer at the electrode/electrolyte interface. At the same time, both 

modification and functionalization steps have a moderate influence on the quasi-capacitance parameter Q, 

slightly increasing electrode homogeneity, represented by the CPE exponent α. Similar behavior is often 

observed as a result of the electrode functionalization step [1].  

 

Fig. S1 – EIS spectra projected in the form of Nyquist plot, illustrating impedance parameters changes 
as a result of BDD electrode modification and functionalization. Points represents experimental data 
and solid line fitting quality. 
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2. The linear sweep voltammetry scan of each studied electrode 

The LSV stands as the most popular and commonly used electrochemical tool to be used in 

electroanalysis. The obtained LSV results for selected and representative samples containing human-DNA 

(Fig. S2a) were compared with non-human-DNA of pets (Albert the pug, cats and guinea pig) and domestic 

fowl (gooses, hens, ducks) shown on Fig. S2b and S2c, respectively.  

 

Fig. S2 – LSV scans for the BDD electrodes after their functionalization and incubation in presence of 
various DNA material: a) human, b) household pets, c) domestic fowl. Scan rate 5 mV/s. 

 

Comparison of LSV results registered in electrolyte containing [Fe(CN)6]4- ions does not bring any 

decisive results. Two well-defined peaks are observed after incubation in DNA samples in all the 

investigated cases. The highest peaks currents are observed in voltammograms obtained after incubation in 

solution containing human DNA (Fig. S2a), with peak-to-peak separation ΔEp of 225 mV. A slight decrease 

of peak currents are observed after incubation in solution containing some of the household pets and 

domestic fowl with peak-to peak-separation ΔEp ranging between 190 and 205 mV.  

The LSV scans recorded for Albert the pug sample were characterized with high values of anodic 

and cathodic peak currents, similar to human specimens. This result suggests smaller restrictions in the 

charge transfer process for human and pug specimens, yet (to Albert’s dissatisfaction) we believe this effect 

to be random and connected with variable kinetics of functionalized electrode charge transfer kinetics. This 

parameter depends not only on crystallographic structure of BDD electrode, crystal size, texture, but also 

local and completely unpredictable differences in thickness of organic macromolecular functionalization 

layer on top of BDD electrode surface.  
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3. The instantaneous electric parameters changes during cathodic polarization scan 

Figure S3 reveals the change in recorded electric parameters based on pDEIS studies during cathodic 

polarization scan. These parameters develop in similar fashion as in the case of anodic polarization scan, 

excluding lack of the distinctive peak for QADS and α parameters. At the same time, the RCT parameter of 

the sample exposed to human DNA material remains significantly higher at deep anodic polarization. 

 

Fig. S3 – Instantaneous changes of RCT , QADS and α parameters during cathodic polarization scan, 
obtained with pDEIS for BDD electrodes incubated with various DNA material: a) human,  
b) household pets, c) domestic fowl. Scan rate 5 mV s-1. 
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4. The effective capacitance after heterogeneity normalization 

The influence of the capacitance dispersion factor on the adsorbed functionalization layer 

capacitance may be normalized using surface time-constant distribution model, where rise of capacitance 

dispersion results from variation of properties along the surface [2]. In this model, the effective capacitance 

CEFF is given with eq. (S1). 

𝐶𝐶𝐸𝐸𝐸𝐸𝐸𝐸 = 𝑄𝑄1 𝛼𝛼⁄ � 𝑅𝑅𝑠𝑠𝑅𝑅𝐶𝐶𝐶𝐶
𝑅𝑅𝑠𝑠+𝑅𝑅𝐶𝐶𝐶𝐶

�
(1−𝛼𝛼) 𝛼𝛼⁄

    (S1) 

The changes of the CEFF as a function of anodic polarization potential for each studies electrode may be 

tracked on Fig. S4. 

 

Fig. S4 – Effective capacitance CEFF changes as a function of anodic polarization potential for all the 
studied electrodes. 

