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A B S T R A C T   

This manuscript presents a novel approach to address the challenges of electrode fouling and highly complex 
electrode nanoarchitecture, which are primary concerns for biosensors operating in real environments. The 
proposed approach utilizes multiparametric impedance discriminant analysis (MIDA) to obtain a fingerprint of 
the macromolecular interactions on flat glassy carbon surfaces, achieved through self-organized, drop-cast, 
receptor-functionalized Au nanocube (AuNC) patterns. Real-time monitoring is combined with singular value 
decomposition and partial least squares discriminant analysis, which enables selective identification of the an-
alyte from raw impedance data, without the use of electric equivalent circuits. As a proof-of-concept, the authors 
demonstrate the ability to detect Escherichia coli in real human urine using an aptamer-based biosensor that 
targets RNA polymerase. This is significant, as uropathogenic E. coli is a difficult-to-treat pathogen that is 
responsible for the majority of hospital-acquired urinary tract infection cases. The proposed approach offers a 
limit of detection of 11.3 CFU/mL for the uropathogenic E. coli strain No. 57, an analytical range in all studied 
concentrations (up to 105 CFU/mL), without the use of antifouling strategies, yet not being specific vs other E.coli 
strain studied (BL21(DE3)). The MIDA approach allowed to identify negative overpotentials (− 0.35 to − 0.10 V 
vs Ag/AgCl) as most suitable for the analysis, offering over 80% sensitivity and accuracy, and the measurement 
was carried out in just 2 min. Moreover, this approach is scalable and can be applied to other biosensor 
platforms.   

1. Introduction 

Developing an electrochemical biosensing platform that is both 

industrially scalable and repeatable is a challenging task that requires 
meeting various requirements. To achieve low limits of detection (LOD) 
and selectivity, many available technologies rely on complex synthetic 
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methods and nanoarchitecture designs, difficult to control when 
expanding production, thus leading to sub-ideal structural features or 
loss in their special, surface-related functions (Chen et al., 2022; Sharifi 
et al., 2019). Additionally, the ability to develop platforms with high 
sensitivity and selectivity in complex biological samples is of paramount 
importance (Russo et al., 2021). Popular strategies to reduce fouling are 
through nanoengineered surfaces (Chapman et al., 2015; Zhou et al., 
2009) or the application of nanoporous membranes (Sun et al., 2016), 
which further increase the complexity and reduce the reproducibility 
and scale-up potential of the proposed approaches. Another strategy 
includes developing antifouling coatings to prevent the non-specific 
molecules adsorption. Here, single-molecule fouling agents after re-
ceptor grafting (Niedzialkowski et al., 2020), molecular brushes 
(Emilsson et al., 2015), zwitterionic coatings (Gui et al., 2013), but also 
supramolecular hydrogels (Wu et al., 2017) should be considered. 

Owing to the high surface area-to-volume ratio and unique electronic 
and catalytic properties, gold nanoparticles are excellent candidates for 
enhancing the sensitivity and selectivity of electrochemical biosensors 
(Xiao et al., 2020). Gold nanocubes (AuNCs) have recently gained 
particular attention due to their uniform dimensions, higher 
self-organization predictability, and the ability to finely tune their 
plasmonic properties, as well as chemical stability (Park et al., 2018). 
The molecular mechanism of AuNC assembly essentially depends on the 
electrode substrate, strongly affecting the resultant electrocatalytic ef-
fect. Among commonly utilized electrode substrates, AuNCs decorated 
at GC provide over 65% increase in electrochemically active surface area 
and 75% increase in heterogeneous rate constant (Niedzialkowski et al., 
2022). Voltammetry aptasensors based on AuNCs were used for the 
determination of chloramphenicol (LOD = 2.8 pM) (Lu et al., 2021), 
progesterone in diluted blood (LOD = 1 ng/mL) (Velayudham et al., 
2021) and even a prostate cancer gene sequence (10 nM), also exhibiting 
low disturbance in the presence of fouling agents (Abedi et al., 2021). 
DNA biosensors for pathogenic Vibrio cholerae, responsive even at 
quantities of 10 CFU/mL, and selective detection in bacterial cultures 
belonging to the same and distant genera (Ali et al., 2021). Moreover, 
surface modification of AuNC makes it possible to produce a 
signal-enhanced interface, such as in the case of the paper-based chi-
kungunya virus platform built based on magnetic Fe3O4@AuNC (Sin-
ghal et al., 2018), or the hollow Ag@AuNC core-shell for 
surface-enhanced Raman scattering and non-enzymatic uric acid and 
ascorbic acid detection (Bhattacharjee et al., 2020). 

Human urine is a product of the filtration system – the kidneys – and 
was conventionally considered as sterile (Kass, 1962). Even though the 
results of next generation sequencing analyses provide evidence of the 
existence of the urine microbiome, there are still many controversial 
aspects to this topic (Frimodt-Møller, 2019; Grine et al., 2019; Shah 
Utsav et al., 2021) and the common belief is that urine in the bladder of a 
healthy person is not contaminated with bacteria. However, bacteria can 
enter the urinary system, causing problems such as infection and 
inflammation. Urinary tract infection (UTI) is considered the second 
most common bacterial disease after pneumonia and affects about 150 
million people every year worldwide (Flores-Mireles et al., 2015). 
Annually, UTIs are diagnosed in more than 10% of women and 3% of 
men, and more than 60% of women will be diagnosed with a UTI in their 
lifetime (Klein and Hultgren, 2020). The clinical picture of the UTI 
ranges from a mild self-limiting illness, chronic or acute infection, to 
urosepsis. Additionally, urosepsis comprises 25% of all adult sepsis cases 
and is associated with an overall mortality rate of 20–40%. Primary 
hospitalized patients due to UTIs result in a total cost of $2.8 billion USD 
in the United States, annually; epidemiological reports also indicate 1 
million visits to the emergency department and 7 million office visits 
(Klein and Hultgren, 2020). Uropathogenic Escherichia coli (UPEC) is the 
most common pathogen, responsible for 85% and 50% of community 
and hospital-acquired UTI cases, respectively, and can form biofilms on 
urological catheters, making them very difficult to treat and remove due 
to the high tolerance of biofilm structures to antibiotics. 

