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Abstract

Carbon nanofibers (CNF) are efficient electrode modifiers in electrochemical biosensors that enhance the electrochemical active
area, induce electrocatalytic effect toward the oxidation of the enzymatic cofactor nicotinamide adenine dinucleotide (reduced
form, NADH), and enable the quantitative immobilization of enzymes. Combining CNF with efficient and stable mediators
radically augments the speed of electron transfer between NADH and solid electrodes and leads to electrochemical
sensors characterized by high sensitivity and stability. The main aim of this work was to investigate the performance of a novel
mediator for NADH with advantageously low solubility in an electrochemical detector based on a screen-printed CNF electrode
as well as its potential in biosensing. Using a mediator, prepared from Meldola Blue and Ni hexamine chloride, a stable and
sensitive electrochemical NADH sensor is provided with a detection limit of 0.5 umol L™". Further on, covalent immobilization
of'a recently described aldehyde dehydrogenase from the Antarctic Flavobacterium PL0O02 strain on the surface of the mediator-
modified electrode produced a stable biosensor for the detection of aldehydes. When integrated in a flow injection analysis (FIA)
setup with amperometric detection at 0.1 V vs. Ag/AgCl, the measurement of benzaldehyde with a detection limit of 10 mol L™
over a linear range of 30-300 pmol L™ is possible. Determination of trace benzaldehyde impurities in a pharmaceutical excipient
was also demonstrated and results compared with a chromatographic method.

Keywords Carbon nanofibers - Electrochemical mediator - NADH - Aldehyde dehydrogenase - Flow injection analysis -
Benzaldehyde sensing

system between nicotinamide adenine dinucleotide (NAD™)
and its reduced form NADH based on the following reaction:

Introduction

Many important biotransformations in biological systems and o
. . . . ehydrogenase
industrial processes use the enzymatic cofactor recycling -

Substrate + NAD" + H,0 Product + NADH + H* (1)
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The detection of the substrate, according to the above trans-
formation (1), is achieved via measuring the quantity of
NADH formed in the enzymatic reaction. In
NADH electrochemical sensors, surface modification with
carbon nanomaterials allows for enhanced sensitivity and
minimized fouling and reduces the overpotential for NADH
oxidation by up to 0.45 V [1]. Among carbon nanomaterials
with good mechanical and electrical properties, carbon nano-
fibers (CNF) are remarkable, owing to their large surface area
and high density of functional groups facilitating the
quantitative immobilization of biomolecules [2] and
electrocatalytic effects toward the oxidation of various
compounds, including NADH [3].

In a previous work, we have shown that screen-printed
CNF electrodes have better electrocatalytic properties toward
the detection of NADH compared with electrodes modified
with graphene, single-wall carbon nanotubes, or mesoporous
carbon [4], enabling a ~0.2 V cathodic shift in the oxidation
potential of NADH. CNF electrodes strongly adsorbed
Meldola Blue (8-dimethylamino-2,3-benzophenoxazine) and
the obtained sensors provided higher catalytic currents for
NADH and low capacitive current compared with the other
three types of carbon nanomaterial-based electrodes [4].
These results align with other studies on MB-carbon
nanomaterial electrode modifiers [5, 6], MB being one
of the most efficient mediators, allowing for a dramatic, i.e. up
to 0.8 V, decrease of the potential for NADH oxidation [7, 8]
and being thus often preferred in biosensors based on
dehydrogenases.

While due to its aromatic structure, MB is quantitatively
adsorbed by 7-7t stacking on carbon nanomaterials such as
CNT or CNF, its good solubility in water represents a serious
limitation in sensing devices requiring long-term operational
stability. Prevention of mediator leakage in sensors was
attempted by (i) adsorption on oxides or phosphates and inclu-
sion of the modified material in the carbon paste [9], (ii) inclu-
sion in the screen-printing paste [10], (iii) attachment to thiols
forming self-assembled monolayers [11], (iv) entrapment in
polymers [12], (v) attachment by 7t-7t stacking to carbon
nanomaterials [5, 6], (vi) precipitation by complexation
with Reinecke salt [13], (vii) electrodeposition of hybrid
oxide/mediator films [14], (viii) electropolymerization [15]
etc.

Progressing from our previous research [4] and in line with
the above efforts to deliver NADH detectors with combined
sensitivity and operational stability, we report the
functionalization of screen-printed CNF electrodes with a
novel, efficient MB-based mediator with low water solubility.
The mediator was obtained by reacting MB with a complex of
hexamine nickel (IT) chloride, [Ni(NHj3)s]Cl, (NiAm).
Furthermore, to investigate the potential of modified elec-
trodes to assist in the detection of NAD"-dependent dehydro-
genase substrates, a recently reported aldehyde
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dehydrogenase from the Antarctic microorganism
Flavobacterium PL0O02 (F-ALDH) was covalently attached
to the electrode to form a stable biosensor. Aldehyde dehydro-
genase (ALDH)-based biosensors provide simpler, faster, and
cost-effective analytical alternatives compared with the stan-
dard chromatographic methods and with chemical sensors/
sensor arrays for the detection of aldehydes in a series of
applications relevant for air quality and for food and pharma-
ceutical industries [16—18]. F-ALDH has the potential to op-
erate in a larger range of temperature compared with the
mesophilic, commercially available enzyme from baker’s
yeast. Building from its utility for benzaldehyde detection,
demonstrated with the free enzyme in solution [4], this study
reports the first biosensor based on this new and promising
enzyme.

