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Abstract:

This study reports a novel impedimetric immunosensor for protein D detection in purified and
bacterial (Haemophilus influenzae, Hi) samples. The detection was based on antigen recognition by
anti-protein D antibodies (apD) immobilised at the maze-like boron-doped carbon nanowall
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by scanning electron microscopy (SEM) and X-ray photoelectron spectroscopy (XPS) methods. The
sensor was prepared in a two-step procedure: apD were covalently linked on the previously
modified B:CNW electrodes using diazonium salt. Modification steps were controlled by
electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV) measurements. The
immunosensor exhibited excellent electrochemical performance, stability, satisfactory
sensitivities, and linear ranges for antigen detection. Protein D was detected down to 2.39x10°
fa/mL with a linear range extending from 3.37x10™** to 3.37x10° ug/mL (in purified sample). Next,
Hi’s LOD was 5.20x10° CFU/mL with a linear range of 8.39x10'-8.39x10° CFU/mL. Selectivity
studies showed no reaction with negative samples as Streptococcus pyogenes, Streptococcus
pneumoniae or Bordetella parapertussis bacteria. Therefore, the new approach is suitable for
rapid and quantitative detection of Hi, and is a good candidate for further tests on clinical samples.

1. Introduction

Haemophilus influenzae (Hi) is a Gram-negative bacterium found in human respiratory pathways.
It is a commensal in the human nasopharynx, mainly present on the mucosal surfaces. This
pathogen causes, e.g., pneumonia, meningitis [1], and in the bloodstream, infections — septicemia,
epiglottitis [2]. Hi isolates divide into encapsulated (six serotypes, a-f) and non-encapsulated.
Protein D is a surface lipoprotein antigenically conserved and expressed by all 127 Hi strains; it is
also involved in the pathogenesis of respiratory tract infections. Thus, Hi is a perfect target in the
development of alternative detection methods, as well as in vaccine development [3-6].

The currently developed techniques for Hi determination are mainly molecular methods, e.g.,
culture-based phenotypic identification [8], capsular genotyping [7,8], serotyping by agglutination
[7,9], immunoglobulin analysis [10], immunochromatography [11,12], and PCR-based methods
[13-15]. These methods are believed to be time-consuming and laborious. Rapid commercial tests
are promising [16], however, they are not as popular as for other causatives of respiratory
infections such as the influenza virus [17].

The biosensors field is not widely developed towards Hi detection. Only several methods are
documented in the literature, which can be classified as new compared to the molecular methods.
Takano et al. investigated loop-mediated isothermal amplification (LAMP), which is an isothermal
version of standard PCR offering 1-10°-fold greater sensitivity [18]. Swartz et al. investigated
inductively coupled plasma-atomic emission spectroscopy for the detection of Hi type b capsular
polysaccharide [19]. For electrochemical detection, Yadav et al. applied a square wave
voltammetry method for chloramphenicol antibiotic detection using an aptamer-modified
graphite electrode. The sensor was verified on different Hi strains to distinguish between drug-
sensitive and drug-resistant ones [20].

Electrochemical biosensors (EBs) are promising tools for Hi detection due to their low-cost, high
selectivity of detected analytes [21], and the possibility of miniaturisation [22]. EBs devices
incorporate a biological recognition element such as, e.g., antibodies [23], nucleic acids [24],
proteins [25] that selectively react with the analyte. As a result, the biosensor provides specific
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electrochemical techniques: voltammetry [26], potentiometry [27], conductometry [28],
amperometry [29], and electrochemical impedance spectroscopy [30].

Carbon nanomaterials such as carbon nanotubes [31-33], graphene [34-36], and graphene
guantum dots [37] have attracted increasing interest as an electrode material for electrochemical
biosensor application [38,39]. Carbon nanowalls are sp*-rich phase nanostructures of aligned and
well-separated graphene walls, which are good candidates for biosensor material due to their high
surface-to-mass ratio and stability [40].

