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ABSTRACT

The development of impedimetric, non-faradaic label-free sensors for the detection of a-amino acids constitutes a
trailblazing technology for the fast and inexpensive quantification of such biomarkers. Since a-amino acids, such
as glycine and sarcosine, are basic constituents in biological processes, a variation in their concentration may be
an indicator of cardiovascular diseases and metabolic disorders or neurological conditions. The unique proper-
ties, including maze-like porosity along with excellent electron transfer behavior, make boron-doped carbon
nanowalls (BCNW) an ideal transducer for electrochemical sensing. In order to realize a non-faradaic impedi-
metric sensor for the detection of a-amino acids, 1,8-diazafluoren-9-one (DFO), a fluorophore commonly used in
forensic science, was dispersed into Ti-sol precursor and deposited over a BCNW substrate by spin-coating. Data
mining tools have been applied to the raw impedimetric data to directly predict the glycine concentration and to
support the underlying material-interface interaction. The developed sensor revealed high selectivity and
reproducibility toward glycine and other a-amino acids (phenylamine, sarcosine and tryptophan) and no
selectivity toward f-alanine, y-aminobutyric acid or taurine. The application of density-functional theory (DFT)
studies supported the higher affinity with the highest adsorption energy for the reaction product of DFO with
glycine. A detection limit of 51 nM was found for glycine.

1. Introduction

a-amino acids are considered to be powerful biomarkers, and for this
reason, measuring any change in their concentration is a priority for fast
and accurate diagnoses of cardiovascular diseases, metabolic disorders
and neurological conditions [1]. Namely, all amino acids of which
proteins are made are alpha type, in which the amino group is bonded to
the same carbon atom of the molecule where the carboxyl group is
attached [2]. Amino acid ions are typically amphiprotic individuals.
Their ammonium groups are acidic protonators, and their carboxyl
groups are alkaline protonators. The side chains also play an important
role and can also participate in proteolytic reactions with water [2].
Sarcosine has been indicated as a potential biomarker in the blood and
urine of early-stage prostate cancer tumors [3,4], while altered plasma
glycine levels have been related to obesity [5], diabetes [5], nonketotic

hyperglycinemia [6] and gout [7]. The standard method to detect amino
acids is based on liquid chromatography and capillary electrophoresis
associated with mass spectrometry (LC-MS and CE-MS) [8]. Electro-
chemical detection of proteins and amino acids, by direct redox re-
actions or oxidation/reduction of side chains of their amino acid
residues, benefits from the simplicity, low cost, speed, and potential for
miniaturization, thereby making it particularly suitable for point-of-care
applications. Since the pioneering work of Brabec and Mornstein [9],
where the electrochemical oxidation of a-amino acids (tyrosine, tryp-
tophan, histidine, cystine, cysteine and methionine) was investigated on
graphitic electrodes, it was found that only on carbon electrodes, tryp-
tophan, tyrosine, and cysteine exhibit a well-defined oxidation peak.
While voltammetric or amperometric techniques have been widely
employed for amino acid detection, a major drawback is the low level of
oxidation current. While it was generally accepted that only a few amino
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acids could be oxidized on carbon electrodes, Suprun and co-workers
[10] employed Prussian Blue to catalyze the specific electrochemical
oxidation to pursue the oxidation of most amino acids. While a chro-
matographic analysis may differentiate between different amino acids, it
may fail to discriminate between those with similar molecular weights
(such as sarcosine and alanine). For this reason, the development of a
simple, low-cost sensor for the detection of a specific type of biomarkers
may represent an opportunity for the early detection of cancer and other
pathologies [11,12].

Carbon nanowalls (CNWs), among various carbon-based nano-
materials, are open bounded, vertically-oriented few-layer graphene
sheets which possess extraordinary properties [13]. For this reason,
CNWs have attracted attention due to their tunable bandgap, high
conductivity, high mechanical robustness, high light absorption, high
chemical inertness, and large specific surface area. To achieve a
particular morphology and characteristic, it is possible to vary the
synthesis parameters, such as heating temperature, plasma intensity,
substrate, deposition time, and gas precursor ratios, and by introducing
dopants [14]. Widely adopted electrochemical techniques for the
detection of different biomolecules rely on the addition of additional
redox probes, which oxidation and reduction make it possible to mea-
sure the signal response on a specific electrode.

