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Abstract

In this paper, various passivation schemes were applied at few-layer black phosphorus
(FLBP) to achieve covalent functionalisation with 4-azidobenzoic acid, improving its
electrochemical response intended for analytical and biosensing applications. The thermal and
microwave assisted modification procedures in toluene and dimethylformamide resulted in
high reversibility of reactions on functionalised FLBP using a ferricyanide/ferrocyanide redox
probe.

The lowest peak-to-peak separation of 91 mV, and high kinetics were obtained by thermal
synthesis in dimethylformamide. Attachment of a =N-phenylene-COOH moiety to the FLBP
limits its degradation under ambient conditions delivering a linker for a peptide bond with
proteins in the -NH, groups.

The functionalised FLBP was applied for impedimetric detection of the Haemophilus
Influenzae (HI) bacterial protein with a low limit of detection (LOD) of 5.82 pg mL™ along
with high sensitivity equal to 1.267 % pg™ mL. The proposed strategy delivers a novel

phosphorene-based electrode for sensitive detection of various bacterial pathogens.

Keywords: black phosphorus electrodes, electrochemistry, microwave synthesis, pathogen

detection, Haemophilus Influenzae

1. Introduction

Black phosphorus (BP) is the most stable allotrope of phosphorus in ambient conditions [1].
BP occurs in three crystalline configurations: rhombohedral, orthorhombic, and cubic systems
[2,3]. A single, puckered layer of orthorhombic black phosphorus is called phosphorene. In

the aforementioned form, each phosphorus atom has a lone pair of 3s electrons and is bonded
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with three neighbouring P atoms by sp® hybridisation. The material belongs to the p-type
semiconductor and is presently regarded as one of the most promising emerging 2D materials.
Monolayer and few-layer BP can be used for high-performance device applications due to its
tunable bandgap in the range of 0.3 eV to 2.0 eV, high hole mobility up to 10,000 cm* V* s,
anisotropic optoelectrical behaviour, high speed (cutoff frequency of 12 GHz), and good
electron transfer conductivity [1,4-6]. However, nanosheets of black phosphorus exhibit high
surface reactivity, whereby they show instability in ambient air conditions, which results in
degradation of BP to various phosphorus acids [7-10] . Thus, layers of black phosphorus have
not been used on a large scale yet.

Nowadays, there are several approaches to prevent oxidation of the BP surface, such as
deposition of thick, inert poly(methyl methacrylate) (PMMA) films [11]. For this purpose,
surfactants [12], perylenetetracarboxylic dianhydride (PTCDA) [13], polyvinylidene fluoride
(PVDF) [14], and conducting polymers [15,16] are used. Moreover, BP layers can be
embedded in Van der Waals heterostructures of graphene [17-20], carbon nanotubes [21], or
MXenes [22,23]. It should be noted that all of these methods rely only on weak, non-covalent
interactions.  Alternatively, black phosphorus can be passivated using covalent
functionalisation. There is a limited number of publications concerning such methods. Ryder
et al. [24] modified a few-layer BP surface by a reaction with diazonium salt (4-nitrobenzene-
diazonium and 4-methoxybenzenediazonium tetrafluoroborate salts) through the P-C bond.
Sofer et al. [25], in turn, used nucleophilic reagents (alkyl halides, thionyl chloride,
organolithium compounds). Covalent modification is also possible via the P=N double bond.
Liu et al. grafted a benzoic acid group onto BP nanosheets [26]. There are several reports
concerning density functional theory calculations of black phosphorus used as a biosensor
[27-29], and a few papers concerning black phosphorus applied as a biosensor material. For

this purpose, the black phosphorus is noncovalently modified by poly-L-lysine [30], nafion
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[31], conducting polymer [32,33], hexamethylenediamine (HMA) [34], or polypeptide
micelles [35]. However, due to the direct chemical bond, covalent functionalisation ensures
better stability of the modified surface, and allows further modification of the material, which

significantly extends the application possibilities.

We present four different procedures of covalent functionalisation of few-layer black
phosphorus (FLBP) by reaction with 4-azidobenzoic acid. Covalent passivation by the
attachment of the -N-Ar-COOH moiety onto FLBP protects it against degradation under
ambient conditions. The carboxyl group -N-Ar-COOH could be applied as a linker with
biological compounds, e.g., antibodies, due to the formation of a peptide bond with the -NH
group. Herein, we proposed a novel biosensing platform for Haemophilus Influenzae

detection.

To the authors' best knowledge, this is the first time the covalently functionalised BP
derivative material has been used as an electrochemical biosensor. Moreover, the thorough
electrochemical characteristics and infrared spectroscopy analysis of the functionalised few-

layer black phosphorus is also reported.

2. Materials and methods

2.1 Reagents
Black phosphorus (BP, >99.99%) was obtained from Smart Elements (Austria). Toluene (pure
p.a.), potassium ferricyanide Ks[Fe(CN)s], sodium chloride (>99%, anhydrous, ACS reagent),
sodium sulfate (>99%, anhydrous, ACS reagent), N, N-dimethylformamide (DMF, pure p.a.),
and methanol (pure p.a.) were purchased from POCH (Poland). Glassy carbon in powder form
(GC in powder, 99.95%), paraffin oil (meeting the analytical specification of Ph. Eur., BP),

N-hydroxysuccinimide (NHS), 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC),
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bovine serum albumin (BSA), and phosphate-buffered saline (PBS) were acquired from
Sigma-Aldrich (USA). 4-azido-benzoic acid (>97%, Germany) was attained from Carbosynth

Limited (UK). All reagents were used as received from the suppliers.