The biosensor was integrated into a flow injection analysis
(FIA) setup and applied for the detection of benzaldehyde in
benzyl alcohol, an inactive ingredient used as a preservative in
pharmaceutical products. Benzaldehyde is the major impurity
in benzyl alcohol and its maximum admissible concentrations
are set at 0.05% and 0.15% in benzyl alcohol for parenteral
and non-parenteral use, respectively, according to the
European Pharmacopoeia [19]. The electrochemical biosensor
proposed here represents an advantageous alternative tool to
the costly and resource-consuming gas chromatographic stan-
dard methods [19] for screening benzyl alcohol in the phar-
maceutical field.

Materials and methods
Reagents and materials

Meldola Blue, 3-nicotinamide adenine dinucleotide (NADY, pu-
rity >98%), reduced (-nicotinamide adenine dinucleotide
(NADH, purity > 98%), (3-mercaptoethanol (purity > 99.0%), bo-
vine serum albumin (BSA), tris(hydroxymethyl)aminomethane
(TRIS), sodium phosphate dibasic and sodium phosphate mono-
basic, sodium hydroxide, sodium chloride, (3-mercaptoethanol,
benzyl alcohol, vanillin, trans-cinnamaldehyde, 4-hydroxy benz-
aldehyde, glutaraldehyde, butyraldehyde, 5-hydroxymethyl-2-
furalaldehyde, and 4-fluoro-benzaldehyde were obtained from
Merck, Germany. Acetone was from VWR Prolabo Chemicals,
France. Benzaldehyde, 2-furalaldehyde, propionaldehyde, and
acetic acid were provided by Acros Organics, Austria. Benzoic
acid was from the Pharmaceutical Institute, Romania. Ethanol
was from Atochim, Romania. The aldehyde dehydrogenase from
the Flavobacterium PL0O02 strain was obtained as a recombinant
protein in Escherichia coli BL21(DE3) [20]. The Flavobacterium
PL002 strain was isolated from Antarctic sea water. The
Michaelis-Menten constant Ky; = 0.145 mmol L' was calculated
at 25 °C, in 0.1 mol L™" glycine/KOH buffer pH 9.5 with benz-
aldehyde as substrate and 1 mmol L' NAD" as cofactor (full
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enzyme characterization to be reported in another paper). The
enzyme was stored at —20 °C with 20% glycerol.

The solutions used for the pH study were 0.1 M TRIS
buffer solutions of pH 8.0, 8.5, 9.0, and 9.5 and 0.1 M phos-
phate buffer solutions of pH 7.4 and pH 10. All buffer solu-
tions contained 0.1 M KCI.

Screen-printed 3-electrode systems were purchased from
Metrohm Dropsens (Oviedo, Spain) and included a carbon
counter electrode and a silver pseudo-reference electrode, in
addition to the working electrode (4 mm in diameter) that was
either carbon (DRP110) or carbon modified with nanofibers
(DRP110D). Carbon electrodes modified with nickel ox-
ide (DRP110 Ni) from the same producer were also
used in some tests.

Preparation of Meldola Blue-Ni amine mediator
and modified electrodes

The hexaammine nickel (IT) chloride, [Ni(NH3)6]Cl,, was pre-
pared by using chloride salt of Ni(Il) instead of nitrate salt
according to [21]. The freshly prepared [Ni(NH3)s]Cl, com-
plex, further on called NiAm, was kept at room temperature in
the dark until use. A 5 mg mL™' Meldola Blue was
mixed in equal volumes with 6 mg mL™' NiAm, and
6 uL of this mixture was deposited on the electrodes.
After drying for 2 days at room temperature, the elec-
trodes were rinsed copiously with water to wash any
unbound material, dried under nitrogen, and kept at room
temperature until use.

Immobilization of aldehyde dehydrogenase

A volume of 25 uL of 6.7 mg mL ™' F-ALDH (specific activ-
ity, 2 Ul mg_l) was mixed with 10 puL of 50 mg mL ! BSA,
10 uL of 10 uM B-mercaptoethanol, and 5 pL of glutaralde-
hyde solution (1%). From this mixture, 6 uL was evenly
spread on the surface of the working CNF/MB-NiAm elec-
trode. After drying for 20 min at room temperature, the sensor
was placed in the fridge and dried overnight. Next, the CNF/
MB-NiAm/F-ALDH biosensor thus obtained was washed co-
piously with water, dried, and kept dry at 4 °C until use.

Flow injection analysis

Quantitative determination of NADH and benzaldehyde was
achieved in a FIA setup in which the NADH sensor or alde-
hyde biosensor, respectively was used as an amperometric
detector. The setup included a homemade flow-through elec-
trochemical cell with a volume of 30 uL, connected to a 6-port
manual injector with a sample loop of 190 pL, a peristaltic
pump, and a VSP potentiostat (Princeton Applied Research,
USA). A PC equipped with the EC Lab software was used to
control the potentiostat and record the electrochemical signal.