In contrast to the previously mentioned technique, non-faradaic
electrochemical impedance spectroscopy can detect the capacitance
changes of the electrode-solution interaction, without the need for a
redox molecule. When considering the electrochemical cell, a TiO5 film
constitutes a thin dielectric layer in the electrolyte/dielectric/semi-
conductor structure, so that the electrical behavior is dominated both by
the capacitance of the dielectric layer and the charge layer. In this work,
in order to make this layer sensitive to the target amino acids, 1,8-diaza-
fluoren-9-one (DFO), a fluorescent probe used in forensic science to
detect latent fingerprints on various materials, was entrapped within a
gel. In previous works, the ability of DFO to form a photoluminescent
product with a-amino acids was explored [15-17]. Electrochemical
impedance spectroscopy (EIS) is a powerful electrochemical technique
for studying the electrode-solution interface by means of applying a
small-amplitude alternating voltage signal to the sensing electrode, with
the frequency varying over a wide interval. Conventionally, the result-
ing impedance spectrum undergoes an arbitrary fitting with an equiv-
alent electrical circuit (EEC), to estimate and extract the valuable EEC
parameters. On the other hand, the choice of an EEC to fit real elec-
trochemical systems is arbitrary; while using a single time-constant EEC
may lead to an oversimplification of the system, resulting in a loss of
information, increasing the complexity of the EEC requires justification
in terms of physical meaning. For these reasons, an alternative way of
dealing with EIS data should be investigated. While the use of principal
component analysis (PCA) on singular-value decomposition
(SVD)-treated complex impedance data was already introduced in 2009
by Geladi et al. [18], the application of partial least-squares (PLS)
regression was only recently studied. Rodriguez et al. found the
mean-centered complex impedance to be preferable rather than using
only the real or imaginary parts of the complex impedance, or the ab-
solute impedance or the phase angle in quantifying the ferrocyanide,
hydroquinone, and catechol concentration [19]. Moreover, the appli-
cation of multivariate data analysis techniques allows the direct analyte
concentration to be determined without the subjective assumptions of
an EEC.

The aim of this study is to develop and investigate a novel electro-
chemical non-faradaic label-free impedimetric biosensor for the detec-
tion and quantification of a-amino acids. The ability of specific amino
acids to selectively react with a DFO@TiO- film was exploited as the
sensitive layer of a label-free impedimetric biosensor. Boron-doped
CNWs (BCNWs) were grown over a different substrate and used as a
transducer for the fabrication of the biosensor, on which the DFO@TiO4
layer was spin-coated, in order to benefit from their maze-like geometry
and superior electrical properties. The selective reaction of DFO with
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a-amino acids and the subsequent complex formation led to a capaci-
tance change which was monitored by the impedance spectroscopy
technique. Moreover, PLS regression was applied to the electrochemical
spectral data to better understand the underlying relations without the
intermediate step of fitting to an EEC. The Limit of Detection (LoD) for
glycine was determined to be equal to 51 nM and a comparable sensi-
tivity among different selected a-amino acids was determined (Trypto-
phan, Phenylalanine, Sarcosine). The results may pave the way for the
development of P-o-C devices for the detection and quantification of
a-amino acids by employing an inexpensive and simple technique.

2. Experimental section
2.1. Synthesis of boron-doped carbon nanowalls

Two different substrates were used to grow BCNWs. A crystalline
conductive substrate, consisting of a 1 x 1 cm? (100) oriented silicon,
was seeded by sonication in a water-based diamond slurry. BCNWs were
grown by an MPECVD system (SEKI Technotron AX54008S, Japan) using
a gas mixture of Hy, CHy4, N, and BoHg, microwave power of 1.3 kW and
pressure of 10~* Torr inside the chamber, for 6 h [14] (SBCNW). The
substrate holder was heated at 700 °C. Using the same process param-
eters, an amorphous, not-conductive, and optically transparent quartz
was used to grow BCNWs for 10 min (qBCNW) after a 10-min pre-
treatment in Hy-rich plasma. A preliminary investigation aimed at
finding the optimal BCNW thickness for the gBCNW sample was con-
ducted and the results are reported in Fig. S1. Four sets of samples were
prepared and tested in triplicates. A detailed characterization of the
MPECVD-synthesized BCNW can be found in our previous studies [20,
21].