2.2 Few-Layer Black Phosphorus (FLBP) preparation
Phosphorene (few-layer black phosphorus, FLBP) was prepared from pre-crushed black
phosphorus (BP) (50-60 mg) dispersed in anhydrous dimethylformamide (7 mL) in an argon
atmosphere. The process of liquid exfoliation was carried out in an ice bath, at a temperature
from 0 to 3°C, under a stream of argon using a horn probe ultrasonicator (Bandelin Sonopuls
HD2200, 20 kHz). The sonication power and time amplitudes were 40 W and 50/50,
respectively. The sonication-aided exfoliation process took 120 min. Afterwards, the resultant
suspension was centrifuged at 6000 rpm for 5 minutes to remove the residual unexfoliated
particles, yielding supernatant. Next, exfoliation was repeated for the unexfoliated residue for
another 2 h. After the finish, the centrifugation of reexfoliated suspension was repeated. The
phosphorene with a concentration of 1 mg per solvent millilitre was used for the reaction. The
preparation of phosphorene in toluene differed in the centrifugation step, where the

centrifugation time was shortened to 3 min and a spin rate of 3000 rpm.

2.3 Synthesis of Functionalised Few-Layer Black Phosphorus (f-FLBP)

The reaction of FLBP with 4-azidobenzoic acid led to the formation of functionalised
phosphorene (f-FLBP). Functionalisation was carried using microwaves (microwave method)
or using high temperature (temperature method). The temperature method in DMF was the
reconstructed method from the literature [36] with a change only in the reaction time from

48 h to 36 h. Table 1 presents the conditions of the reaction conducted.
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Table 1. Parameters of carried out reactions f-FLBPs with 4-azidobenzoic acid

Reaction product symbol Method Solvent Temperature / Microwaves / Time /
°C W h
f-FLBP_DMF-T Temperature DMF 140 - 36
f-FLBP_tol-T Temperature toluene 140 - 36
f-FLBP_DMF-MW Microwave DMF 70 10 2
f-FLBP_tol-MW Microwave toluene 70 120 2

The reaction mixture was prepared as follows, the solution of FLBP in DMF or toluene with a
concentration of 1 mg mL™ and 4-azidobenzoic acid were mixed in an autoclave at a ratio of 5
to 32. The reaction mixture was deaerated by freezing three times in liquid nitrogen,
evacuated and saturated with argon during heating up to the ambient temperature. The
synthesis was carried out in conditions presented in Table 1. After that reaction product was
three times centrifuged (10000 rpm) for 30 min, it was rinsed with methanol. In the next step,
it was dried under reduced pressure for 24 h at 25 °C. In the case of a reaction in the presence
of microwaves, it was carried out in a microwave synthesiser (Discover® SP). The different
power levels used in the reactions results from the different solvents. In the case of DMF, the
use of 120 W of power increased the temperature above 70 degrees Celsius and did not
stabilise it. Therefore, the adapted reaction power was 10 W. In toluene, 120 W of microwave
power was adequate to bring the reaction mixture to 70 degrees Celsius. In Figure 1, the route

of FLBP functionalisation by reaction with 4-azidobenzoic acid to f-FLBP is shown.
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Figure 1. Scheme of the functionalisation of f-FLBP with 4-azidobenzoic acid

2.4 -FLBP electrode preparation

Functionalised phosphorene electrodes were prepared with a composition of 10 wt% few-

layer black phosphorus (FLBP), 20 wt% paraffin oil, and 70 wt% conductive material (glassy

carbon in powder form) by mixing with toluene solvent. The suspension of solid components

in toluene was cast on a 3 mm in diameter glassy carbon electrode. After solvent evaporation

in an argon atmosphere and next in a vacuum, a layer of f-FLBP electrode was formed

containing the active material (f-FLBP), electronic conductor (glassy carbon in powder form),

and the binder (paraffin oil). The electrodes produced this way were used for electrochemical

studies as well as for further modification to detect bacterial protein.
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2.5 Computational method
Density Functional Theory (DFT) calculations were conducted with Quantum ATK code
from Synopsys [37,38]. All computation was done with a General Gradient Approximation
(GGA) with the Perdew-Burke-Ernzerhof exchange-correlation functional. For calculating
electron properties, the Linear Combination of Atomic Orbitals technique was used. Such a
method provided the possibility of calculating non-periodic structures. The designed structure
was non-periodic in the z-direction and periodic in the x- and y-directions. Such a structure
was done in accordance with Green's-function method for surface calculations [39]. At the
cell boundary, with the phosphorene layers, the Dirichlet boundary condition was set. Next,
the Neumann boundary condition was applied at the vacuum cell edge of the slab. In all
configurations, k-points sampling was (4, 3, 90) with a 75 Hartree mesh cut-off. In all
calculations, the Fritz-Haber Institute (FHI) pseudopotential code was utilised. The slab of the
system was described as the simple orthorhombic lattice type. The size of the supercells was
set t0 6.6272 A x 8.7526 A x 40.0000 A in the x,y,z directions for all configurations. The first
configuration was a pristine surface constructed from phosphorene layers without any
functionalisation. The slab was optimised and built with 64 phosphorus atoms. The two layers
at left were repeated and used as an infinite electrode. The second and third system was made
based on the first one, including a single- or double-bonded 4-azidobenzoic acid molecule (4-
azidobenzoic acid) on the BP surface. The number of atoms in both systems increased to 79

atoms due to the 4-azidobenzoic acid modification.