The standard urine culture protocol represents the primary tool for 
detecting bacteria in clinical microbiology laboratories with LOD > 105 

CFU/mL (Kass, 1962; Price et al., 2016). Dipsticks and culturing 
methods take long time (hours, even days), limiting rapid intervention. 
In turn, the use of some molecular methods as polymerase chain reaction 
(PCR) could improve the speed and accuracy of UPEC detection; how-
ever, their applicability is complicated by the high genomic variability 
within uropathogenic E. coli strains (Brons et al., 2020). Other diagnostic 
technologies for UTIs are also known, i.e. urinalysis and microscopy, 
fluorescent in situ hybridization (FISH), MALDI-TOF MS, microfluidics, 
immunology-based and forward light scattering assays; however, their 
limiting factors, described recently in detail (Davenport et al., 2017), 
prevent their use in clinics. A powerful approach to the detection of 
E. coli via electrochemical biosensors is by immunosensors (Felix and 
Angnes, 2018). Many electrode modifications were performed to obtain 
as low limits of detection (LOD) as possible, such as photochemical 
immobilization of anti-E. coli antibodies on gold (Cimafonte et al., 
2020), gold modified by graphene-wrapped copper (II)-assisted cysteine 
hierarchical structure, and antibodies (Pandey et al., 2017). Wang et al. 
show a 10 CFU/mL LOD with composite biosensors based on magnetic 
nanoparticles (NPs) and functionalized gold nanoparticles (AuNPs) 
conjugated with lead sulfide NPs via oligonucleotide linkage (R. R. 
Wang et al., 2015; Y. Y. Wang et al., 2015). Another route to use 
immuno-functionalized magnetic beads is by glucose oxidase (GOx)– 
antibody conjugates at interdigitated microelectrodes (103 CFU/mL) 
(Xu et al., 2016). A bionanocomposite based on pencil graphite modified 
with chitosan, multiwalled carbon nanotubes, polypyrrole and AuNPs 
offers a LOD of 30 CFU/mL (Güner et al., 2017). The utilization of 
nucleic acid hybridization or connection to DNA is also used in E. coli 
biosensors. The gold electrode modified by thiolated capture probes and 
biotinylated aptamer probes had an 80 CFU/mL E. coli LOD (Wang et al., 
2019). Limits of detection under 10 CFU/mL were obtained with bio-
sensors based on metal–organic frameworks functionalized by polyani-
line at glassy carbon electrode (GCE) (Shahrokhian and Ranjbar, 2018) 
and indium-tin oxide (ITO) modified by 3-Aminopropyltrimethoxysi-
lane and DNA genetic markers (Deshmukh et al., 2020). 

Detecting analytes in real human urine poses significant challenges 
due to the potential for unknown interactions to occur between the 
biosensor surface, the analyte, and other molecules present in the 
sample (Aitekenov et al., 2021). As a result, only a limited number of 
studies have proposed electrochemical methods for detecting analytes in 
urine. Typically, detection in urine is based on the use of 
antibody-modified electrodes, and the measurements focus on the clin-
ical utility of the biosensors that have been designed. Such examples 
include a GCE functionalized by a nanocomposite of polyaniline with 
AuNPs and MoS₂ modified by antibodies or Au modified with thin 
reduced graphene oxide and polyethylenimine (Jijie et al., 2018), both 
with LODs of 10 to 105 CFU/mL (Raj et al., 2021). The screen-printed 
carbon electrode with an AuNP-decorated polyaniline film and 
anti-digoxigenin-labeled horseradish peroxidase was manifested to 
detect 4 to 4×106 CFU/mL E. coli in urine (Shoaie et al., 2018). How-
ever, despite the efforts, achieving uniform PANI distribution and vol-
ume for scale-up remains a critical challenge (Yang et al., 2023), while 
quantitative analysis is required in specific sensing scenarios. 

In this work, we have developed a novel approach to the detection of 
large biomolecules using modulated electrostatic interactions induced 
by electrode polarization, mitigating common biofouling and indirect 
readout. Simultaneous biosystem perturbations by a package of multiple 
pre-selected frequency signals was analyzed by the Singular Value 
Decomposition (SVD) followed by Partial Least Squares Discriminant 
Analysis (PLS-DA) to effectively discriminate the signal response in the 
presence or absence of the target molecule. Such a strategy delivers an 
explicit impedimetric fingerprint of the macromolecular interactions, 
which is dependent not only on binding moieties but also coulombic 
interactions at different charge states at the electrode surface. We have 
demonstrated the functionality of the proposed proof-of-concept at an 
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aptamer-based biosensor composed of self-organized Au nanocube pat-
terns at a flat glassy carbon electrode, applied for the rapid detection of 
E. coli in real human urine samples through polymerase RNA. Impor-
tantly, the measured impedance values were directly used for the ana-
lyses, avoiding errors that may accumulate during the standard fitting 
procedures with electric equivalent circuits. 

2. Experimental 

2.1. Chemicals and bacteria strains used 

All chemicals were of analytical grade and were used as purchased 
without further purifications. Plates of glassy carbon electrode (GCE), 
12x12x3 mm, SIGRADUR G, were purchased from (HTW 
Hochtemperatur-Werkstoffe GmbH, Germany). All electrochemical 
measurements were carried out in vessels containing a circular seal with 
a radius of 7 mm. AuNCs were obtained according to the procedure 
previously described in the paper (Niedzialkowski et al., 2022), see 
detailed instruction in the SI file, section 1. The AuNCs were stored in a 
1 mM cetyltrimethylammonium bromide (CTAB) solution. 