2.2. Functionalization with DFO@TiO»

Applied reagents and luminophores were spectrally pure. DFO was
purchased from Aldrich (Germany). Titanium (IV) isopropoxide (TTIP),
Triton X-100, and pentane-2,4-dione, were also purchased from Aldrich
(Germany). Propane-2-ol, ethanol, and hydrochloric acid were pur-
chased from POCh (Poland). Deionized (DI) water was produced by a
Hydrolab deionizer. The luminophore - 1,8-diaza-fluoren-9-one (DFO) —
was incorporated in situ into the sol of the Ti-sol with an alcoholic so-
lution at room temperature and under atmospheric pressure at a con-
centration of 10 mM. The DFO loading amount was chosen to avoid the
formation of aggregates [22]. Initially, films were prepared with a
gelation time (defined as the time measured from the moment the
catalyst was added to the sol until its deposition by spin coating) of 2 h.
Thin films were prepared by the spin coating technique: 25 pL of the
Ti-sol was drop-casted onto the BCNW sample and centrifuged at a speed
of 2000 rpm for 60 s. The electrodes were then dried in a vacuum oven at
80 °C, — 60 kPa, for 2 h.

2.3. Sample characterization

Scanning electron microscopy (SEM) was performed by a Phenom XL
microscope, using a 10-kV beam accelerating voltage, working in high
vacuum mode and with a secondary electron detector (SED). The
attenuated total reflection Fourier transformed infrared (ATR-FTIR)
spectra were collected on a Perkin Elmer Frontier spectrophotometer
equipped with a ZnSe crystal. Spectra were recorded in the range of
550-4000 cm’l, with 5 scans and a resolution of 0.5 cm ™.

2.4. Sample collection and preparation

All electrochemical tests were conducted in spiked samples, con-
taining phosphate solution (PS, 8.733 g of KoHPO4 and 125 pL of 85 %
H3PO4 were dissolved in a 500-mL volumetric flask using distilled
water).
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Saliva is an ideal diagnostic medium to provide molecular bio-
markers for a variety of oral and systemic diseases and conditions [23].
Saliva sample collection was performed on one healthy male volunteer
who refrained from eating, drinking and oral hygiene procedures (for at
least 1 h prior to the collection). The volunteer was given drinking water
and asked to rinse well his mouth. 5 min after, the volunteer was asked
to spit into a 50 mL sterile tube, until 5 mL of whole saliva (WS) was
collected. WS was diluted in PB solution in the ratio of 1:50, spiked with
glycine, and stirred using a vortex mixer.

In addition to spiked WS samples, the electrode has been tested also
in synthetic urine (SU) samples. The composition for SU has been taken
from the study of Brooks and Keevil [24] with modification and it is
reported in Table S1. Before analysis, SU was diluted with glycine-spiked
solutions in the ratio of 1:1.

2.5. Electrochemical measurements

Cyclic voltammetry (CV) was performed to evaluate the electro-
chemical properties of the different composites under an argon atmo-
sphere, using a three-electrode system. The CV measurements were
conducted in 5 mM Fe[(CN)6]3'/ 4 (1:1) in 0.5 M of NaySO4 solution with
an applied scan rate equal to 100 mV s~ '. Non-faradaic EIS is a powerful
technique to detect minimal changes at the electrode-solution interface
without the need of a redox molecule. The functionalized BCNW elec-
trode, a platinum wire and an Ag wire coated with AgCl were used as the
working electrode (WE), auxiliary electrode (AE) and reference elec-
trode (RE), respectively. The EIS was performed in the frequency range
from 200 kHz to 20 mHz, with an amplitude of 20 mV at open circuit
potential, after a fixed 10 min rest period for reaching equilibrium.
Staircase potentio electrochemical impedance spectroscopy (SPEIS) was
performed at the — 0.2, 0, + 0.2, + 0.4, + 0.6 V potential steps, in the
frequency range from 1 MHz to 10 mHz, with an amplitude of 20 mV.
From the SPEIS, capacitance values were calculated from the imaginary
component of the impedance (Z”), at the frequency (f) of 25 mHz, ac-
cording to (1):