2.6 Characterisation techniques of f-FLBP
The electrochemical studies involved cyclic voltammetry (CV). A Potentiostat-galvanostat
(VMP-300, Bio-Logic, France) was employed. The f-FLBP layer was applied to the GC
electrode inside an argon-filled glovebox (MBraun B200). All electrochemical tests of f-

FLBP were carried out in a three-electrode system under an argon atmosphere. The f-FLBP
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electrode was used as the working electrode and the Ag|AgCI|3.0 M KCI electrode and Pt
wire were used as the reference and the counter-electrode, respectively. CV measurements
were carried out in aqueous deoxygenated 1 mol dm® Na;SO4; and recorded a potential
window in the range from -1 to 1V versus the Ag|AgCl|3.0 M KCI electrode for a scan rate
equal to 20 mV s™. Cyclic voltammetry was also carried out in 5mM Fe(CN)s * ™ in a
0.5 mol dm 3 Na;SO, solution at 100 mV s™. During all electrochemical measurements, the
electrochemical cell was kept in a Faraday cage to minimise the electrical noise. For the
identification of the functionalisation products, the IR spectra were recorded with a Bruker
IFS66 spectrometer using KBr pellets. XPS analysis was performed to determine changes in
chemical composition of functionalized FLBP and to get information on the oxidation of the
FLBPs and f-FLBPs surfaces. XPS measurements were conducted using Escalab 250Xi
spectroscope (Thermo Fisher Scientific) with monochromatic Al X-ray source and a spot
diameter od 200 um. The morphology of the few-layer black phosphorus and its
functionalization products were characterized by a scanning electron microscope (SEM)
(Phenom XL, Thermo Fisher Scientific). A secondary electron detector with 10 kV beam

accelerating voltage was used working in high vacuum mode pressure.

3. Density functional theory calculations

The combination of phosphorus with 4-azidobenzoic acid is a nucleophilic substitution
reaction. As predicted by (density functional theory) DFT, simulations show that a single or
double phosphorus nitrogen bond can be formed (Figure 2). Such behaviour was also shown
in the literature [36], where it was confirmed that the combination of phosphorus with 4-
azidobenzoic acid is a nucleophilic substitution reaction. Moreover, our study revealed that

the double-bonded configuration is more energetically favourable and, therefore, more stable.
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Figure 2. The proposed reaction of the surface of FLBP with 4-azidobenzoic acid.

The effective potential variations of the FLBP surface show that the electronegativity of the
surface increases with the attached 4-azidobenzoic acid. Such behaviour suggests a higher
affinity to reactions of the activated surface than bare FLBP (Supplementary Figure Sla, c).
At the FLBP surface, there is also a higher electron density when 4-azidobenzoic acid is
attached. This fact also indicates a higher efficiency of covalent bonding than for bare FLBP
(see Figure S2). Furthermore, the study of surface electron properties showed behaviour
dependent on the bonding configuration. A single bonded molecule disrupts the phosphorene
layer by far more than the double-bonded configuration.

Additionally, the Projected Local Density of States (PLDOS) data showed that double-bonded
4-azidobenzoic acid induces a higher probability of empty electron states in the conduction
region, which suggests that the electron flow from 4-azidobenzoic acid to the surface will be
higher than in the single-bond configuration (Figure S4). The HOMO-LUMO gap is increased
in the second configuration to 1.11 eV (Figure S3c). The single bonded configuration does not

influence the bandgap value (Figure S3a).

10
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Figure 3. Density of States of FLBP surface with single and double bonded 4-azidobenzoic acid.

The localisation of electrons along different energy intervals influences the density-of-states
diagram (Figure 3). The local variation of DOS illustrated in Figure S4 revealed large DOS
amplitudes at the double-bonded linker. As a result of the reaction, the product which is
created significantly affects the energy states (Figure 3). The surface with f-FLBP shows
significant peaks in the conduction band at 1 eV and 1.25 eV, meaning that due to surface
activation, we induced more unoccupied states. The semiconductor nature and the availability
of free electrons in the conduction band make f-FLBP a suitable material for electrochemical
sensors [40-42].

4-azidobenzoic acid reacts with few-layer black phosphorus. Thus, a double bond is formed
between the nitrogen and the phosphorus surface, producing covalent passivation, which
protects the FLBP against degradation [36], and provides the possibility of using this material

as a platform for biosensors. Such an effect is attained thanks to the carboxyl group as a linker

11
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with biological compounds, e.g., antibodies, which form a peptide bond with the amino

group.