In this study, we demonstrate an electrochemical, impedimetric biosensor based on a maze-like
boron-doped carbon nanowall (B:CNW) electrodes. The B:CNW electrodes were synthesised in a
one-step growth process by microwave plasma-assisted chemical vapour deposition (CVD) using a
gas mixture of H,:CH,4:B,Hg and N,. The presence of a boron dopant improves the charge transfer
and electrochemical behaviour of carbon material when compared to typical carbon nanowalls
[41-43]. The electrodes were modified in a two-step procedure by electroreduction of diazonium
salt at the B:CNW surface and antibody immobilisation by zero-length cross-linkers.

The developed platform showed a highly sensitive and selective response to protein D and Hi. The
achieved limit of detection is equal to 5.20x10> CFU/mL. To the best of the authors' knowledge, an
electrochemical biosensor for Haemophilus influenzae detection has not been reported yet.

2. Materials and methods
2.1. Reagents

Potassium hexacyanoferrate(lll), methanol, sodium nitrite, and hydrochloric acid were purchased
from Chempur (Poland). Phosphate-buffered saline (PBS), 4-aminobenzoic acid, N-
hydroxysuccinimide (NHS), 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC), and PCR
primers were purchased from Sigma Aldrich (Germany). Hi (strain 51907), S. pyogenes (strain
700294), and S. pneumoniae (strain 700674) bacteria were purchased from ATCC (US). B.
parapertussis bacteria (strain 529) were provided from the Polish Collection of Microorganisms.
An ExtractMe DNA Bacteria kit was purchased from Blirt (Poland), and a SensiFAST SYBR No-ROX
kit was purchased from Bioline (UK). All reagents were used without further purification. Aqueous
solutions were made using double-distilled sterile water (ddH,0).

2.2. Apparatus

PCR reactions were carried out in a CFX Connected Real-Time Thermocycler (Bio-Rad, US), and
DNA concentrations were measured by a NanoDrop One (Thermo Scientific, UK). The morphology
of the B:CNW was investigated by a SEM (S-3400N, HITACHI, Japan) with a tungsten source and
variable chamber pressure. The XPS spectra of the pristine and modified B:CNW electrodes were
measured using an Escalab 250Xi spectroscope (Thermo Fischer Scientific, UK) with a
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potentiostat—galvanostat (VMP-300, Bio-Logic, France) under EC-Lab software.
2.3. Biomaterials preparation and identification by reference method

Nanobioengineering Laboratory produced mouse monoclonal antibodies at PORT Polish Center for
Technology Development Ltd. by standard procedures as described in [44] with minor
modifications. For detailed data, please see S2. Supplementary information.

Biotechnology Laboratory isolated recombinant protein D at the Institute of Biotechnology and
Molecular Medicine following standard procedures. For detailed data, please see S2.
Supplementary information. For the verification of the efficacy of produced antibodies, a control
experiment was performed. The possibility of detection of Haemophilus influenzae protein D using
anti-protein D antibodies was confirmed in the ELISA test (data not shown).

A single colony of Hi, S. pyogenes, S. pneumoniae, and B. parapertussis was inoculated in BHI broth
(Sigma Aldrich), and cultured overnight at 37°C. 1 mL of the overnight culture was centrifuged, and
the cell pellet was resuspended in 1 mL of PBS Buffer.

A gPCR reaction detected the presence of the bacteria and their concentrations (CFU).
Identification of Hi and S. pneumoniae was performed according to [45], and S. pyogenes and B.
parapertussis according to [46] and [47], respectively. For detailed data, please see S2.4.
Supplementary information.

2.4. Immunosensor fabrication
2.4.1. B:CNW electrode fabrication

The experimental setup used in this study has been described in detail elsewhere [48,49]. The
samples were doped by using diborane (B,Hg) as an acceptor precursor. The flow rates of H,, CHy,
and B,Hg were kept at 287.5, 25, and 12.5 sccm, respectively, and the total gas pressure was 50
Torr. The typical microwave (2.45 GHz) power was 1300 W, and the substrate holder was heated
using an induction heater to around 700°C. The B:CNW were grown on (100) oriented silicon
substrates for 6 h, reaching thickness of 3 um.