The modified electrodes (CNF/MB-NiAm for NADH detec-
tion or CNF/MB-NiAm/F-ALDH for benzaldehyde detection)
were placed in the flow cell. For NADH analysis, PBS pH 7.4
was used as electrolyte and the working electrode was polar-
ized at + 0.05 V vs. Ag/AgCl. For benzaldehyde analysis, the
running buffer was 0.1 M phosphate buffer solution (pH 10)
containing 0.1 M KCl and 10 umol L™" B-mercaptoethanol at
a flow rate of 0.5 mL min~ ' while the electrode was polarized
at +0.1 V vs. Ag/AgCl. Stock aldehyde and benzoic acid
solutions (1 mol Lfl) were prepared in ethanol, while acetone
and acetic acid stock solutions (1 mol L™") were prepared in
water. All solutions were further diluted to the desired con-
centration with running buffer containing 1.75 mmol L™
NAD™" and then injected in the FIA system. Each sample
was injected in triplicate. Spiked samples of benzyl alcohol
were prepared by adding 9, 24, and 47 pL of the stock benz-
aldehyde solution per 1 mL of benzyl alcohol. For the
analysis with the biosensor, the spiked samples were
diluted 1:50 to 1:400 with NAD"-containing buffer by
serial dilutions, while the unspiked benzyl alcohol was
diluted 1:50 with the same buffer. For these dilution
factors, no deleterious effects were observed on enzyme ac-
tivity due to benzyl alcohol. The concentration of benzalde-
hyde in benzyl alcohol samples was calculated based on the
calibration curve.

Characterization methods

X-Ray photoelectron spectroscopy (XPS) was recorded using
ESCALAB 220 XL spectrometer from Vacuum Generators
featuring a monochromatic Al Ko X-ray source (1486.6 eV)
and a spherical energy analyzer operated in the CAE (constant
analyzer energy) mode (CAE = 100 eV for survey spectra and
CAE =40 eV for high-resolution spectra), using the electro-
magnetic lens mode. The angle between the incident X-rays
and the analyzer is 58° and the detection angle of the photo-
electrons is 30°.

Morphological investigations were carried out using
a scanning electron microscope (JSM-531 Inspect S Electron
Scanning Microscope, FEI Company) operating at 5-25 kV.
Qualitative chemical evaluation of the samples was performed
using energy-dispersive X-ray spectrometer (EDAX, Element
2CB detector on a JSM-531 Inspect S Electron Scanning
Microscope, FEI Company), operated at 5 kV. The data were
obtained from at least three different locations on each sample
surface.

UV-vis absorption spectroscopy (Thermovision
Evolution 600 spectrophotometer from Thermo Fischer
Scientific) was performed to study the formation of MB-
NiAm and to determine the enzymatic activity of aldehyde
dehydrogenase. The enzymatic activity of ALDH was mea-
sured based on NADH formation at 340 nm, as previously
described [4].

@ Springer
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Fourier transform infrared (FTIR) spectra of
[Ni(NH3)¢]Cl,, Meldola Blue, and product MB-NiAm were
recorded on a FTIR Bruker Tensor V-37 spectrophotometer,
using KBr pellets, in the frequency range 4000-400 cm .

HPLC analysis of benzyl alcohol samples

The measurements were performed using a LC-Net I[I/ADC
HPLC system from Jasco, equipped with a PU-2089 Plus
pump, a MD-2018 Plus Photodiode Array Detector, a FP-
2020 Plus FLD detector, and the ChromNav software. The
analytical column was Kinetex C18, 250 x 4.6 mm, particle
size =5 pum, and 100 A pore size from Phenomenex. The
mobile phase was water:acetonitrile = 50:50 at a flow rate of
0.6 mL min ', the injection volume was 5 uL, and quantita-
tive detection was performed at 210 nm. Calibration
was performed in the range 5-100 pg mL™' (47—
942 pmol L") benzaldehyde. The benzyl alcohol sam-
ples, whether unspiked or spiked with 9, 24, and 47 mmol L™
benzaldehyde, were diluted 200 times with mobile phase prior
to the analysis.

Results and discussion
Characterization of MB-NiAm complex

Formation of complexes such as Reineckates is well known to
lower the solubility of MB without influencing its ability to
mediate the electrocatalysis of NADH oxidation [13].
Motivated by this, we obtained a novel mediator by reacting
MB with a complex of hexaammine nickel (I) chloride,
[Ni(NH3)6]Cl, (NiAm). The formation of the new compound,
MB-NiAm, was emphasized by UV-vis absorption spectra
recorded for mixtures of MB and NiAm at various ratios
(1:0.2 to 1:10). While MB presents an absorption maximum
at 559 nm, upon mixing with NiAm, the peak at 559 nm
diminishes and a new adsorption peak appears with a maxi-
mum at 674 nm (Fig. S1 in Supplementary information, SI).