4. Results and discussion

4.1 Structure and morphology of functionalised Few-Layer Black Phosphorus

Infrared spectra confirm the conducted reaction by the proposed methods. Figure 4 shows the
spectra of bare FLBP as well as 4-azidobenzoic acid. Fourier transform infrared spectroscopy
(FTIR) analysis was performed in the mid-infrared spectrum (3800-400 cm™). The broad
peak observed in the black phosphorus sample, and all composites at 3440 cm™ is attributed to
the -O-H stretching band, whereas H,O is identified by a symmetrical band 1632 cm™[43],
so it can be assumed that the chemisorption of water by few layered black phosphorus
occurred during sample transfer to FTIR analysis [44]. Azidobenzoic acid shows the
characteristic asymmetric stretching frequencies of the -N3; moiety at 2106 cm™ [45]. The
peak is absent for the f-FLBP composites and FLBP, which suggests that there is no unreacted
substrate. For f-FLBP_DMF-T, f-FLBP_tol-T, f-FLBP_DMF_MW, f-FLBP_tol MW, and f-
FLBP_DMF a transmittance peak was recorded at approximately 1170 cm™ resulting from
phosphorus oxidised during synthesis (P-O stretching) [46]. A strong, broad peak presented in
4-azidobenzoic acid in the range of 3000-2500 cm™ is attributed to the -O-H stretching of the
carboxylic group. The strongest signal originating from the -COOH moiety exhibits f-
FLBP_tol MW and then f-FLBP_tol-T. In this region, there are also overlapping signals at
2852 cm™ and 2924 cm™ resulting from -C-H stretching of sp® carbon. This acid moiety also
produces signals at 1685 cm™, 1430 cm™, 1289 cm™, and 927 cm™, which can be attributed to
C=0 stretching, in-plane -O-H bending, C-O stretching, and out-of-plane -O-H bending bands
[46]. There is a P=N functional group present at a frequency of ca. 1380-1390 cm™, which
has been observed in the literature at about 1320 cm™ [47], however, due to different adjacent

groups, this binding has been shifted. The P=N signal is absent in f-FLBP_DMF_MW,

12
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group, which makes interpretation ambiguous. Analysis of the FTIR results revealed that

except for the f-FLBP_DMF-MW composite, the synthesised f-FLBP_DMF-T, f-FLBP_tol-

T, and f-FLBP_tol-MW samples were efficiently functionalised.
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Figure 4. Infrared spectrum of f-FLBP_DMF-T, f-FLBP_tol-T, f-FLBP_DMF-MW, f-FLBP_tol-MW, FLBP

and 4-azidobenzoic acid.

It should be emphasised that toluene is not the preferred

solvent for the nucleophilic

substitution reaction (Sn2), because it belongs to the group of nonpolar solvents. In Sy2

reactions, polar aprotic solvents are preferred, which tend to have high dipole moments, and

do not have -OH and -NH moieties in their structures [48]. Thanks to the use of microwaves,

the functionalisation reaction of FLBP by 4-azidobenzoic acid

was efficiently carried out in

toluene. The main advantage of this process is the uniform heating of the substrates. In the

conventional method, the heat transfer is directly related to the extent of heat diffusion, i.e.,

heat transfer begins from the surface of the solution [49]. The capability of microwaves

13
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(electromagnetic radiation) to engender uniform heating improves the interaction between the
FLBP and 4-azidobenzoic acid. Microwaves only interact with polar molecules; thus toluene
is inert in the reaction. The FTIR spectra of the f-FLBP_tol-MW reveal the largest separation

of peaks.

The high-resolution XPS spectra recorded in P 2p core level (Fig. 6 a and b) manifest a
predominant P-P peak doublet, with P 2ps;, at 130.1 eV [50]. The modification in toluene
leads to significantly hindered phosphorus contribution, due to the electrode surface coverage
by 4-azidobenzoic acid and other compounds. For f-FLBP_tol-T, the P-P peaks are less
distinctive but visible, while for f-FLBP_tol-MW the P-P contribution is negligible. The
second P 2p spectral component, visible in each analyzed sample, lies in the binding energy
range characteristic of P=N bonds (P 2ps/, at approx. 133.3 eV [51], appearing as a result of
bond formation between 4-azidobenzoic acid and FLBP [26]. It should be noted that P-OH
bonds forming due to FLBP oxidation during functionalization would consequence in a peak
doublet emerging in the same energy range. Thus, the successful P=N bond formation was
confirmed with N 1s peak at 401.5 eV (N 1s spectra in the inset of Fig. 6 a, b) [51]. The
presence of DMF decomposition products is visible also through a weak amine (C-N) bond in
N 1s spectra with core energy level of 399.4 eV [52]. Importantly, the discussed anchoring of
4-azidobenzoic acid to FLBP appears to be the strongest for f-FLBP synthesized at higher

temperatures and without the use of microwaves.

14
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Figure 6. The high-resolution P 2p XPS spectra of functionalised few-layer black phosphorus: (a) f-
FLBP_DMF_T, (b) f-FLBP_DMF-MW, (c) f-FLBP_tol-T, (d) f-FLBP_tol-MW.

Scanning electron microscopy (SEM) was used to investigate the morphology of FLBP and
functionalisation products of FLBP. Fig. 7 E presents typical SEM image of bare FLBP, the
surface consist of flakes in the size of a few micrometers, disordered with each other with
their boundaries clearly marked. In the remaining images (7 A-D), the f-FLBP flakes are less
visible, agglomerate together, their less visible structure proves their coverage by other
compounds. This is especially visible in Figure 7 D, where the surface is relatively flat and

smooth which might indicate that a coveraged is the thickest.