2.4.3. B:CNW electrode modification

A large set of B:CNW samples was tested and studied during the optimisation of process
parameters to obtain an efficient modification procedure. Each surface was washed in an
ultrasonic cleaner for 5 min in methanol and ddH,0, and dried in an argon stream before the
modification procedure. The detailed procedure of immunosensor fabrication and investigation
are shown in Fig. 1.

The first step was the modification of bare B:CNW with diazonium salt to achieve
B:CNW/CgHsCOOH. The salt synthesis was carried out by dissolving 20 mg of 4-aminobenzoic acid
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ddH,0 was added. An aqueous solution of sodium nitrite (25 mg in 3 mL ddH,0) was added drop-
by-drop to the cooled solution over 30 min. Subsequently, 250 uL of the freshly prepared
diazonium salt solution was transported to an electrochemical cell, diluted twice with ddH,0, and
deaerated with argon for 5 min. Electrografting was carried out on B:CNW with a surface area of
ca. 38.46 mm? (@7 mm), which was polarised 11 times from 0 to -1 V. Then, the electrode was
washed with sterile ddH,0.

The second step was the application of apD on the electrografted B:CNW/CsHsCOOH to get
B:CNW/CgHsCOOH/apD. For this purpose, a solution of 34.5 mg EDC and 20.9 mg NHS in 5 mL PBS
was prepared and stirred for 5 min at room temperature. In the meantime, a stock solution of apD
was diluted 100-fold in PBS. Next, 40 uL of apD and 1 mL of carboxyl group activator (EDC/NHS)
were mixed, and 50 pL of the obtained solution was applied on the B:CNW/CgHsCOOH surface for
24 h at 4°C. After this time, the electrode was washed gently with ddH,O, dried in argon, and
stored in ambient conditions before use.
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Fig. 1. Scheme of B:CNW electrode modification towards selective determination of Haemophilus
influenzae (Hi) A) synthesis of a diazonium salt with its steps featured, B) electrografting of
diazonium salt linkers at bare B:CNW surface using the electrochemical cell, C) antibody
immobilization at carboxyl group of the 4-aminobenzoic acid modified B:CNW/C¢HsCOOH.

2.5. Electrochemical experiments
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All measurements were carried out in a three-electrode system using a silver-chloride electrode (3
M KCI) as the reference electrode, a platinum grid as the counter electrode, and antibody-
modified B:CNW/C¢H;COOH/apD (ca. 19.62 mmz, @5 mm surface area) as the working electrode.
The supporting electrolyte was 1 mM Ks[Fe(CN)g] in 1xPBS pH 7.37. Before each measurement, the
electrolyte (200 pL) was deaerated with argon for 5 min.

For the bare and modified B:CNW electrodes, the electrochemical impedance spectroscopy (EIS)
and cyclic voltammetry (CV) measurements were carried out. The CV scan was in the potential
range from -0.75 V to 0.75 V relative to the reference electrode at a scan rate of 50 mV/s,
triplicate. On its basis, a formal oxidation potential of [Fe(CN)s]S'/“' was determined for bare
B:CNW, and then applied in EIS (3 min sample polarisation). The EIS measurement frequency
range was 0.2 Hz — 10 kHz (52 points), stimulating the system with a single sinusoidal signal with a
10 mV amplitude.

3. Results
3.1. B:CNW surface characterisation

Scanning electron microscopy was applied for the investigation of the surface morphology of bare
B:CNW (Fig. 2A). The obtained carbon nanowalls formed homogeneous, randomly vertically
aligned maze-like structures with a wall-length of approximately 0.7 um. The boron-doped carbon
nanowall layer applied here exhibited a thickness of 3.2 um, as reported previously in [50].