The E. coli RNA polymerase holoenzyme (RNAP) used in this study, 
composed of the core enzyme and sigma factor 70, was obtained from 
the New England Biolabs company (cat No. M0551S). Both strands of the 
strong prrnG-P1 promoter – nontemplate (coding) strand with -10 and -35 
motifs indicated in bold: 5′-CGA TAA AGT TTT TAT ATT TTT CGC TTG 
TCA GGC CGG AAT AAC TCC CTA TAA TGC GCC ACC A-3′, and tem-
plate (noncoding) strand: 5′-TGG TGG CGC ATT ATA GGG AGT TAT TCC 

GGC CTG ACA AGC GAA AAA TAT AAA AAC TTT ATC G-3’ – were 
synthesized by Genomed SA. The nontemplate strand was also modified 
at its 5′ end using thiol linker: 5′-SH-(CH2)6-CGA TAA AGT TTT TAT ATT 
TTT CGC TTG TCA GGC CGG AAT AAC TCC CTA TAA TGC GCC ACC A- 
3’. The RNAP holoenzyme is solely capable of unwinding the dsDNA 
helix (Bae et al., 2015; Glyde et al., 2017). 

The nonpathogenic E. coli B strain BL21(DE3) (Clock et al., 2008) 
(EC-B) was obtained from the collection of the Department of Molecular 
Biology of the University of Gdańsk (Poland). The uropathogenic E. coli 
strain No. 57 (UPEC-57) was identified in the urine of a 14-year-old male 
patient from the Nephrology Clinic and donated with an antibiogram for 
research from the Department of Microbiology of the Regional Hospital 
in Kielce, Poland, in 2017. All liquid bacterial cultures were grown in 
Luria-Bertani medium (LB; EPRO, Poland) with aeration at 37 ◦C in a 
shaking incubator (200 RPM). Details on bacterial strain growth and 
suspension preparation are given in the SI file, section S2. The Petri 
dishes with LB solid medium with 1.5% bacteriological agar (LA; BTL 
Company, Poland) were incubated at 37 ◦C for approximately 18 h. 

2.2. Biosensor electrode modification 

All GCEs were cleaned with a polishing cloth and 0.03 μm aluminum 
oxide powder (Buehler, USA) before use. AuNCs dissolved in a 0.001 M 
CTAB solution were deposited onto the GCE surface using a 10 μL drop 
casting method (see SEM micrograph in Fig. 1b). The solution was 
allowed to dry on the electrode surface for 30 min at room temperature, 
then the electrodes were washed with warm water to remove the CTAB 

Fig. 1. (a) scheme of GCE decoration with AuNC and functionalization toward RNAP recognition; (b) SEM micrograph of drop-cast AuNC at GCE; (d) exemplary CV 
and (e) DEIS impedance plot obtained during the CV scan, with arrows identifying individual spectra collected at a given polarization; (e) identification of elec-
troanalytical experiment labels; (f,g) high-resolution XPS spectra with proposed deconvolution for AuNCs at GC before and after functionalization with dsDNA: (f) Au 
4f and (g) C 1s. 
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residue. A homogeneous GCE surface modified with AuNCs was ob-
tained according to the previously described procedure (Niedzialkowski 
et al., 2022). 

For the functionalization, as schematically presented in Fig. 1a, we 
used the sequence of one of the P1 promoters, prrnG-P1, allowing for the 
transcription of rRNA genes of the rrnG operon. The selected promoter 
sequence enabled the binding of E. coli RNAP and thus was effectively 
used as a biosensor receptor. AuNCs were modified by applying 200 μL 
of 0.2 μmol/L nontemplate (coding) oligonucleotide strand dissolved in 
TRIS-HCl buffer, pH 7.56. After a 12-h modification at room tempera-
ture, the electrode surface was thoroughly rinsed with Tris HCl buffer, 
pH 7.56. Then, a hybridization process was performed using an oligo-
nucleotide with a complementary sequence. The 200 μL of 0.1 μmol/L 
template (noncoding) oligonucleotide stand dissolved in TRIS-HCl 
buffer, pH 7.56, was placed on the electrode surface and left for 2 h at 
room temperature. Such functionalized electrodes served for RNAP 
detection. 

2.3. Biorecognition methodology 

The Multiparametric Impedance Discriminant Analysis (MIDA) 
combines multisine impedimetric monitoring with singular value 
decomposition of raw impedance data, followed by partial least squares 
discriminant analysis. No electric equivalent circuit was used during 
impedance data analysis. All electrochemical measurements were per-
formed in the three-electrode setup, with AuNC drop-cast and func-
tionalized at GCE as the working electrode (0.38 cm2 electrolyte- 
exposed area), silver chloride-coated silver wire (150 x 1.5 mm) as the 
reference electrode, and coiled platinum wire (100 x 0.5 mm) as the 
auxiliary electrode. The impedance monitoring was performed using an 
AC signal consisting of a package of 21 elementary sinusoids, ranging 
from 3 to 4500 Hz, superimposed on a DC voltammetry scan, from 
− 0.35 V to 0.60 V, scan rate 2 mV/s. The exact procedure was previously 
described by the authors (Brodowski et al., 2022; Niedzialkowski et al., 
2020). Exemplary impedance spectra recorded during a voltammetry 
scan are given in Fig. 1c and d. An Autolab (PGSTAT30) potentios-
tat/galvanostat by Metrohm, The Netherlands, was linked to a computer 
equipped with a 24 Bit, 204.8 kS/s, PCI-4461 card by National In-
struments, USA, and used to generate the AC perturbation signal 
package. 