15
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Figure 7 SEM images of: (A) f-FLBP_DMF-MW, (B) f-FLBP_tol-MW, (C) f FLBP_DMF-T, (D)f

f_FLBP_tol-T, (E) FLBP, at a magnification of 5000x.

4.2 Cyclic voltammetry of f-FLBPs
Cyclic voltammetry (CV) was used to determine the electrochemical performance of f-
FLBPs. The obtained CV results show that the FLBP surface is electrochemically active and
undergoes an irreversible oxidation process (Figure 8). According to the literature [53,54] ,
the peak recorded at a potential of about 0.6 V (vs. Ag|AgCIl|3M KCI) is associated with the
electrochemical oxidation of elemental phosphorus P(0) to the fifth oxidation state forming
phosphate ions (PO,%"). The prior materials (FLBP) obtained in DMF (FLBP_DMF) and in
toluene (FLBP_tol) recorded various shapes of cyclic voltammetry curves [36]. It was noticed

that FLBP_DMF delivers much higher current densities in 1M Na,SQO,, (Figure 8a, ¢; 2 mA
16


http://mostwiedzy.pl

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

cm?) than FLBP_tol, which results in a current density in the order of 10° mA cm™ (Figure
8b, d) at a scan rate of 20 mV s™. This phenomenon is attributed to the surface area of FLBP
and the moiety attachment to the surface of FLBP, which is different to what few-layer black
phosphorus produces in DMF and toluene [55]. The large specific surface area of FLBP and
the presence of hydroxyl groups contribute to the transmission of larger quantities of electrons
and enhanced current density response [34].

The f-FLBP_DMF-T (Figure 8a) and f-FLBP_tol-MW (Figure 8d) revealed strongly
pronounced phosphorus oxidation peaks at about 0.6 V [53]. The oxidation density current for
this peak reaches 3 mA-cm™. This indicates that the FLBP surface is not fully functionalised
by 4-azidobenzoic acid. Thus, the phosphorus oxidation peak disappears after the first cycle
of CV [54]. The presence of the oxidation peak at a potential of approx. 0.3 V for f-
FLBP_DMF-T and f-FLBP_tol-T during cyclic voltammetry (Fig. 7 a, b) indicates additional
functional groups at the surface of functionalised FLBP. This peak is not present for the f-
FLBPs obtained in microwaves. A reactive reagent like as 4-azidobenzoic acid could
decompose in higher temperature and react with surface of FLBP [56]. The oxidation peak
may be related to the oxidation of the obtained phosphorus-nitrogen moieties at the surface of
FLBP [57]. In the case of f-FLBP_tol-MW, gradually decreasing oxidation peaks in the
subsequent sweep cycles from -1 to 1 V potential (Figure 7d) were recorded, which may be
associated with a larger surface area of bare FLBP than on f-FLBP_DMF_T surfaces [31].
The f-FLBP_tol T (Figure 8b) showed the lowest current density response, and hence, the
lowest electron transfer rate. The peak from phosphorus oxidation is weak in the first cycle,
and is absent in the subsequent cycles. As mentioned above, toluene is not an appropriate
solvent in a typical Sn2 reaction, hence the lowest degree of phosphorene conversion, and

thus the lowest functionalised surface of f-FLBP_tol-T takes form a place during reaction in
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1  toluene solvent. This results in the highest resistance of the f-FLBP_tol_T electrode surface

2 during interphase electron exchange.

3 The highest anode current density during the CV measurement occurs for the f-FLBP_DMF-

4 MW (Figure 8c), while the oxidation peak of phosphorus is invisible. The oxidation peak is

5  broad due to high resistance of electrode. An effective polar solvent, DMF is not only solvent

6 but also reagent participating, thanks to its structure, in various reactions. The interaction of

7  DMF decomposition products in microwave reactor with surface of FLBP is complex process

8 [58]. The high peak of oxidation in 1 M Na,SO4 (Fig. 8c) is associated with the oxidation of

9  DMF decomposition products [59].
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Figure 8. Cyclic voltammograms of FLBP (prepared in DMF (FLBP_DMF) and in toluene (FLBP_tol)), and
functionalised FLBP: (a) f-FLBP_DMF-T; (b) f-FLBP_tol-T; (c) f-FLBP_DMF-MW;(d) f-FLBP_tol-MW in 1
M Na,SO,. Scan rate, 20 mV s™.

374 in'a 0.5 mol dm 3 Na,SOy, solution

Cyclic voltammetry was carried out in 5 mM Fe(CN)s
at 100 mV s * (Figure 9). A hexacyanoferrate(I1)/hexacyanoferrate(l11) redox couple was used
to test the electron transfer properties of the f-FLBPs [60,61]. The obtained CV curves show
the highest oxidation current density values for f-FLBP_DMF_MW (Figure 9c), where the
oxidation peak is similar to that in Fig. 9 ¢ and a wave broadening is visible, due to higher

resistance of f-FLBP_DMW-MW than for f-FLBP_DMF-T and f-FLBP_tol-MW [62,63]. A

wave broadening is seen besides in Fig. 9 b.
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Figure 9. Current density values as a function of the potential recorded at 100 mV s in contact with redox
electrolyte 5 mM K;[Fe(CN)g]/0.5 M Na,SO, recorded for phosphorene (prepared in DMF (FLBP_DMF) and in
toluene (FLBP_tol)) and functionalised phosphorene: (a) f-FLBP_DMF-T; (b) f-FLBP_tol-T; (c) f-FLBP_DMF-
MW; (d) f-FLBP_tol-MW.