The XPS survey spectra of B:CNW and B:CNW/CgHsCOOH (Fig. S1, Supplementary information)
showed peaks of C 1s, N 1s, and O 1s at approximately 286 eV, 400 eV, and 532 eV, respectively.
The high-resolution spectrum of the C 1s (Fig. 2C) was resolved into signals located in the range
from 283.3 eV to 289.1 eV. The main peaks corresponded to the carbon-carbon -sp? and -sp’
bonded at 284.3 eV and 284.9 eV. Next, the small C-B feature was observed at 283.4 eV [51-53].
The spectrum of the modified electrode also contained a signal from carbon from the carboxyl
group at 289.1 eV. The N 1s signal (Fig. 2C) was fit using two peaks at 398.5 eV and 401.0 eV
attributed to the chemical environments for pyridinic nitrogen (C-N-C) and quaternary nitrogen (N-
(C)3), respectively [54].

The deconvoluted O 1s spectrum (Fig. 2C) showed three component peaks at binding energies of
531.6 eV (C=0), and 533.2 eV (C-OH, C-O-C). The total oxygen content in the bare and modified
B:CNW electrode differed significantly. The atomic concentration of O in the B:CNW was
approximately 3.2%, whereas in the B:CNW/C¢HsCOOH, achieved 17.1%. The higher percentage of
oxygen with a simultaneous decrease of the signal originating from the B:CNW electrode surface
suggested successful attachment of -CsHsCOOH moiety to the carbon nanowall surface. Thus, the
XPS result coincides with the CV and EIS measurements. Curve fitting results of C 1s, O 1s, and N 1s
XPS spectra of B:CNW and B:CNW/C¢HsCOOH were presented in Fig. 2B. The assignment of
binding energy to the particular chemical bonds was done according to the literature [54-56].
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Fig. 2. Morphology and XPS studies of B:CNW surface modification: A) SEM micro-images of bare
B:CNW surface taken with magnification of 2,500x (Inset A: image taken at 25,000x of
magnification), B) Table with atomic % composition of bare B:CNW and modified
B:CNW/CgHsCOOH surfaces, C) High-resolution XPS C 1s, O 1s, and N 1s spectra for bare B:CNW
(top) and B:CNW/CgHsCOOH surfaces (bottom).

3.2. Electrochemical characterisation of immunosensor

To observe changes in the electrode properties during the modification steps, the CV and EIS
techniques were used in accordance with the parameters from the Materials and methods
section.

On the CV graph (Fig. 3A) for the bare B:CNW electrode, the oxidation and reduction peaks of
[Fe(CN)e]* and [Fe(CN)q]*> were well defined (heights of 120 uA-cm'2 each, potential difference not
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between electrodes. After the first stage of electrode modification, i.e., diazonium salt
electrografting - B:CNW/CgHsCOOH, the redox peaks were not observed, which indicated a high
degree of surface coverage with p-carboxyphenyl groups. Next, the B:CNW/CgHsCOOH electrode
was incubated with the solution of EDC/NHS and apD. This step did not cause any noticeable CV
changes as the B:CNW/C¢HsCOOH surface was previously blocked with deposited benzoic acid
groups.

For the EIS data analysis (Fig. 3B), a an electric equivalent circuit was built (Fig. 3C), a derivative of
Randles circuit with parallel capacitance replaced by the constant phase element (CPE). The CPE is
the most often used to include representation of frequency dispersion due to material
heterogeneity and overlapping of time constants. Its impedance, Zcpe, is defined as [Q(jw)]™",
where Q is heterogeneous quasi-capacitance in case of frequency dispersion effects and CPE
exponent n is the so-called homogeneity factor (for a=1 CPE represents ideal capacitor) [57]. The
main influence on the quasi-capacitance value has an electrochemically active surface,
permeability, layer thickness as well as the degree of heterogeneity [58]. Furthermore, to
represent the diffusion-controlled process, visible in the low-frequency range of the impedance
spectra, a Warburg diffusion impedance element was introduced. The Zy, represents the diffusion
of the electro-active species towards the electrode surface. In presence of barrier properties of
diazonium salts film covering B:CNW electrode surface, the diffusion impedance is neglected,
which is in good agreement with disappearance of redox peaks in CV scans.
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Fig. 3. Preparation of surface-modified B:CNW electrode: A) CV curves recorded for bare and
modified B:CNW electrodes, B) EIS spectra of bare and modified B:CNW electrodes after
incubation in different solutions recorded in 1 mM Ks[Fe(CN)¢]/ 1xPBS, C) applied electric
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modified B:CNW electrodes incubated in different solutions.