The formed MB-NiAm compound was further character-
ized by EDAX and FTIR. The EDAX analysis unveiled C
(37.7+2.51 at.%) and O (49.0 = 0.57 at.%) as main elements,
along with Ni (5.8 £1.79 at.%) and low contents of Na (1.2
0.72 at.%) and CI (0.02 +0.2 at.%). From the analysis of the
FTIR spectrum, MB-NiAm appears to be a complex of Ni(Il)
ion with MBH (i.e., the reduced form of MB): the absence of
the vibration modes of N-H (uvn.y, from the starting nickel
hexamine complex) and of Cppenyt = N group (from MB) as
well as the red shift of the absorption bands attributed to v(C-
N)heterocycle and 1)(C'N'C)heterocycle Vibl’atiOl’lS, to ca.
1510 cm ' and ca. 1357 cm ™", respectively, suggests the co-
ordination of Ni(II) ions to the N-H group of MBH (see Fig.
S2 and discussion in SI) [22].
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Consequently, this data indicates a structure of MB-NiAm
that lacks NHj; as a coordination ligand, as proposed in Fig. 1.

Characterization of MB-NiAm modified electrodes

CNF-coated screen-printed electrodes were modified with
MB-NiAm by drop-casting and were afterwards characterized
by SEM, EDAX, XPS, and electrochemistry (Fig. 2).

SEM images at high magnification show that the overlap-
ping carbon nanofibers form a 3-dimensional mesh-like struc-
ture at electrode surface (Fig. 2a), increasing the surface area
and potentially affecting the diffusion of molecules. Previous
characterization of the CNF electrodes revealed that the nano-
fibers were homogeneously distributed over the electrode sur-
face and had a high number of edges to the external side with
oxygen-containing groups involved in NADH
electrooxidation catalysis [4]. Upon modification of the CNF
electrodes with drop-casted MB-NiAm, the surface heteroge-
neity and roughness increased (Fig. 2b and Fig. S3 in SI). This
potentially indicates a larger effective electrochemical surface
area.

The XPS survey spectrum of CNF electrodes (Fig. 2c)
exibits only signals from Cls (97.55 at.%) and Ols (2.45
at.%). Modification of the CNFs with MB-NiAm results in
addition to Cls (75.76 at.%) and Ols (4.33 at.%), in signals
from N1s (14.48 at.%), Ni2p (1.81 at.%), and C12p (3.62 at.%)
in agreement with the chemical composition of the electrode
surface. The aromatic structure of MB enables efficient ad-
sorption on carbon nanofibers via 7-7t stacking. Moreover,
electrostatic interactions between the positively charged me-
diator and the negatively charged carbon fiber interface are
also possible. Thus, the XPS data support the successful mod-
ification of CNF electrodes with the MB-NiAm complex.

The EDAX analysis of the chemical composition at the
surface of CNF electrodes (Table S1, SI) further confirms
the successful modification of the electrodes with the MB-
NiAm as it shows the presence of Ni (1.4 at.%), concomitantly
with a decrease in the atomic percentage of C and a higher
percentage of O compared with CNF electrodes and elec-
trodes modified with Meldola Blue.

Additionally, the successful functionalization of CNF elec-
trodes with MB-NiAm is unambiguously confirmed by elec-
trochemistry. Cyclic voltammetry (CV) tests recorded from
0.1t0 0.7 Vvs Ag/AgCl in 0.1 M NaOH emphasized a redox
couple with an oxidation peak at around + 0.52 V (Fig. 2d)
and a reduction peak at + 0.33 V. The anodic peak was attrib-
uted to the oxidation of Ni** to Ni**, based on the comparison
with voltammograms recorded with DRP110 Ni electrodes
(carbon electrodes modified with nickel oxide, commercially
available), where the electrooxidation of NiO in alkaline me-
dia produces nickel oxyhydroxide (NiOOH) [23]. Moreover,
the anodic peak at + 0.52 V was not observed with CNF elec-
trodes modified only with MB (Fig. 3d). It is well known that
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Fig. 1 Schematic representation of the tentative structure of MB-NiAm obtained from the reaction of MB and NiAm

Ni** is a catalyst for the oxidation of glucose [24]. The pres-
ence of Ni** in CNF/MB-NiAm and the formation of Ni** in
alkaline media were finally confirmed by the electrocatalytic
effect of MB-NiAm for the oxidation of glucose (Fig. S4,
Supplementary information).

Taken together, the series of microscopy, spectroscopy,
and electrochemical studies presented above confirm that a
new compound is formed through the reaction of MB with
NiAm and that the MB-NiAm compound was successfully
transferred onto CNF electrodes.

Performance of NADH sensor based on CNF and
CNF/MB-NiAm electrodes

Electrochemical detection of NADH

Cyclic voltammograms recorded using CNF/MB-NiAm elec-
trodes in the — 0.9 to + 0.4 V vs. Ag/AgCl potential range (Fig.
3a) emphasize 3 redox couples with formal potentials of —
0.121 V,—0.426 V, and —0.599 V at pH 7.2, similar to elec-
trodes modified with MB only [4]. The formal potential of the
redox couples I-III shifts to lower values upon the in-
crease in pH, suggesting that protons are exchanged in
the respective transformations. The formal potential of
the redox couple I varied in the pH range from 7.2 to
10.1 according to the equation E°>=—0.039pH +0.145

(R*=0.989). The slope of 0.039 V/pH is consistent with
one proton and two electrons being transferred in the
transformation. Due to the partial overlapping of the
peaks II and III, accurate evaluation of the effect of
pH on their redox potential was not possible.