In the analysis, each impedance dataset at a specific bias (among the 
1890 applied biases), is given by the measured complex impedance, 
expressed as follows (eq. (1)): 

Zbias = Z’
bias + jZ’’

bias (1)  

where Zbias is a total impedance, Z’bias and Z’’bias are the real and 
imaginary parts of Zbias, respectively, and j2 = − 1. Thus, Zbias is a 
complex number matrix with dimensions of 18 (number of independent 
tests) × 21 (number of elementary frequencies in a single measurement). 
The 18 tests include six replicates for each condition (EC-B and UPEC-57 
strains) assisted by a reference Au_ref study and control Au_ctrl study in 
excess of RNAP. In this manner, 1850 matrices were prepared for each 
experiment (the first 30 and last 10 measurements were discarded). No 
data centering or scaling was applied to the datasets. 

To treat a large amount of collected data, singular value decompo-
sition (SVD) is applied to complex impedance datasets. Let Zbias be the 
above-reported 18×21 matrix, which can be decomposed with SVD into 
3 matrices (eq. (2)): 

Zbias = UΣVT (2)  

where Σ is a matrix with real, nonnegative entries, σi, on the diagonal 
and zeros off the diagonal, organized so that σ1 > σ2 > … > σr; and U and 
V are unitary orthonormal matrices. Different experimental conditions 
(e.g. the presence/absence of the analyte) were arranged in a matrix 
with each column containing all the measurements at a given frequency. 

Thus, if the columns of Zbias are analyte measurements at a frequency, 
then U distinguishes the analyte patterns, and V encodes the frequency 
patterns. Hence, the right singular vectors could be interpreted as an EIS 
spectrum, or a linear combination of any, so it would be possible to 
reconstruct the original EIS by linear combinations of the singular EIS. 
Then, two different paths are followed. 

Path 1: PLS Discriminant Analysis (PLS-DA) is a discrimination 
method based on PLS regression. A dummy response variable, y, was 
added to the dataset, which is equal to +1 for positive samples, and − 1 
for the control group. Now, considering the linear system of equations y 
= Zbias x, the goal is to determine the weighting x that relates to the 
presence of the bacteria, restricted to the first two components. For this 
aim, a truncated SVD (to the first three singular values) was employed. 
This path can provide useful information about the frequencies most 
involved in the sensing mechanism (Pierpaoli et al., 2022). 

Path 2: Linear regression is performed on both real and imaginary 
(treated as real) parts of u1 and u2, using the same response variable, y. 

Finally, in order to evaluate the ideal polarization potential intervals 
(PPI) to better discriminate between control and positive samples, the 
conventional metrics, such as accuracy, sensitivity and specificity, were 
calculated as follows (eqs (3)–(5)) (Van Stralen et al., 2009):  

accuracy=(TP + TN)/(TP + TN + FP + FN)                                      (3)  

sensitivity = TP/(TP + FN)                                                              (4)  

specificity = TN/(TN + FP)                                                              (5) 

where TP = true positive, TN = true negative, FP = false positive, and 
FN = false negative. 

Two strains of bacteria labeled, EC-B and UPEC-57, were presented 
in the form of suspended intact bacterial cells or bacterial lysate solution 
and studied in artificial and real human urine at a volume ratio of 1:1 
with 0.01 M PBS containing 1 mM Fe(CN)6

3-/4-. Real human urine was 
obtained from a healthy 37-year-old woman, co-author of this publica-
tion. The analysis was carried out in a medical laboratory of Diagnostyka 
SA, Poland. The parameters of the urine tested are presented in the SI 
file, Table S1. The reference measurements (Au_ref) were carried out on 
the dsDNA functionalized electrode in the absence of the analyte. Each 
time, a control measurement (Au_ctrl) was also performed, admixing 1 
CFU E. coli RNAP to the previously used solution, see Fig. 1e for 
experiment scheme. Prior to electrochemical measurements, the solu-
tion was heated to 37 ◦C using an Eppendorf ThermoMixer. By spiking 
the real human urine with 3 different concentrations of UPEC-57, and 
using above described, LOD was estimated using the median and stan-
dard deviation of the blank samples using the following equation (6):  

LOD = CFUmedian + 3 × SDCFU                                                       (6)  

2.4. Physicochemical analyses 

X-ray photoelectron spectroscopy (XPS) analyses were carried out in 
the core-level binding energy range of C 1s, Au 4f, O 1s and N 1s to 
investigate the surface chemistry of the biosensor surface after consec-
utive functionalization steps, i.e. AuNC drop-casting at GCE and dsDNA 
grafting. These studies were carried out on an Escalab 250Xi (Thermo-
Fisher Scientific), utilizing an AlKα X-ray source, spot diameter of 250 
μm and pass energy of 20 eV. Low-energy electron and low-energy Ar+

ion bombardment were used for charge compensation purposes. 
Avantage v5.9921(ThermoFisher Scientific) was used for deconvolution 
and peak calibration using adventitious carbon C 1s (284.6 eV). 

Atomic force microscopy (AFM) studies were performed with NTgra 
Prima (NT-MDT) and using NSG30 probes with geometric parameters 
125x40x4 μm, resonant frequency 320 kHz, and spring constant 40 N/ 
m. A set of 25 approximation curves were made in a rectangular area 
(side – 3.5 μm) for statistical processing purposes. The static technique 
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was used. These measurements were conducted in the electrolyte used 
for the electrochemical studies, under a potentiostatic regime at three 
different polarization potentials, namely: − 0.3 V, +0.1 V and +0.5 V vs 
Ag/AgCl, before and after RNAP exposure to dsDNA-functionalized 
AuNC at GCE. The scanning electron microscopy (SEM) analysis was 
performed using Quanta 250 FE-SEM (FEI), with the operating electron 
beam at a 20 kV accelerating voltage. 