The two orders of magnitude decrease in the quasi-capacitance after electrografting indicates very
effective adsorption of diazonium salt molecules onto the B:CNW surface, which corresponds well
with the increase in the homogeneity parameter, also observed in impedance studies on organic
functionalized layers by other authors [59]. Also, the increase in the Ry parameter indicates a
more difficult electron transfer process at the electrode surface, which was most likely caused by a
reliable electrode coverage. After the electrode incubation with apD, a decrease in the resultant
Rt can be seen (about 70 kQ less), which may be caused by partial hydrolysis of the adsorbed salt
molecules. The changes in electrical circuit elements' values are presented in Fig. 3D.

Usually, the next step of immunosensor fabrication is to block unmodified sites on the electrode
surface, e.g., using bovine serum albumin (BSA) [60—62]. This is to prevent non-specific
interactions between antigen and unmodified electrode sites [63]. In order to determine the
validity of this treatment for a biosensor formed from B:CNW, the degree of electrode coverage
after 24 h of incubation in the solution of apD and EDC/NHS was calculated using the relationship
1:

g = Ze@=Ret@ o 10 g, (1)
Ret (1)
where 0 is the electrode coverage degree, Re,(1) and Re,2) are the R for the modified and bare
B:CNW, respectively. The O value was 99.87%, which indicates an inconsiderable non-
electrografted area of the electrode. The chance of non-specific adsorption on the electrode
surface was assessed as very low; thus the stage of surface modification with BSA was omitted.
Sensor selectivity tests later confirmed the correctness of this procedure.

3.3. Detection of bacterial protein D and sensor verification on Haemophilus influenzae

After B:CNW modification, it was placed in an electrochemical cell, and EIS spectra were recorded
until system stabilisation was observed. The stability of the sensor was verified by two additions of
PBS (20 uL) to exclude unspecific interactions. After the first verification of the accuracy of the
modification procedure, the immunosensor was checked towards the target analyte — protein D
deriving from Hi (samples were incubated for 5 min). Fig. 4A shows the impedance spectrum
recorded during subsequent additions of the protein D solution with increasing concentrations,
which was preceded by two-times additions of its solvent (PBS) as a negative control. The PBS
additions gave a 12% response in first addition to the sample, and 3% between the next additions
compared to further protein D additions (8% increase at first concentration of protein D and 20%
in the next one). Further additions of the protein D solution caused a more pronounced increase in
the total electron transfer resistance, and decrease in quasi-capacity as listed in Tables S1 and S2
(see S3.3. Supplementary information). The subsequent binding of protein D to the apD located on
the electrode surface caused this phenomenon. An increase in the homogeneity of the surface,
and thus an increase in the n parameter, were also achieved (Tables S1 and S2 in Supplementary
information).
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@ protein D 3.37x10-3 pg/mL Hi 8.39%10% CFU /mL
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Fig. 4. Detection of protein D and Haemophilus influenzae. Impedance spectra of
B:CNW/C¢HsCOOH/apD electrodes incubated in PBS solutions with different: A) protein D
concentrations derived from Hi, B) real Hi bacteria concentrations. Attn. Inset in A shows
dependence of relative change of R. versus protein D concentration, while Inset in B displays
relative shift in R.; versus real Hi bacteria concentration.