The average data of all recorded samples with the error expressed as standard deviation (S)
were shown in Table 2. The highest density currents for redox reactions were observed for f-
FLBP_DMF-T. The peak-to-peak separation (AE) of f-FLBP_DMF-T equals only 91 mV
(Table 2). This indicates that f-FLBP_DMF-T possesses the highest required surface
performance to provide rapid electron transfer for the ferricyanide/ferrocyanide redox system
and the lowest resistance of functionalised surface [64,65]. The f-FLBP_tol MW, as an
electrode material, displays symmetric of anodic and cathodic relations, which points at a
smallest amount of side reaction of functionalization at the surface of f-FLBP [61]. The
difference in potential between the oxidation and reduction peaks of f-FLBP_tol-MW reaches
147 mV, and is similar to the f-FLBP_tol-T electrode, where the peak separation amounts to
154 mV (Table 2). The f-FLBP_DMF-MW electrode reveals improved EC performance
versus the initial FLBP obtained in DMF. Unfortunately, the FLBP_tol surface does not

exhibit both electrochemical activity and redox reactions [66].

Table 2. Electrochemical parameters of FLBPs and f-FLBPs estimated from cyclic voltammetry

Functionalised phosphorene Ipeak(ox) / +S/ Ipeak(red) / +S/ AE/ +S/

symbol
mAcm? mAcm?® mAcm? mAcm? mV mV
f-FLBP_DMF-T 3.82 0.20 3.25 0.24 91 12
f-FLBP_tol-T 1.08 0.07 0.69 0.07 154 13
f-FLBP_DMF_MW 4.07 0.20 1.69 0.30 134 16
f-FLBP_tol MW 258 0.09 2.45 008 147 8
FLBP_DMF 1.93 0.09 131 0.10 182 12
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FLBP_tol ; ; ) ]

The highest current density of the anodic and cathodic peak, and the lowest peak to peak
separation of f-FLBP_DMF-T could be attributed to the functionalised surface with the lowest
resistance. It is correlated with the rate of functionalisation and additional phosphorus-
nitrogen functional groups from the reaction of FLBP with 4-azidobenzoic acid at 140 °C,
DMF decomposition products, and the amount of hydroxyl groups derived from the partial
oxidation of FLBP. Both f-FLBP_tol-T and f-FLBP_tol-MW are marked by a similar AE at
about 150 mV, but f-FLBP_tol-T demonstrates lower current densities of oxidation and
reduction peaks than f-FLBP_tol-MW (Table 2). This is related to the higher resistance of
obtained f-FLBP_tol-T and more sluggish charge transfer than f-FLBP_tol-MW. This indicate
smaller functionalised electrochemically active area of the f-FLBP_tol-T surface [61]. The
high degree of coverage of f-FLBP_tol-MW was confirmed by absent of phosphorus in the
XPS spectrum. However, it should be noted for f-FLBP_tol-MW that both the cathodic and
anodic peak currents are comparable.

To sum up, the f-FLBP with the comparable peaks of oxidation and reduction reaction™ was
obtained by the synthesis in a microwave reactor in a toluene solution. This is due to the
minor incidence of impurities generated during the preparation of the f-FLBP. However, the
highest current densities of the electrode material and the smallest of the peak-to-peak
separation is related to a lowest resistance of functionalised material and fast electron transfer
during oxidation and reduction reactions recorded for the f-FLBP_DMF-T electrode [31].

Thus, the f-FLBP_DMF-T electrode was chosen for biosensing application.
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5. Haemophilus Influenzae bacterial protein detection using antibody-

modified f-FLBP_DMF-T

5.1 f-FLBP_DMF-T electrode modification

In Figure 10, the scheme of modification of a f-FLBP electrode for the detection of
Haemophilus Influenzae bacterial protein is shown. The GC electrode (® 3 mm) with the f-
FLBP_DMF-T layer was gently washed with demineralised water and then dried before the
preparation of the electrode for the detection process. In the next step, the electrodes were
tested using an appropriate procedure to determine the formal oxidation charge of
ferrocyanides, and their impedance spectrum was recorded. Then, 40 uL. of EDC, NHS and
antibody containing solution was dropped on the electrode surface. This solution was
obtained by mixing 20.9 mg NHS with 34.5 mg EDC in 5 ml PBS, then 1 mL of this solution
was mixed with 40 uL of diluted antibodies (1:999), and the whole was deoxygenated. The
electrolyte electrode was left for 24 hours in a vessel filled with argon at 4 °C. After this time,
the electrode was washed with demineralised water. The next step of the electrode preparation
for bacteria detection was incubation in a 0.01% solution of BSA in PBS for an hour, in an

argon-filled vessel at 4 °C.
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Figure 10. The modification of f-FLBP (modification) and incubation in bacterial protein as a part of detection
(detection).