Cs = ! 1
e (€8]

All techniques were performed using a potentiostat/galvanostat
(VMP-300, Bio-Logic, France). The coefficient of determination (Rz),
sensitivity (slope of the linear regression in the concentration-
capacitance plot), and LoD, were calculated. Due to the logarithmic
nature of the correlation between the analyte concentration and the CPE
equivalent capacitance, firstly, the limit of blank (LoB) was first esti-
mated by substituting the values of capacitance found for PS-only into
the linear calibration.

LoB = meanyjyk + 1.645(SDpjank) 2

Then, the LoD was calculated by utilizing both the measured LoB and
test replicates of the sample known to contain the lowest analyte con-
centration [25]:

LoD = LoB + 1.645 (SDlowesl_concenlralion_sample) (3)

2.6. Partial least squares regression of the electrochemical dataset

PLS regression is a multivariate statistical technique that can predict
a dependent variable from a set of independent variables (i.e., pre-
dictors) by attempting to maximize the covariance between the matrix
with predictors and matrix with responses, rather than the variables
themselves. PLS was performed on the EIS dataset, in which each
observation of the predictor matrix is one experiment, represented by
the values |Z| and phase(Z), recorded at 35 frequencies, resulting in a
18 x 70 dataset, and the response matrixisa 18 x 1 vector reporting the
log-transformed glycine concentration. The EIS performed in the pres-
ence of PS-only was used to estimate the LoD, by using the PLS model to
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predict the equivalent concentration. The LoD was then calculated using
(2) and (3). PLS analysis was performed using the mdatools package
[26] in R [27]. An important assumption in model development is
choosing the proper number of PLS components; while increasing their
number may lead to a higher coefficient of determination, the added
variables may divert attention from the main independent descriptors.
For this reason, the number of optimal components was initially deter-
mined by randomization tests.

2.7. Adsorption simulation of DFO and its derivatives

Molecular dynamics (MD) calculations were conducted to investi-
gate the interactions of DFO-based complexes with the TiO, matrix
during the detection of a-Amino Acids. The Atomistix ToolKit (ATK)
QuantumWise package [28] was utilized to perform the calculations of
adsorption energies by means of ATK — ReaxFF (Reactive Force Field),
which can be used to study the reactive system of TiOg, DFO and glycine.
The titania matrix was considered as nanocrystalline rutile (110) in
agreement with prior studies [15]. The periodic boundary cell was uti-
lized with sizes 12 A x 20 A x 46 A. The DFO, glycine and their deriv-
ative similar to ninhydrin were taken from the ATK library database. The
Quantumwise ATK Classical optimization was performed for all of the
designed atomic models. The following parameters were applied:
ReaxFF-CHO-2008 [29,30], Force tolerance: 0.01 eV/A, and Stress
tolerance: 0.1 GPa with a step size of 0.01 A. The cost-effective LBFGS
optimization algorithm was configured to limit the amount of computer
memory used. It is the Broyden-Fletcher-Goldfrab-Shanno (BFGS) al-
gorithm from the quasi-Newton family. Finally, the models were equil-
ibrated at RT for 10,000 steps and then simulated for 1 ns in an aqueous
environment.

3. Results and discussion

The procedure for preparing the nanostructured electrode can be
divided into three main steps, namely substrate pretreatment, BCNW
growth and functionalization and is schematized in Fig. 1.

3.1. Characterization of the nanoarchitectured heterostructure

The different heterostructures were characterized before and after
the application by spin coating of the Ti-sol. Fig. 2a,b show SEM mi-
crographs of the BCNW grown on quartz (qBCNW) and Si (sBCNW)
substrates, at the same boron-doping level, for 10 min and 6 h, respec-
tively. It is possible to observe, including from the magnification inserts,
the different morphology, in terms of wall density and wall length, due
both to the different process duration and substrate crystalline structure.
In particular, for gBCNW, the wall lengths are shorter, resulting in a
more dense wall morphology.