The calibration curve was constructed based on the obtained values. To unify these values, the
degree of electrode coverage was used instead of the direct value of R, resistance, which was
calculated using formula (1) where: Rq,(z) is the resistance for PBS, R 1) is the resistance for the
sample added. A similar procedure is also used in other works [63,64]. The obtained relationship is
shown in Fig. 4A. Error bars were calculated as relative standard deviation (RSD), and their low
values indicate very good repeatability of measurements. More information about the linearities
and sensitivities of the biosensor is presented in section 3.5.

The success of the linearity response towards protein D classified the sensor for further studies on
a real sample — Hi bacteria. The measurement and sample addition procedures were similar to
protein D. Fig. 4B shows impedance spectra recorded for the Hi additions with increasing
concentrations. Analogous changes were observed — a slight increase in R resistance during the
addition of PBS (3% between each other) and a more significant increase for Hi (24% for the
concentration of 840 CFU/mL, for detailed data, please see Table S2, Supplementary information).
It is worth noting that the increases in resistance are noticeably higher for Hi than protein D itself
(66% for Hi, and 44% for protein D, and the highest concentrations). This is caused by the larger
size of the bacteria, and the bigger amount of the target analyte, as one Hi particle has around
2800 protein D particles [5]. The resistance changes correlate very well with the increasing value
of the n parameter, which indicates the degree of homogeneity of the electrode surface obtained
in the case of bacterial adsorption than in the case of the protein itself. The graph of the
concentration logarithm relationship to the system response was constructed analogously to the
protein calibration curve, and is shown in Fig. 4B. Error bars calculated as RSD tend to increase at
higher bacterial concentrations, which can be caused by different bacterial adsorption on the
surface. With a much larger surface area, it is probably possible to hamper the adsorption process
due to spherical hindrance, and thus a greater diversity of sensor responses. This phenomenon
may become more and more critical in the case of a larger number of pathogens adsorbing on the
surface.
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3.4. Biosensor selectivity, repeatability and stability studies
S. pyogenes, S. pneumoniae, and B. parapertussis bacteria were used as potentially interfering

bacteria to investigate the selectivity of the immunosensor. The selection was based on the
causatives of respiratory tract infections, especially S. pneumoniae which is known as a common
co-infection species with Hi [10,65]. The bacteria concentration was kept in the same order of
magnitude to receive comparable results. Next, they were applied on the modified electrode
separately and in mixtures (B. parapertussis with S. pyogenes, B. parapertussis with S.
pneumoniae, and S. pyogenes with S. pneumoniae). After 5 min incubation, the EIS spectra were
recorded. According to Fig. 5, all negative controls did not give substantial impedance increase,
the percentage change of R did not exceed 12 %, for both single and mixed samples, and this
value was established as a threshold for the distinction between positive and negative samples.
The small R decrease in the case of two mixes (B. parapertussis with S. pyogenes, and B.
parapertussis with S. pneumoniae) can be due to a high load of non-specific bacteria
(concentration exceeding the order of magnitude of the Hi concentration), thus the rupture of the
antibodies layer. The amount of S. pyogenes and B. parapertussis used in the assay is higher than
in biological samples, according to [66,67]. Compared to the %R, change in the presence of
positive Hi, the negative samples were proved to give no cross-reactivity, indicating that the

proposed method has high selectivity for the detection of protein D in Hi bacteria.
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Fig. 5. The selectivity of the B:CNW/C¢HsCOOH/apD immunosensor tested versus positive Hi
(4x10* CFU/mL) sample and other, mixed interfering pathogens: B. parapertussis (9x10* CFU/mL) +
S. pneumoniae (4x10% CFU/mL), S. pyogenes (3x10% CFU/mL) + B. parapertussis (9x10* CFU/mL), .
pyogenes (3x10* CFU/mL) + S. pneumoniae (4x10* CFU/mL), S. pyogenes (6x10* CFU/mL), B.
parapertussis (1x10% CFU/mL) and S. pneumoniae (8x10* CFU/mL). Attn. PBS bare buffer solution