3. Results and discussion 

3.1. dsDNA immobilization on gold nanocubes 

The efficacy of consecutive electrode functionalization steps was 
verified directly by means of XPS analysis, and indirectly through 
impedimetric changes analysis. Fig. 1f and g reveal the high-resolution 
XPS spectra registered in the core-level binding energy range of the Au 4f 
and C 1s peaks, respectively. Following Fig. 1f, one can observe a strong 
Au 4f7/2 component at 84.7 eV, testifying the presence of AuNC at the GC 
surface. Two more peak doublets were identified, the one shifted at 
− 1.5 eV is likely ascribed to an AuNC surface component 

Fig. 2. (a) Schematic of the data elaboration, with an example for Np = 1760 and Ep = − 0.28 V; (b–g) Graphical representation of the first three columns of U: (b–d) 
for the EC-B, and (e–g) UPEC-57 datasets. 
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(Niedzialkowski et al., 2022; Passiu et al., 2020), while the one at +1.6 
eV should be interpreted as Au-C moieties, thus testifying to Au com-
plexing by surfactant, CTAB, as discussed in more detail in another 
report on AuNC chemistry (Niedzialkowski et al., 2022). Anchoring the 
thiol-functionalized oligonucleotide strand and hybridizing the com-
plementary strand to obtain the dsDNA receptor led to an increase in the 
layer thickness, suppressing the Au signal. Notably, after surface func-
tionalization, the primary constituent is the peak at 85.8 eV, which is 
characteristic of Au species involved in the Au-S bond (Laomeephol 
et al., 2020; Vitale et al., 2011). In the case of the GCE surface with 
drop-cast AuNCs, the major constituents of the C 1s spectra are the 284.8 
and 285.6 eV peaks, attributed to aliphatic C-C and C-N/C-O bonds, 
respectively, from the presence of CTAB and adventitious carbons, with 
a smaller component from the sp2-C within the GCE substrate (Dwivedi 
et al., 2015; Qu et al., 2019). Anchoring the dsDNA receptor signifi-
cantly alters the surface chemistry of the sensor. The strongest signal 
originates from the C-O/C-N bonds and OC––O, NC––O bonds, present 
within the hydrocarbon chains in nucleic acid bases. This observation is 
typical of DNA anchored at electrode surfaces (Niedzialkowski et al., 
2020; Silva-Moraes et al., 2018). A significant drop in the share of sp2-C 
corroborates the increase in the functionalization layer. 

Consecutive steps of surface functionalization, depicted in Fig. 1a, 
were routinely controlled by electrochemical impedance spectroscopy 
and cyclic voltammetry; see the data in the SI file, Fig. S1 and Table S2. 
As a general rule, the next functionalization steps lead to an increase in 
the thickness of the layer functionalized at the electrode surface, which 
successively increases the charge transfer resistance, RCT. 

3.2. Data analysis and RNA polymerase recognition in real bacteria 
cultures 

The impedimetric data treatment is schematically reported in Fig. 2a. 
The first step in analyzing the data was to perform SVD for each po-
larization step. In the first part of the experiment, the recognition of real 
bacteria cultures was carried out in artificial urine. As an example, the 
real against the imaginary part of the first three columns of U are 

reported, for both the EC-B and UPEC-57 datasets, at Np = 1760 (Ep =

− 0.28 V) in Fig. 2b–g, showing that the greatest separation between 
control and positive samples is given both by the real and imaginary part 
of the first component and by the real part of the second component. No 
distinction is provided by the third component (as also reported by the 
low explained variance). For this reason, the PLS-DA was conducted 
with truncated SVD (t-SVD), with r = 2. Moreover, the Euclidean dis-
tances dctrl-ref, dE.coli-ref and dUPEC-ref have been defined as the distance 
between the centroids. A similar observation can be made regardless of 
whether the analysis is done on suspended bacteria or bacterial lysate 
(see SI file, Fig. S2 for details). Since the first column, u1, carries most of 
the dataset information, it is possible to see that the individual points are 
characterized by high dispersion, which may be related to the charac-
teristics of the single electrode, which results from the fabrication steps. 
On the other hand, in u2, the different tests are well-clustered, sug-
gesting that this component may be connected to the bacteria identifi-
cation, independently of the different electrode characteristics. Indeed, 
minor features that distinguish the different impedance measurements 
are common and will most likely be represented by components 
different from the first. This behavior can be observed for both the EC-B 
and UPEC-57 datasets. 

By performing the SVD analysis reported above at all the 1850 po-
larization steps (Np), it was possible to observe how the sample clus-
tering varies with the application of a polarization potential (Ep). The 
variation of the specificity, accuracy, and sensitivity as a function of Np 
is shown in Fig. 3a for EC-B and Fig. 3b for UPEC-57. It is possible to see, 
for EC-B, the more pronounced presence of some intervals in which a 
dramatic drop in the sensitivity is present, which corresponds with the 
second component, showing a slight increase of the explained variance 
(Fig. 3c and d). By computing the previously defined Euclidean distances 
between centroids, it is possible to see distances maximization occurring 
at negative potentials (Fig. 3e and f). Similarly, to highlight the polari-
zation potential intervals (PPIs) at which the distinction between sample 
sensitivity, accuracy, and specificity is most noticeable were calculated 
as functions of Ep (Fig. 3g,i). In particular, it is possible to observe the 
presence of three different behaviors at different electrode polarization 

Fig. 3. Plot of specificity, accuracy and sensitivity as a function of Np, for both (a) EC-B and (b) UPEC-57 datasets. Total variance explained by the first two columns 
of U for (c) EC-B and (d) UPEC-57. (e,f) Euclidean distance between the centroids given by the different test conditions, for u1 and u2. (g,i) plot of the specificity, 
accuracy and sensitivity as a function of Ep. (h,j) ratio between the real part of u1 and u2. 
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conditions:  

1) PPI1 (− 0.1 V < Ep < +0.3 V). Interval in which the oxidation (or 
reduction) of the redox probe is not suitable for analyte detection.  