Redox couple I of MB with a formal potential of —0.121 V
at pH 7.2 on CNF/MB-NiAm electrode is characteristic of MB
and responsible for the mediated electrocatalysis of NADH
oxidation. Notably, the mediator enables a 0.5V decrease in
overpotential compared with the direct oxidation of NADH on
the same CNF electrodes occurring at 0.407 V [4]. Additional
redox couples of MB have been reported in the literature for
the mediator adsorbed on ordered mesoporous carbon [6] and
CNF-modified electrodes [4], as well as for screen-printed
carbon electrodes coated with electropolymerized MB [15].
Based on literature data, the redox couples II and III
in Fig. 3a are attributed to the mediator bound to
oxygen-containing groups on the surface of the elec-
trode. Similar to the other reports where 2 redox cou-
ples were observed, only redox couple I is active to-
ward catalysis of NADH oxidation, as shown by the
CV in the presence of 10 mmol L' NADH (Fig. 3b). A steep
increase in the anodic current starting at potential values
higher than —0.15 V vs. Ag/AgCl is accompanied by a de-
crease in the cathodic current at —0.2 V, the potential corre-
sponding to the reduction peak of redox couple I of the

@ Springer
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Fig.2 SEM images obtained at high magnification (x 20,000) of screen-
printed carbon nanofiber electrode before (a) and after (b) modification
with drop-casted MB-NiAm. Scale bar: 4 um. (¢) XPS survey spectra of
carbon nanofiber electrodes before (blue curve) and after (black curve)

mediator. The catalytic current is attributed to the following
sequence of transformations:

MB* + NADH—MBH + NAD* (2)
OI
MBH"ZS MB+2¢ +H* (3)

To determine whether Ni in MB-NiAm is involved in
NADH catalysis, we have performed CV studies in the ab-
sence and presence of NADH. In parallel, we carried out the
same tests with commercial carbon electrodes modified with
nickel oxide (DRP 110 Ni). To ensure the formation of
NiOOH, which reportedly has catalytic effects toward the ox-
idation of NADH [23], we have pre-activated both types of
electrodes by cyclic voltammetry in 0.1 M NaOH. We did not
observe any significant effect of Ni in the electrocatalysis of
NADH oxidation mediated by MB-NiAm in 0.1 mol L™
phosphate buffer pH 7.4 (Fig. S5 in SI), thus confirming that
the electrocatalytic effect of MB-NiAm is due to the redox
couple I of MB.

@ Springer
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the modification with MB-NiAm. (d) Cyclic voltammograms in 0.1 M
NaOH recorded with commercial DRP 110 Ni electrodes, carbon elec-
trodes DRP 110 with drop-casted NiAm, CNF/MB and CNF/MB-NiAm
electrodes at 0.1 V/s in the range from 0.1 to 0.7 V

The performance of the CNF/MB-NiAm electrodes was
assessed in PBS buffer (pH 7.4) at + 0.05 V vs. Ag/AgCl in
a FIA setup (Fig. 3c). The results feature a detection limit of
0.5 umol L' NADH, a linear range that extends to
400 pmol L™' and a sensitivity of 8.9 mA mol ' L
(69.8 mAcm 2 mol ' L), determined as the slope of the cali-
bration plot (Fig. 3d). A gradual decrease in the performance
of CNF/MB-NiAm electrodes was observed at higher pH
values, the sensitivity at pH 10 being only 54% of the value
atpH 7.4.

The reported detection limit is better than that obtained for
electrodes modified with MB by (i) inclusion in the screen-
printing ink, either before [10] or after complexation with
Reinecke salt [25]; (ii) adsorption on phosphates followed
by electrochemical deposition of a Reineckate film [26]; (iii)
electropolymerization of Meldola Blue [15] or (iv) inclusion
of the mediator in sol-gel after adsorption on single-walled
carbon nanotubes [5]. Electrodes modified with CNF and oth-
er carbon nanomaterials were successfully used for NADH
detection without any mediator, achieving detection limits
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Fig. 3 (a) Cyclic voltammograms recorded using CNF/MB-NiAm elec-
trode in solutions of different pH (7.4-10). (b) CV recorded in the ab-
sence (black) and the presence (red) of 10 mmol L™! NADH in

between 0.02 and 130 pmol L™ (Table S2 in SI). However,
the sensitivity of these modified electrodes was lower com-
pared with CNF/MB-NiAm electrodes and the applied poten-
tial was around + 0.4 V, which makes the measurements sus-
ceptible to interferences in real samples (Table S2 in SI).
Amperometric NADH sensors with better sensitivity than
the CNF/MB-NiAm electrodes but with a narrower linear
range have been reported based on rosmarinic acid as media-
tor [27]. Overall, considering the combined limit of detection,
linear range, and sensitivity compared with other sensors de-
scribed in the literature summarized in Table S2, the novel
CNF/MB-NiAm electrodes have good analytical performance
as sensitive NADH sensors operating at low potentials.