was shown as blank and reference sample.
The repeatability and reproducibility studies involved three independent sensors. Each electrode

was freshly modified according to the optimised procedure and incubated with protein D for 5
11


http://mostwiedzy.pl

A\ MOST

ITHrL. rne represeritdauve diitiger conceriunduor wds 5.5/X1U g/ ITIL. NEXL, LIIplHLdLe innpeulirecric
spectra were recorded, and RSD values were monitored. For repeatability, three replicates of
measurement on one electrode resulted in an RDS value of 1.51%. The reproducibility between
three biosensors prepared in the same conditions revealed an RSD value of 4.08%. The relatively
low RSD values indicated satisfactory repeatability and reproducibility of the assay.

3.5. Comparison of sensitivities and linearity ranges
The calibration curve equation in general takes the form (2):
y = a(n(x)) + b, (2)

For the protein D calibration curve, the linearity range covers all concentrations used (3.4x10™"* —
3.4x107%) pg/mL. In this case, the equation is expressed as follows: 1.76(In(x)) + 56.94. In the case
of dependence between sensor response and bacterial sample (Hi) concentration, two ranges of
linearity are observed - first of 8.39x10" — 8.39x10° CFU/mL and second of 8.39x10* — 8.39x10°)=
CFU/mL. This phenomenon, not previously observed in other works, is probably closely related to
the modification procedure used. The first bacterial concentrations bind specifically to active
centers of antibodies (antigen-binding fragment (Fab) regions) on the electrode surface, which
represents the first range of linearity. After exceeding a particular concentration of antigen, all
free Fabs were saturated, giving the first linear characteristic of sensor response. The further
addition of sample resulted in physical adsorption on the first layer of the bacteria associated with
the antibodies. Thus the second linearity range was observed; however, deriving from not specific
interaction. In this case, the first scope should be taken as the range in which the pathogen
detection is specific, which is leading to equation: 5.42(In(x)) — 1.18.

The detection limit was calculated using the method presented by Cebula et al. [63]. The highest
response to the NEG sample (10.7 %, S. pneumoniae) was multiplied by 3, and LOD for both
protein and bacteria was calculated from the obtained value by. The calculated values were
2.39x107 fg/mL for protein D, respectively and 5.20x10% CFU/mL for Hi.

Table 1. Comparison of parameters of previously reported detection methods of Haemophilus
influenzae versus maze-like boron-doped carbon nanowall base immunosensor.

Detection method Linearity range LOD Year Ref.
1-10° organisms per
Real-time PCR ganisms p n/d* 2004 [9]
25 ul reaction mixture
Real-time PCR 10°-10’ CFU/mL 10° CFU/mL 2015  [68]
1.89x10° DNA
PCR n/d* . 2018 [14]
copies/ulL
PCR n/d* 2.5%10° cells/mL 2013 [69]
10-10° DNA copies per 10 DNA copies per
LAMP ) i ) ) 2017 [18]
reaction mixture reaction mixture
Immunochromato- n/d* 1x10° CFU/mL 2017 [11]
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grapnic test strip

This work 8.39x10'-8.39x10° CFU/mL 5.20x10° CFU/mL 2020 -

*n/d —no data

Such high sensitivity was also manifested in other works, where the recognizing antibodies were
grafted at the Si/SiO, electrode surface and interacting with analyte towards antigen a-fetoprotein
detection. Maupas et al. revealed as low LOD as 1 ng/mL (15 pM) [70]. Next, the gold
nanoparticles/multiwall carbon nanotube (MWCNT) electrodes manifested limit of detection of
7.4 ng/mL [71] during detection of human epidermal receptor 2 (HER2) by impedimetric
technique. The MWCNT was attributed to deliver high conductivity, while Au nanoparticles are
responsible for enhanced immobilization of receptors. Referred system is analogues to the
reported here maze-like boron-doped carbon nanowall electrodes. Utilized carbon nanowalls
reveal multiwall nature as shown previously in [72] contributing considerably to the conductivity
and carrier mobility similarly to the above-mentioned MWCNT. Moreover, B:CNW electrodes
showed boron-doped nanogranular diamond a-cluster inclusions, which are working as
immobilization agents analogously to the Au nanoparticles decoration. This synergy allows, in
specific cases, for extremely sensitive detection of proteins at picomolar concentration by EIS
technique [73].