 

Importantly, the quasi-capacitive peak, unique to samples with human DNA, is gone, thus 

confirming that the observed behavior was strictly connected to modulation of the electric heterogeneity at 

the interface due to frequency dispersion of capacitance. Furthermore, it should be noted that the molecular 

interactions are amplified at the surface by the two-dimensional nature of the immobilized functionalization 

layer, which focuses the nucleic acid charge and concentration to levels not encountered in solution, and 

which impacts the hybridization behavior in unique ways [3]. 
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5. Detailed XPS deconvolution data 

Tables S1 and S2 presents details of the deconvolution model used for the high-resolution XPS 

spectra analysis. 

Table S1 – Chemical composition (in at.%) of various carbon and nitrogen chemical states on the 
surface of BDD electrode before and after consecutive modification and functionalization steps, based 
on high-resolution XPS analysis. Here, ↓↓ suggests the interpretation of the model is the same as in 
previously presented data. 

 C1s N1s 
 C(1) C(2) C(3) C(4) C(5) N(1) N(2) 
 284.3 285.1 283.6 286.1 288.3 399.5 400.6 

Bare BDD CCHT-BDD CCOT-BDD -- -- -- -- -- 
88.6 11.4 -- -- -- -- -- 

Modified 
BDD 

↓↓ also  
C-OHmod 

CC-sp2 C-NH2 COOH NH2-C -- 

69.8 11.0 9.5 3.8 4.5 1.5 -- 

Functionalized 
BDD 

↓↓ also C-C ↓↓ also C-N, 
NC=N 

also 
NC=O also N=C also 

>NH 
46.6 24.0 13.8 9.2 3.5 0.6 2.2 

 

Table S2 – Chemical composition (in at.%) of various carbon chemical states on the surface of 
functionalized BDD electrode after its incubation with DNA of various origin, based on high-resolution 
XPS analysis. 

Incubated 
BDD 

C1s N1s 
C(1) C(2) C(3) C(4) C(5) N(1) N(2) 
284.3 285.1 283.6 286.1 288.3 399.5 400.6 

 CCHT-BDD C-C,  
C-OH CC-sp2 C-O, C-N, 

NC=N 
COOH, 
NC=O 

C-N, 
C=N >NH 

Human DNA 35.4 38.8 2.0 18.2 3.7 0.7 1.3 

Albert the pug 
DNA 50.5 24.9 2.2 17.1 3.1 1.2 1.0 

Geese DNA 47.9 27.1 3.5 14.5 4.1 1.7 1.1 
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6. Other remarks 

6.1 Regarding utilization of the BDD electrodes 

It should be noted, that apart from numerous reported desirable properties of the BDD substrates 

to be used in electroanalysis polycrystalline BDD is also known for its heterogeneity where the local 

distribution of electric properties depends on B-dopant density, crystallographic orientation, surface 

pretreatment methods, degree of sp2-carbon contamination and others [4,5]. All of the above factors create 

difficulty to obtain reproducible conditions. In particular, the value of charge transfer resistance may be 

significantly different in-between samples. The following restriction does not apply to the proposed pDEIS 

approach since the object of evaluation is the relative change of electric parameters during the polarization 

scan. Thus, BDD was found to be the right material to demonstrate the advantages of the proposed 

approach. 

6.2 Regarding utilization of ferrocyanides  

The ferrocyanides are chemically inert compounds for biomolecules such as proteins or DNA. 

Their electrochemistry is well described in the literature, which makes them a good choice for various 

electrochemical sensing applications [6,7]. Furthermore, these negatively charged species are very 

sensitivity to monolayer adsorption on the electrode surface [8]. The [Fe(CN)6]3-/4- redox couple are 

characterized by the inner sphere electron transfer (ISET) mechanism, which requires for a covalent bond 

to be formed on the electrode surface during the charge transfer process. Therefore, ISET electroactive 

species are known to be highly dependent on the electrode conditions or applied pre-treatment procedures, 

a feature which is welcome for the comparison purposes [9]. The use of negatively-charged ferrocyanide 

ions cause the coulombic repulsion with negatively-charged DNA phosphate groups present at the electrode 

surface what partially hinders ferrocyanide diffusion [10]. 
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