2) PPI2 (Ep < − 0.1 V): Optimal interval for the bacteria detection, 
excluding the measurement performed close to the inversion po-
tential. The Euclidean distance between the samples’ (reference vs. 
control) centroids is slightly higher, suggesting better 
discrimination.  

3) PPI3 (Ep > +0.4 V): Suitable interval for the bacteria detection. 

A conclusion may be drawn from the above analysis, suggesting that 
polarization with low overpotentials should be avoided due to its vi-
cinity to the redox potential of the [Fe(CN)]6

3-/4- probe used in this study. 
The redox potentials may be subject to slight changes in-between 
particular experiments due to inevitable differences in the electric 
properties and, as an effect, the reversibility of the redox process at 
receptor-functionalized surfaces. This effect will exacerbate the accu-
racy and sensitivity drop of the biosensor when comparing results from 
many experiments. Identification of the decreased accuracy and sensi-
tivity of the impedimetric analyses in PPI1 is of paramount importance, 
since not only the redox potentials but also the formal potential EF lies in 
the above interval. EF is estimated based on anodic (Ea) and cathodic (Ec) 
voltammogram peaks, EF = (Ea – Ec)/2 and is defined as the reduction 
potential applying to a half-reaction under a specific set of conditions, 
therefore it is typically considered to be electrode polarization condi-
tions in the vast majority of impedimetric biosensor studies. The in- 
depth SVD analysis shown here suggests that the accuracy and sensi-
tivity of EIS biosensors may be suboptimal at low overpotentials (PPI1 
polarization range). On the other hand, the necessity to meet the sta-
tionary condition in classic EIS studies makes it impossible to perform 
studies at higher anodic or cathodic overpotentials. 

The cathodic (PPI2) or anodic (PPI3) overpotentials must be applied 
to efficiently distinguish between the control and positive samples. The 
detection may be related to diffusion-surface kinetic processes, since the 
contributions of frequencies in the low range are predominant (see SI 
file, Fig. S3, in particular the interval FI1 for frequencies below 20Hz), 
where studies by Settu et al. (2015) suggest a maximum relative changes 
measured at 10 Hz. At negative polarization potential, the same Re 
(u2)/Re(u1) ratio for both anodic and cathodic scan may suggests the 
existence of the same electrochemical behaviour, while, at positive po-
larization, the presence of an hysteresis loop may be indicator of two 
different behaviours for anodic and cathodic scans, as reported in 
Fig. 3h,j. 

In light of the above considerations, Fig. 3e and f shows the distance 
between centroids for the first two columns of U, that the samples with 
real bacterial cultures find a place between the control and the refer-
ence. By using the same coefficients determined for the PLS-DA, the 
detection of UPEC-57 in artificial urine was performed, resulting in an 
averaged sensitivity, accuracy and specificity of 80, 90, 93% respec-
tively, for the negative polarization interval (Fig. 3i). In general, the 
effect of electrode polarization potential on differentiating between the 
absence and presence of bacteria is more pronounced for EC-B than for 
UPEC-57. In particular, this is strongly penalized within the range 
bounded by the reduction and oxidation potentials of the redox probe; 
however, UPEC-57 is less affected (Fig. 3b). In conclusion, no significant 
differences in signal response were observed between EC-B and UPEC- 
57, which means that the proposed biosensor is not specific towards a 
given E. coli bacteria strain. Importantly, in the light of current diag-
nostic recommendations (Hay et al., 2016; Nicolle et al., 2019), the 
specificity of the method used to detect bacteria in the urine is not 
crucial. According to the medical dogma (Kass, 1962), the human urine 
of a healthy person should be sterile and UTI is typically thought to be 
caused by the presence of bacteria in the urine of a symptomatic patient. 

3.3. UPEC-57 detection in real human urine 

Detection in real media, such as human urine, is significantly more 
difficult compared to synthetic electrolytes, as it is characterized by 
chemical and biological diversity, containing up to 3000 different 
organic compounds and metabolites, including proteins, carbohydrates, 
and blood cells (Sarigul et al., 2019). To verify the utility of the devel-
oped methodology in the human urine environment, a procedure anal-
ogous to that described in the previous section was carried out. As 
expected, the studies in a real environment, with an unknown concen-
tration of fouling agents, such as proteins and metabolites (Hanssen 
et al., 2016) led to a decrease in the averaged sensitivity, accuracy and 
specificity, now on the level of 83, 80 and 83%, respectively (averaged 
values at negative polarization potential) (Fig. 4a). When PLS regression 
was performed using t-SVD in real urine, PPI2 was found to be superior 
to PPI3 for UPEC-57 detection, see Fig. 4c and d, in the first polarization 
cycle, and that the sensing ability worsened with the increasing Np. 
Indeed, after the first scan, it is possible to appreciate a loss in R2, 
probably due to some irreversible processes taking place on the elec-
trode surface (Fig. 4b). 

The estimated LOD of UPEC-57 in human urine reaches 11.3 CFU/ 
mL when studied at negative overpotentials of PPI2 range. This result 
matches or surpasses most other available reports, while obtained using 
simple electrode surface architecture. A comparative study of different 
E. coli sensors in human urine is presented in Table 1, while electro-
chemical biosensors in other electrolytes are also given in the SI file, 
Table S3. Moreover, we have confirmed that the LOD of the method 
proposed here is 10x lower compared to the commonly used bacteria 
cultivation technique in which the detection of bacterial colonies is 
performed by plating of the bacterial solution onto Petri dishes with 
solid LA medium and overnight incubation. With this culture protocol, 
we were able to detect UPEC-57 bacteria in a solution that contained at 
least 102 bacterial cells per 1 mL (CFU/mL). The illustrative plates with 
bacterial colonies obtained by using the cultivation-based detection 
method are shown in Fig. 4f. For comparison, the proposed approach 
shows a limit of detection of 11.3 CFU/mL for the uropathogenic E. coli 
strain No. 57. Indeed, a similar LOD can be reached by using an 
enrichment procedure followed by molecular detection, however, this 
approach will take much more time (around 24 h) than the proposed by 
us method. On the other hand, our impedimetric analysis takes as little 
as 2 min, which results from polarization in the PPI2 range (− 0.35 to 
− 0.10 V, with 2 mV/s), while no conditioning in real media was 
necessary. 