Wang et al. reported that increase of electro-active surface area by Au nanoparticles contribute to
density of antigen immobilization. It enhances the number of sites, where antibody—antigen
interaction takes place allowing for ultra-low LOD [74-76]. The high LOD of Hi observed at the
maze-like B:CNW electrodes could be also directly attributed to large active area, thus resulting in
large antigen payload and in consequence more with protein D molecules.

Furthermore, the comparable detection limit was achieved previously by Barreiros dos Santos et
al. [77] reporting the detection and quantification of E. coli 0157:H7 bacteria using EIS obtaining a
limit of detection as low as 2 CFU/mL. We have used here in-direct approach for Hi detection by
application protein D agent, which mimics determination of complete pathogen. Such a procedure
enables much denser saturation of antibodies than in case of complete Hi binding. The lower size
of protein D resulting into enhanced R decrease, where the protein hindering effectively the
transfer of redox probe towards the electrode surface. The charge of passivating protein D
contributes also to the R values delivering additional positive values near to the B:CNW surface
[75]. Though, the effect of surface insulation induced by protein layer is the key factor modifying
charge transfer resistance. Thus, the prior high density of antibodies amplify the variations of
impedance output, boosting sensitivities to as low values as pg/mL [73].

Overall, the enzymatic reaction of antibody—antigen results in the side effect producing of
insoluble compounds, which could also precipitate at the B:CNW surface [78]. This island-like film
stimulates additionally impedance signal, similarly to the Au nanoparticles decoration amplifying
immuno-reactions. The maze-like morphology with relatively similar inter-wall distances induces
particular periodicity of biomolecules organization containing pinholes and nanopores where the
small redox probe could be transferred thorough. The diffusion pathways of probe are modified
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hindered by biofilm [79] recorded as shift of the Faradaic impedance spectra.

The key factor promoting the ultra-low LOD of presented system is the high specificity of applied
here antigen-protein D system. It provides prompt and label-free response of pathogen detection
to ensure the personal safety or deliver crucial evidence of hazard during screening processes [80].

Conclusions

In summary, we have reported the extended investigation of a novel impedimetric immunosensor
for protein D detection. The recognition mechanism is based on the EIS spectra recorded at the
antibody-modified boron-doped carbon nanowall surfaces. The developed immunosensor
revealed excellent electrochemical performance along with large sensitivities and linear ranges for
Haemophilus influenzae detection. The selectivity tests were negative to similar pathogens such as
Streptococcus pyogenes, Streptococcus pneumoniae, and Bordetella parapertussis. The manifested
high sensitivity and specificity is attributed to the hybrid diamond-graphene electrode surface
showing high conductivity, the low double layer capacitance, and the large surface area inducing
enhanced charge transfer electrode-solvent and the specific local stereochemistry of the linked
antibodies.

In the near future, we plan to investigate the protocol for bacterial sample pretreatment to
improve the proposed assay. The cell lysis will allow better access of the analyte to Fab regions of
antibodies, and the sensor response will not be hindered due to the large size of the bacteria. We
hope that this approach will result in lowering the currently achieved LOD for Hi bacteria, and will
be suitable for clinical sample tests.
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Highlights:

e Impedimetricimmunosensor for detection of Haemophilus influenzae (Hi) protein D.

* Specific anti-protein D antibody immobilisation at a maze-like nanowall (B:CNW)
electrodes.

* High selectivity of the immunosensor towards protein D and Hi bacteria.

e The LOD of Haemophilus influenzae bacteria is 5.20x10° CFU/mL.
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