Stability of MB-NiAm sensors

Cyclic voltammetry studies of MB-NiAm electrodes at differ-
ent scan rates (0.01 to 0.2 V/s) emphasized a linear correlation
between the intensity of the anodic and cathodic peak currents
of redox couple I with the scan rate (Fig. S6, SI). This behav-
ior is characteristic for surface-immobilized redox species and

b150- A
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100
—~ 501
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= ol
-504
-100+4+— T T T T T T T 1
-1.0 -08 -06 -04 -02 00 02 04 06
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d
44 .
L]
-
y = 0.0089x + 0.0317
3 R? = 0.998 .
<
2 21
14
0

0 100 200 300 400 500
NADH umol L-1)

0.1 mol L' phosphate buffer pH 7.4. (c) Calibration curve for NADH
using CNF/MB-NiAm sensor in a FIA setup, at 0.05 V vs. Ag/AgCl,
showing (d) the linear range

together with the lower solubility of the MB-NiAm complex
suggests an increased operational stability for NADH detec-
tion compared with sensors modified with MB alone.

We have investigated the operational stability in 2 ways: (i)
by performing repetitive calibrations by amperometry in stirred
solutions and (ii) by repetitive injections of solutions with the
same concentration of NADH in a FIA setup. Both types of
studies were conducted at +0.05 V vs. Ag/AgCl in 0.1 M
phosphate buffer (pH 7.4). In stirred solutions, the sensitivity
decreased from 10 +2.4 mA mol ' (average of n = 3 sensors) to
9.0+1.4mA mol_l, 1.e.,91.7 £ 7.8% of the initial value after 10
calibrations in the 10165 umol L' range, totaling 80 injec-
tions performed on the same day with the same sensor. This
compares favorably with CNF/MB-based sensors previously
investigated by us, for which the slope of the calibration curve
decreased to 70.0 £ 6.2% of the initial value after 10 calibra-
tions [4]. When tested in a FIA setup, the signal for
100 umol L' NADH was stable for 100 injections with an
RSD of 8.4%. This indicates a very good stability and repro-
ducibility, similar to sensors modified with MB and covered
with an electrodeposited Reineckate film reported by Radoi
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etal. [26]. For another FIA sensor with MB-Reinecke salt com-
plex, Schuhmann et al. reported a decrease by 40% of the orig-
inal signal after 60 h of continuous operation totaling 360 in-
jections [13]. The good operational stability indicates that CNF/
MB-NiAm sensors are appropriate for use as detectors in bio-
sensors for the high-throughput analysis of dehydrogenase sub-
strates by FIA.

Optimization of the CNF/MB-NiAm/F-ALDH biosensor

A biosensor for the detection of benzaldehyde was obtained
by the covalent immobilization of F-ALDH on the CNF/MB-
NiAm electrode by cross-linking with glutaraldehyde in an
inert matrix of BSA [28]. The biosensor principle lies in benz-
aldehyde conversion to benzoic acid (catalyzed by F-ALDH)
and the measurement of the NADH formed in the enzymatic
reaction (1). The biosensor and the operational conditions
were optimized with respect to buffer composition and pH,
amount of enzyme immobilized on the electrode, concentra-
tion of cofactor NAD™, and the value of the applied potential.
The magnitude of the sensor response for a concentration of
benzaldehyde of 200 umol L™" was taken as a criterion for the
optimization studies. The range of conditions investigated and
the results obtained are detailed in Table S3 and Fig. S7 in the
SI. Under optimized conditions, the electrolyte in the FIA
system consists of 0.1 M phosphate buffer (pH 10), circulating
at a flow rate of 0.33 mL min '; the enzyme loading/biosensor
is 36 mU; the NAD" concentration is 1.75 mmol L™'; and the
applied potential is + 0.1 V vs Ag/AgCl.

Selectivity and stability of the CNF/MB-NiAm/F-ALDH
biosensor

The selectivity of the biosensor is mainly given by (i) the
substrate selectivity of the enzyme and (ii) the value of the
applied potential. The MB-NiAm mediator enables the effi-
cient operation of the biosensor at close to 0 V, ensuring
minimized electrochemical interferences. F-ALDH has broad
substrate specificity for aldehydes, while being inactive to-
ward compounds from other chemical classes. This broad se-
lectivity is a characteristic of aldehyde dehydrogenases from
different sources, including the commercial enzyme from
yeast used in other aldehyde biosensors [16, 25, 28, 29]. As
anticipated, the biosensor responded well to a series of aro-
matic and aliphatic aldehydes, tested at the concentration of
200 pmol L' (Fig. 4) and was insensitive to compounds from
chemical classes other than aldehydes, i.e., benzoic acid, ben-
zyl alcohol, acetic acid, acetone, and ethanol, tested at con-
centrations relevant for real samples such as benzyl alcohol
and wine. Benzaldehyde is among the aldehydes for which F-
ALDH has high activity, the largest response being recorded
for isovaleraldehyde. The results are in agreement with UV-
vis measurements of enzyme activity performed with the free
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enzyme in solution (unpublished data). Benzaldehyde deter-
mination was previously demonstrated by Badalyan et al. [18]
with an amperometric biosensor based on the PaoABC-
aldehyde oxidoreductase from E. coli, which has a preference
for aromatic aldehydes and a Ky =70 umol L™' for
benzaldehyde.

Detection of a specific aldehyde in an aldehyde mixture
with the CNF/MB-NiAm/F-ALDH biosensor might not be
possible or additional steps should be included to ensure se-
lectivity such as use of sensor arrays [30] instead of a single
biosensor, detection in air at different temperatures, and addi-
tion of diffusion-limiting membranes. Thus, a biosensor based
on F-ALDH is mostly useful to detect a particular aldehyde
when this is the major or only aldehyde in a sample, e.g., the
detection of benzaldehyde in benzyl alcohol or the detection
of acetaldehyde in wine. In this work, similar to the study of
Badalyan et al. [18], we chose to investigate the performances
of the biosensor for the analysis of benzyl alcohol, where
benzaldehyde is present as a major impurity while other alde-
hydes are not expected.