It should be noted that, unlike in the artificial electrolyte, carrying 
out the analysis of several studied samples under deep anodic polari-
zation have led to irreversible changes occurring at the biosensor sur-
face. This process is associated with the accumulation of compounds 
present in urine (i.e. carbohydrates, proteins, and leukocytes) at the 
electrode surface, passivating it and blocking the electrode. In approx. 
60% of these events, the surface passivation led to biosensor damage, as 
shown in Fig. 4e and SI file, Fig. S4. The voltammograms presented in 
the SI file, Fig. S5, reveal additional redox processes associated with the 
oxidation of uric acid. It should be noted that such behavior did not 
occur when the biosensor was subjected only to cathodic polarization in 
the PPI2 range. Even when the passivation is incomplete, the above- 
described behavior explains the significantly lower biosensor accuracy 
when studied in the anodic polarization range, as shown in Fig. 4b, c and 
4e. 

The DEIS and PLS-DA approach provides valuable information about 
measurement conditions that could lead to electrode degradation, 
enabling users to take preventive measures. The analytical limits of any 
sensor can be adjusted to the individual needs by varying the applied 
polarization (in this case, PPI2) or frequency range. The utilization of 
adjusted frequency has been demonstrated to enhance sensor perfor-
mance and improve the efficiency of machine learning algorithms, as 
previously observed (Kokabi et al., 2023; Xu and Hong, 2022). The 
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utilization of Arduino microcontrollers enables the implementation of a 
multi-frequency approach, offering a user-friendly monitoring tool for 
therapy that can be easily operated by inexperienced individuals. (Merli 
et al., 2020; Murillo-Ortiz et al., 2020; Romero Coripuna et al., 2021; 
Wang, 2015). 

A detailed understanding of the altered biosensor response depend-
ing on the applied overpotential is extremely difficult due to the 
complexity of the electrode surface, both in terms of the macromolecular 

structure and resultant, instantaneous surface charge distribution. To 
shed light on the role played by the charged-up electrode surface, we 
calculated the electrostatic potential based on the Poisson-Boltzmann 
equation for the macromolecules functionalized at the AuNC surface 
and conducted spectroscopic AFM studies of the proposed biosensors. 
Notably, neither the AuNC surface charge nor the solvent could be 
considered in these calculations. Fig. 5a shows a model of dsDNA 
attached covalently to AuNC and the RNAP. Since DNA bears a highly 
negative formal charge, due to the presence of negatively charged 
phosphate moieties linking neutral nucleosides, one can assume that 
upon oligonucleotide immobilization, the surface of the functionalized 
gold cubes becomes highly negative and remains negative upon DNA 
hybridization. On the other hand, RNAP is a complex system with some 
domains bearing a total negative and some positive charge, although 
most of the RNAP subunits have more negatively charged amino acids 
(D/E) than positively charged (K/R), resulting in a theoretical value of 
isoelectric points in the range of 4.5–5.2. In particular, the RNAP domain 
responsible for DNA binding is highly positive, so upon DNA binding, 
the DNA–protein complex is stabilized not only via specific van der 
Waals interactions and hydrogen bonds but also electrostatic in-
teractions. Upon binding, the entire complex has an excess of negative 
charge and most of the protein domains binding DNA also become 
negatively charged due to the presence of dsDNA (Fig. 5b). However, 
our modeling predicts some RNAP domains (composed mostly of sub-
unit alpha) that are positioned close to the gold surface, and that bear 
only a slightly negative electrostatic charge. As a result, upon RNAP 
binding, the electrostatic charge in the vicinity of the gold surface 
changes from highly negative to less negative/neutral, which is likely 
detected in the experimental setup. 

The spectroscopic AFM mode is based on force imaging of the probe 
positioned on the sample surface, registering the change in the selected 
physical quantity. In this particular case, we registered the approach 
curves of the AFM probe to the functionalized electrode surface at 
electrode potentials falling in the PPI1, PPI2 and PPI3 range. The 
approach makes it possible to register the mechanical characteristics of 
dependence between the interaction force as a function of the pro-
be–sample separation (Cappella and Dietler, 1999), where the process of 
transition between the non-contact and the contact mode of interaction 
can manifest via different shapes of the approach curves (Wu, 2010). In 
the first stage, the AFM probe approaches the surface, and when the 
attractive forces prevail over the spring constant of the lever, the probe 
jumps to a set-up position in the vicinity of the tested surface, marking 
the probe–sample distance, as illustrated in Fig. 5c. The AFM probe 
elongation, h, is inversely proportional to the thickness of the func-
tionalized film. It should be noted, however, that neither the current 

Fig. 4. Plot of (a) the specificity, accuracy and sensitivity and (b) R2 as a function of Ep for UPEC-57 in real urine; difference between real and predicted values of 
UPEC-57 concentrations at (c) positive and (d) negative polarization potential; (e) optical microscope image of damaged surface; (f) illustrative plates with bacterial 
colonies obtained by using the cultivation-based detection method. 

Table 1 
E. coli LOD and detection time in real urine using different detection methods.  

Detection method Type of substrate Detection 
time 

LOD 
(CFU/ 
mL) 

Ref. 