At each stage of modification, the sample was examined by means of cyclic voltammetry
(CV) and electrochemical impedance spectroscopy (EIS). The measurements were carried out
in 200 uL previously deoxygenated with an argon stream of a solution of 1 mM K3[Fe(CN)g]
in PBS at 7.4 pH. The measuring system consisted of three electrodes: a reference silver
chloride electrode, a platinum mesh as a counter-electrode, and a working electrode, i.e. a GC
electrode with f-FLBP_DMF-T. The electrochemical tests during modification of f-
FLBP_DMF-T and detection of Haemophilus Influenzae bacterial protein were investigated
using a potentiostat-galvanostat (VMP-300, Bio-Logic, France). CV was performed for each

prepared electrode to determine the formal Fe(CN)g

oxidation potential. The measurement
was performed in the range from -0.75V to + 0.75 V relative to the reference electrode at a

speed of 50 mV s™. Then, EIS was performed around the previously determined formal
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potential of ferrocyanide oxidation in the frequency range from 0.2 Hz — 10 kHz with single
sine wave excitation with an amplitude of 10 mV. The sample polarisation time was 3
minutes. The impedance spectra of samples in various forms and the dependence of the
current on the voltage flowing through the sample at various stages of modification are shown

in Figure 11.

= f-FLBP_DMF-T e f{-FLBP_DMF-T-antibodies D f-FLBP_DMF-T-antibodies D-BSA

fitting fitting fitting
15 -100 30
a) b) c)
-80 15 - ‘; \7
o —
3 5 2 =
-~ N ST N
? 3 o] | = i 47
5 = -304
o -20-
C -454
0' T T 0- T T T T T T T T T T T
0 5 10 15 -1 01 2 3 4 5 -08 -04 00 04 08
Z' I kO log (freq. / Hz) E/V vs. Ag|AgCl

Figure 11. Modification of f-FLBP_DMF-T electrode: (A) registered EIS in Nyquist representation, (B)
registered EIS in Bode representation, (C) registered CV. Recorded in 1 mM K;[Fe(CN)g] in PBS at 7.4 pH.

Both the EIS spectrum in Nyquist's and Bode representation show two time constants arising
after the incubation stage of the sample in the solution containing the antibodies, which may
indicate the formation of two areas — the modified one, where the surface-bound antibody
and the unmodified one occur. To analyse the obtained data, the circuit shown in Figure S5
was selected, which contains two time constants. The values obtained in this way are shown
as the average of all collected samples along with the error expressed as standard deviation

(S) in Table 3. The value of R; was omitted as a constant and was approximately 150 Ohm.
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Table 3. Values of electric elements calculated for electric equivalent circuits registered during the electrode

modification of f-FLBP_DMF-T

pFs® b yFsY - - kQ kQ kQ kQ nF nF
f-FLBP_DMF-T 5.15 0.01 081 0.14 9.68 11.04 131 1.31 82.65 56.24

f_FLBP—DMF_T 38.45 52.52 0.68 0.08 9.11 4.17 207 270 166.07 1

-antiprotein D

f-FLBP_DMF-T

-antiprotein D - 27.24 15.18 0.74 0.02 16.08 2.30 210 210 14.85
BSA

76.70

5.60

Analysis of the obtained data shows that the surface containing the antibodies is probably
represented by the first part of the equivalent circuit (CPE /R>) as indicated by the increase in
resistance after 24 h incubation of the sample in the antibodies. However, the value of R3
resistance at this stage decreased, which may be associated with partial phosphorus
degradation in a humid environment [12,67,68]. After the next stage of sample modification
with BSA, we can observe a further increase in R, and R; resistance as well as a decrease in
Q2 (CPE) and Cj3 capacity, which is caused by the adsorption of BSA molecules on the
surface — both in places where antibodies occur and on the unmodified surface. It is also
worth noting the increase of the parameter n determining the degree of uniformity of the
surface, which also confirms the adsorption of BSA. The current dependence on the voltage
applied to the sample (Figure 11c) shows well the correlated changes with the EIS — the

decrease in peak height is caused by the increase in sample resistance.
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5.2 Detection of Haemophilus Influenzae bacterial protein

The detection of Haemophilus Influenzae was carried out by the electrochemical impedance
spectroscopy (EIS) method. After completing the modification of the f-FLBP_DMF-T
electrode, 40 pul of deoxygenated PBS solution (pH =~ 7) was left on its surface for 30 minutes
at 4 °C to determine the stability of the sensor surface, and thus estimating its blank response.
The electrode was then washed gently with demineralised water and dried to perform an EIS
measurement according to the modification procedure. Figure 12 presents the EIS spectra and
CV of the modified f-FLBP_DMF-T for increased concentrations of Haemophilus Influenzae

bacterial protein.

a) v f-FLBP_DMF-T-antibod. D-BSA-PBS
1
S o Protein D - 3.37-10° ug mL™
o 101 e Protein D - 3.37:10 pg mL?
A o Protein D -3.37:10% pg mL™?
~
iy 5 e Protein D - 3.37:10° pg mL*?
' —— fitting
04 — fitting
0 5 10 15 20 25 30 35 — [-FLBP_DMF-T-antibod. D-BSA-PBS
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Figure 12. Detection of Haemophilus Influenzae protein D using modified f-FLBP_DMF-T: a) registered EIS in
Nyquist representation, b) registered EIS in Bode representation, c) registered CV. Recorded in 1 mM

Ks[Fe(CN)g] in PBS at 7.4 pH
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The recorded impedance spectra were approximated using an elaborated equivalent electric

circuit (EQEC). Circuit elements represent retrospective phenomena occurred at the sensing

electrode. The estimated values with S of the EQEC elements are listed in Table 4.