The operational stability of the biosensor was checked by
injecting solutions of 300 pmol L™" benzaldehyde over the
course of 4 days. The biosensor was operated at room temper-
ature. During the night, the biosensor was dismounted from
the flow cell and stored dry in the fridge until the next day.
With over 60 repetitive daily injections of 300 pmol L™ benz-
aldehyde, the biosensor response varied very little (RSD of
5.6-7.5%). However, a significant drop in sensitivity was re-
corded from one day to the next: the magnitude of the
current dropped to 73.7% from the initial value after
1 day, 53.3% after 2 days, and 43.3% in the 4™ day.
With daily calibration, the biosensor might be used for
at least 3 days of extensive testing. Moreover, optimiz-
ing the overnight storage might further prolong the op-
erational lifetime of the biosensor.

Based on the magnitude of the signal for 200 pmol L™
benzaldehyde, the biosensor retains 91.1% of the original ac-
tivity after 40 days when kept dry at 4 °C (0.270 +0.087 pA
compared with 0.297+£0.037 pA initially, for n=3
injections).

Performance for the detection of benzaldehyde

Calibration curves performed for benzaldehyde by
amperometry at +0.1 V in the range up to 500 pmol L'
highlight a detection limit of 10 umol L™, a linear range of
30-300 umol L', and a sensitivity of 1.1 mA mol ' L or
873 mA cm 2mol 1 L (Fig. 5).

The detection limit calculated as three times the signal of
the blank (i.e., running buffer containing NAD") was verified
experimentally (Fig. S8 in SI). In addition, it was checked that
the biosensor does not present any memory effect (Fig. S9 in
SD).
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Biosensor reproducibility is acceptable, considering the
manual modification step: an RSD of 8.84% was determined
for the sensitivity of three identically prepared and tested bio-
sensors, expressed as the slope of the calibration curve based
on 5 concentrations of benzaldehyde in the range 30—
300 pmol L.

The kinetic parameters of the immobilized enzyme in the
CNF/MB-NiAm/F-ALDH biosensor were calculated from the
plots of the amperometric signal versus benzaldehyde concen-
tration. Data was fitted with the hyperbolic function /=1, *c/
(Kn™P + ¢) using Origin 2019 software, where ,,,,, represents
the maximum current intensity recorded with the biosensor,
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Fig. 5 Calibration plot for benzaldehyde using the CNF/MB-NiAm/F-
ALDH biosensor in a FIA system at +0.1 V vs. Ag/AgCl in 0.1 M
phosphate buffer pH 10 with 0.1 M KCl and 10 uM (-mercaptoethanol
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Interfering compound

K\™P is the apparent Michaelis-Menten constant of the
immobilized F-ALDH in the biosensor, and c is the concen-
tration of benzaldehyde. The Ky,**? for the immobilized en-
zyme was calculated as 386 pmol L' and the 1.« Was
0.590 pA. The Michaelis constant is higher than the value
for the free enzyme (Ky; = 145 umol L"), which is attributed
both to diffusional limitations for substrate and cofactor to the
catalytic site of the enzyme and to conformational changes of
the immobilized enzyme that lead to a decreased affinity for
the substrate.

Cross-linking with glutaraldehyde in an inert matrix
of BSA is widely used to achieve stable immobilization
of enzymes [31] and typically leads to an increased Ky:
for example, covalent attachment by this method of al-
dehyde dehydrogenase from baker’s yeast with Ky;=53 uM
[32] to a Nylon mesh enabled to obtain an amperometric bio-
sensor with a Ky*"? =550 uM for benzaldehyde [28].
Optimization of the immobilization protocol or alternative
methods to attach the enzyme on the electrode can lead in
the future to improved affinity of the immobilized F-ALDH
enzyme for benzaldehyde.

Overall, the analytical performances of the biosensor are
similar with those of other enzymatic sensors for aldehydes.
While other biosensors for benzaldehyde, formaldehyde, or
acetaldehyde have broader linear ranges or better detection
limits (Table S4, SI), down to 0.5 pmol L™ [18] for some of
them, the high sensitivities are achieved with bienzymatic
systems, implying higher costs and complexity of the assay
[16]. Some simpler nanomaterial-based electrochemical
methods report pmol L™ detection limits for benzaldehyde
[33]; however, no data is available on their reusability and
response to a whole range of other aldehydes. The CNF/
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MB-NiAm/F-ALDH biosensor responds to lower aldehyde
concentrations compared with some optical methods involv-
ing sensor arrays; nonetheless, these arrays combined with
chemometric analysis can discriminate between several alde-
hydes [30]. Along with better detection limit and shorter anal-
ysis time (5 min/analysis compared with 10 min/assay), sensor
reusability and stability are the main advances of the
proposed CNF/MB-NiAm/F-ALDH sensor over our pre-
vious assay for benzaldehyde that was based on free F-
ALDH in solution and CNF electrodes with Meldola
Blue and electrochemically reduced graphene oxide
[4]. The need for the enzymatic cofactor was addressed
in different ways in the biosensors for aldehydes
(Table S4, SI). Ingenious, reagentless biosensors inte-
grate either enzymes with bound cofactor such as
PaoABC-aldehyde oxidoreductase from E. coli [18] or
immobilized, costly high molecular weight derivatives of
NAD" [29]. In the setup proposed in this work, NAD" is
added only to the sample (and not to the running buffer), thus
limiting the amount and costs of the enzymatic cofactor com-
pared with other FIA [34] and batch determinations in stirred
solutions [5, 6]. Moreover, the amount of enzyme per CNF/
MB-NiAm/F-ALDH biosensor compares favorably with
other sensors and allows performing > 160 assays with
the same device. In summary, depending on the envis-
aged application, the described biosensor with its good an-
alytical characteristics and operational stability is advanta-
geous over other chemical or enzyme sensors.