Spectrofluorometry Receptor-binding 
proteins on MNPs 

1.5 h ~107 Costa et al. 
(2022) 

PCR Marker genes 1 h 104 Brons et al. 
(2020) 

Bacteria cultivation Bacterial colony 
number per 1 mL 
suspension 

16–20 h ~102 This work 

Electroporation Segregation of 
nonreplicating 
plasmid pGTR902 

22 min 102 Forsyth 
et al. (2018) 

Microfluidic 
capillaric circuit 

Antibody- 
functionalized 
microbeads 

<7 min 120 Olanrewaju 
et al. (2017) 

Fluorescence Bacterial nuclease 
activity 

1 h <500 Flenker 
et al. (2017) 

Fluorescence Mannose-modified 
polyethyleneimine 
copolymer particles 

~1 ha 265 Li et al. 
(2019) 

CV-DPV Au@MoS2–PANI on 
GCE 

30 min 10 Raj et al. 
(2021) 

CV PANI/AuNP 
composite on SPCE 

~60 mina 4 Shoaie et al. 
(2018) 

EIS Interdigitated Au 
microelectrode 

1–12 h 7 Settu et al. 
(2015) 

LSV Unspecified carbon 
electrode 

35 min 24 Safavieh 
et al. (2012) 

CV-DPV rGO/ 
polyethyleneimine- 
modified Au 

~35 mina 10 Jijie et al. 
(2018) 

CV Thionine dye (Th) 
on MWCNT/ 
chitosan coated on 
GCE 

1 h 50 Gayathri 
et al. (2016) 

MIDA AuNC drop-cast on 
GCE 

~2 min 11.3 This work  

a information not available directly, the detection time is speculated based on 
the experimental steps provided. 
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deflection of the AFM probe nor the current height of the sample at the 
contact point is known a priori, thus the approach curves provide only an 
indirect measure of changes in the conformation of the studied system 
depending on the applied polarization potential. Therefore, the pro-
be–sample distance was normalized, setting the sample studied in the 
PPI1 range as the reference (h* = 0). The h* value should be considered 
in terms of changes in the strength of interatomic interactions between 
the macromolecules and the atoms of the microscope tip. Fig. 5d shows 
the results of a statistical analysis from 25 approach curves to the Au_ref 
electrode surface. When these data are taken only in the context of 
changes in the conformation of the macromolecular film at the electrode 
surface, it can be concluded that polarization in the anodic PPI2 range 
reduces the film thickness (compared to PPI1), while polarization in the 
cathodic direction (PPI3) causes the opposite effect. Similar changes in 
the orientation of dsDNA in the electric field were reported previously 
(Meunier et al., 2015; Niedzialkowski et al., 2020). The final effect on 
the macromolecule’s conformation is visible upon RNAP interaction 
with the dsDNA at the electrode surface, as in Au_ctrl (Fig. 5e). The 
presence of coulombic repulsion between a negatively charged 
RNAP-DNA complex and the negatively charged electrode surface 
(PPI2) produces a similar effect to the one discussed above, but the h* 
decrease is much smaller, possibly due to the steric hindrance effects by 
the RNAP-DNA complex. 

The processes discussed may have a multidimensional influence on 
the measured impedimetric parameters. The most commonly used in-
dicator, RCT, will notably increase upon RNAP-DNA interaction, devel-
oping the functionalized layer thickness, and hindering the diffusion of 
the negatively charged ferrocyanide redox probe. It should also be noted 
that the higher the functionalized layer thickness, the smaller the 
measured capacitance. The change in electrode conformation has an 
immediate effect on the frequency dispersion of the capacitance, as 
previously discussed (Niedzialkowski et al., 2020). The effect of elec-
trode polarization under PPI2 and PPI3 conditions is schematically 
illustrated in Fig. 5f, suggesting a possible mechanism of molecular in-
teractions in the electric field that allows one to distinguish the 
impedimetric signal in the presence and in the absence of the RNAP. Due 
to the complexity of the studied interphase, however, any experimental 
or simulation technique will provide an impaired and incomplete 
interpretation of the studied process. Nevertheless, the combined DEIS 
with PLS-DA approach makes it possible to effectively identify the 
unique impedimetric fingerprint of the biosensor studied. 

4. Conclusions 

We proposed a new methodology for biosensor operation, which 
utilizes real-time impedimetric monitoring combined with partial least 
squares discriminant analysis. The principle of its operation is to 
distinguish the presence of the analyte not only by strong intermolecular 
forces but also by weak coulombic forces, when measured under 
different polarization conditions, to obtain the explicit impedimetric 
fingerprint of the macromolecular interactions. 

As a proof-of-concept of the methodology, we selected the aptameric 
recognition of RNAP for two different E. coli strains, including uropa-
thogenic UPEC-57. The approach discriminates the presence of the an-
alyte at very low concentrations directly in the real human urine 
environment, despite the presence of an unknown amount and con-
centration of fouling agents. The impedimetric analysis was carried out 
on raw data, without fitting with electric equivalent circuits. The study 
revealed that the detection is most accurate at negative overpotentials 
(− 0.35 to − 0.10 V vs Ag/AgCl), where the interaction between nega-
tively charged [Fe(CN)]6

3-/4- species and negatively charged RNAP-DNA 
complexes at AuNC should result in the increase of charge transfer 
resistance and introduce frequency dispersion of capacitance effects. 
Our study shows the capability of UPEC-57 identification with a LOD 
reaching 11.3 CFU/mL after only 2 min and using a simple glassy carbon 
electrode architecture with drop-cast, self-organizing Au nanocube 
patterns. Although there are differences between the data collected for 
EC-B and UPEC-57, the biosensor is not capable of distinguishing be-
tween two strains of E. coli. 
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Murguía-Pérez, M., Martínez-Garza, S., Rodríguez-Penin, A., Romero-Coripuna, R., 
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