Table 4. Values of EQEC elements estimated for modified f-FLBP_DMF-T recorded during Haemophilus

Q./ +S n +S R,/ +S R;/ 1S Ci/ 1S
pFs™ Y pEsY - kQ kQ kQ kQ nF uF
PBS 17.03 8.31 076 001 2238 428 379 354 3333 22.88
Protein D
10E-6 13.95 2.67 079 002 2575 533 721 236 12.19 0.95
Protein D
10E-4 12.29 5.54 0.79 0.02 2827 578 6.71 3.80 13.45 2.03
Protein D
10E-2 12.63 2.60 081 001 3016 6.07 7.37 3.39 13.48 0.60
Protein D
10E-0 9.36 3.93 084 003 3229 631 867 253 3303 27.72

Influenzae protein D detection.

The obtained changes of the R;resistance value were associated with the variation in protein

D concentration, and a calibration curve was obtained with error bars expressed as the

standard deviation of all relative change in R, resistance values for a given concentration

(Fig.13). The relative change in R; resistance is shown as AR, which can be represented by

equation (2) [69]:

AR — RZPProtein B

R, PBS

Rapas . 100%

(2)
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where:

AR — relative change of R2; Ropgs — resistance R, after incubation in PBS solution; and

Raprotein — resistance Ry after incubation in solution with protein.

The values exhibited in Figure 13 show that the charge transfer resistance value increased by
(12.85+£1.98)%, (20.65+1.27)%, (25.68+1.49)% and (30.63+1.15)% after incubation in
3.37-10° ug mL?, 3.37:10* ug mL™, 3.37-10%pug mL?, and 3.37-10° ug mL™ protein
concentration, respectively. The limit of detection (LOD) is the lowest quantity of a substance
that can be distinguished from the absence of that substance. In the case when the observed
relationship to the analyte concentration is logarithmic, the LOD should be calculated by
transforming the logarithmic relation, as Hao introduced in his work [70]. In our study, we

used Equation 3:

Yo-a 2 105
e b [SJ% +sZ + (—y°b a) sg] (3)

S| e+

Xp = tS, =

Where s, Sa, Sx, and sy are the deviation of the slope, intercept, concentration, and response

signal, respectively. Confidence factor t = 3 was selected.

The limit of detection achieved was 5.82 ug mL™ while the Haemophilus Influenzae
bacterial protein determination sensitivity was equal to 1.2763%pg™ mL. The developed
electrochemical biosensor displayed a wide linear range from 3.37-10° to 3.37 pg mL™ for
the determination of Haemophilus Influenzae bacterial protein. The logarithmic scale allows
numerical data over a very wide range of values to be viewed [71], where the relative change
of resistance of the modified f-FLBP_DMF-T electrode vs. the exponential growth of the
concentration of the bacterial protein takes place. It should be noted that the wide detection
range of bacterial protein concentration allows the method to be used for real samples, where

the concentration is not specified and in a wide range.
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Figure 13. The relation between the relative change of resistance of modified f-FLBP_DMF-T after incubation
in different concentrations of Haemophilus Influenzae bacterial protein and concentration of bacterial protein

solution on a logarithmic scale.

6 Conclusion

In summary, four strategies of functionalisation of few-layer black phosphorus by 4-
azidobenzoic acid were studied in detail.: functionalised few-layer black phosphorus obtained
at 140°C in DMF (f-FLBP_DMF-T) or in toluene (f-FLBP_tol-T) as a solvent, and
functionalised few-layer black phosphorus produced at 70 °C in a microwave reactor using
DMF (f-FLBP_DMF-MW) or toluene (f-FLBP_tol-MW) as a medium of reaction.
Electrochemical tests of the f-FLBP_tol-MW exhibited highly reversibility of reactions using
a ferricyanide/ferrocyanide redox probe. The highest current densities of oxidation and
reduction peaks, and the lowest peak-to-peak separation values in 5 mM Kj[Fe(CN)g] /0.5M
Na,SO, solution, leading to better sensing properties, were obtained for the f-FLBP_DMF-T.
The biosensing application of the f-FLBP_DMF-T electrode was successfully demonstrated

by detection of the Haemophilus Influenzae bacterial protein. The impedance technique was
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employed to determine the concentration of bacterial protein, revealing as low a limit of
detection as 5.82 pg mL™, and a sensitivity equal to 1.267 % pg™ mL. Other methods, such
as PCR (polymerase chain reaction), have a lower LOD of 2.5:10° genome copies per
millilitre [72] to 1.89 -10° copies per millilitre [73], but take more time [74]. Real-time PCR is
faster [75] than conventional culturing and identification, but the impedimetric method used
in our work using functionalised few-layer black phosphorus as a biosensing platform is much
faster (one and half hours) and can potentially lead to exciting opportunities for use to build
portable devices for rapid detection of Haemophilus Influenzae bacteria. Thus, f-FLBP_DMF-
T may be an attractive and alternative novel electrode material for the sensitive detection of

various bacterial pathogens.
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