Detection of benzaldehyde in benzyl alcohol
and comparison with HPLC

Benzyl alcohol is used in the pharmaceutical industry as a
preservative for liquid dose drugs (i.e., ophthalmic, otic solu-
tions, etc.). The quantitative detection of benzaldehyde as a
major impurity in benzyl alcohol is important for the quality
control of this pharmaceutical excipient. Therefore, we have
examined the usefulness of the CNF/MB-NiAm/F-ALDH
biosensor for this application.

A series of benzyl alcohol samples, unspiked and spiked
with benzaldehyde, were analyzed in parallel with the CNF/

MB-NiAm/F-ALDH biosensor and by HPLC. Benzaldehyde
was not detected in the unspiked benzyl alcohol by either
methods (Table 1). The results summarized in Table 1 empha-
size the agreement between the two methods, indicating the
high accuracy of the biosensor. Moreover, the recovery factors
for benzaldehyde calculated as “the determined concentration/
spiked concentration x100” were in the ranges of 90.8—
106.5% for the biosensor and 97.1-108.2% for the HPLC
method. Altogether, the biosensor is appropriate for determin-
ing benzaldehyde in benzyl alcohol for non-parenteral use, for
which a maximum admissible limit 0f 0.15% (14.4 mmol Lfl)
is currently imposed [19].

The biosensor described here provides a simple alternative
tool to the lengthier and costlier chromatographic procedures
for the quality control of benzyl alcohol [19], being also faster
and simpler compared with sandwich ELISA [35] or SPR
immunosensors [36].

Conclusion

A new, low-solubility, versatile mediator was obtained from
Meldola Blue and a Ni amine, preserving the characteristics of
both Meldola Blue and Ni**. The new compound efficiently
catalyzes NADH electrochemical oxidation at a similar poten-
tial as Meldola Blue. While not further pursued, it was shown
that the presence of Ni** in the mediator enables also the
electrocatalysis of glucose oxidation in alkaline media.
Modification of CNF screen-printed electrodes with the low-
solubility MB-NiAm complex resulted in stable and sensitive
amperometric NADH sensors operating at low potentials.
Further on, integration of an aldehyde dehydrogenase from a
microorganism from Antarctica covalently immobilized on
the electrode surface produced stable biosensors for the detec-
tion of aldehydes. Detection of benzaldehyde in the pmol L™
range was demonstrated with the biosensor in a flow injection
setup. Due to the characteristics of the aldehyde dehydroge-
nase used, the biosensor has a broad selectivity profile
responding to various aldehydes, although not to other classes
of volatile organic compounds. Consequently, the potential of
the new biosensor is best exploited in situations where a single

Table 1 Analysis of benzaldehyde in spiked benzyl alcohol samples with CNF/MB-NiAm/F-ALDH biosensor and HPLC
Sample Spiked concentration, Concentration determined Recovery (%) Benzaldehyde Recovery (%)

benzaldehyde (mmol LY with the biosensor (n = 3) Biosensor concentration measured HPLC

(mmol L™ by HPLC (mmol L")

Benzyl alcohol <0.50%* Not applicable <0.35% Not applicable
Benzyl alcohol 8.17+0.73 90.8+8.1 8.74+0.24 97.1+2.7
Benzyl alcohol 24 25.47+3.01 106.1£12.5 25.97+0.92 108.2+3.8
Benzyl alcohol 47 49.09 +8.85 104.4+18.8 50.80+£0.17 108.1+0.4

*Based on the detection limit of the method and the dilution factor
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aldehyde is present or when the aldehyde represents the ma-
jority in a mixture of volatile organic compounds. Such an
application of industrial relevance was illustrated through the
detection of benzaldehyde in benzyl alcohol, used as an inac-
tive ingredient in liquid drug products. The biosensor accura-
cy was validated by comparison with a standard chromato-
graphic method, indicating that this new analytical device
can be successfully used for the quality control of benzyl
alcohol. While the amount of NAD™ per test was minimized
by adding the cofactor together with the sample in the injec-
tion loop of the FIA system, the addition of NAD™ is still
required for each test. Future tests will tackle the challenge
of stable cofactor immobilization. More importantly, while the
measurements described in this work were conducted at room
temperature, the potential of the psychrophilic F-ALDH en-
zyme remains to be fully exploited in future works by devel-
oping biosensors performing at low temperature.
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