The subsequent deposition of the Ti-layer by spin coating led to the
creation of localized defects due to the agglomeration and subsequent
evaporation of Triton X-100 micelles in a different manner for the two
different substrates Fig. 2(c,d), leading to the formation of micrometer-
sized patterns. Indeed, it is possible to observe from the EDX analysis
(performed on the bare Si substrate, without BCNW in order to distin-
guish the TiO,-matrix from the substrate) that these areas have convex
shapes, are carbon-rich (Fig. S2) and thinner, which may partially
expose the maze-like BCNW structure in direct contact with the elec-
trolyte. The defect boundaries originating from the micelle formation
are characterized by a high concentration of Ti and O, which is in
agreement with the fluorescence microscopy pictures from our previous
study [16], in which DFO is mainly present. The average micelle size and
agglomerates are dependent on the BCNW morphology, which strongly
affects the Ti-sol coating. For the qBCNW substrate, the craters are
circle-shaped and with a diameter on the order of few tens of micro-
meters, Fig. 2(c), while for the sSBCNW substrate, the agglomeration is
more evident, resulting in a more dense island-like morphology Fig. 2
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3) DFO@TiO0, functionalization
Ti-sol preparation

DFO addition

Spin-coating
Drying

BCNW

sBCNW/DFO@TiO,

gqBCNW/DFO@TiO,

Fig. 1. (a) Schematic of the gBCNW/DFO@TiO2 electrode implementation. The gBCNW/DFO@TiO2 electrode followed the same scheme.
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e = gy g
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‘sA»’,‘;);, |
1}.‘1»

TiO2[470nm]
BCNW [220nm]

Quartz g)

TiO2[470nm]
BCNW [3300nm]
SiO2[23nm]
p-Si h)

Fig. 2. SEM images of the (a,b) gBCNW and (d,e) sSBCNW samples, before and (c,f) after the reaction with glycine. Insets are magnifications of the relative SEM. (g,h)
Schematic description of the sample cross-section; thicknesses were measured by SEM.

(e). It is evident from Fig. 2e,f that the upper coating reacts with glycine,
resulting in a morphology change, while the BCNW are inert. The
experimental evidence for the DFO incorporation into the TiO; layer is
supported by Raman spectroscopy in Fig. S3. Estimated layer thick-
nesses are reported in Fig. 2g,h. FTIR analysis (Fig. S4) shows that the
observed sample spectra are dominated by signals corresponding to the
TiO4 layer. Unfortunately, signals characteristic of DFO overlapped with
the signals measured for the TiO, sample. However, slight broadening of
the bands in the lower wavenumbers (below 1150 cm™1) may be evi-
dence for DFO, which exhibits strong absorption bands in this region. It
can also be noted that the intensity of the band at 1580 cm™! in the
qCNW/DFO@TiO3 spectrum increased significantly. This band can be
attributed to the C—=C stretching vibration and its increase confirms the
presence of carbon nanowalls in the sample.

3.2. Electrochemical detection of glycine

3.2.1. EEC fitting

The equivalent electric circuit (EEC) used to fit the experimental data
is a modified Randles circuit. The ionic resistance (Rg) and the charge
transfer resistance (R.;) are the two resistive elements, describing the
effect of the solution and the electrode, respectively. A constant phase
element (CPE) has been used to describe the non-ideal impedance of the
solid/electrolyte interfaces. The impedance of CPE is defined as [31]:

Zepe = (Q(j0)" )71 C))

where Q is the quasi-capacitance, a is the homogeneity factor, which
compensates for the deviation from an ideal capacitor (a = 1), o is the
angular frequency and j is the imaginary number. Since Q does not have
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a physical meaning, and because « is close to unity (o« > 0.9) the CPE
behavior is close to that of a capacitance, thus the effective capacitance
has been calculated as follows [32]:

1—

1 <
Cqﬁ = Qu Rcr a

()

Thus, the total capacitance (Cio) can be considered as a combination
of the electrical double layer (Cpy) and the space charge (Cs) capaci-
tances, connected in series (1):

1 1 1

_Lor ©)
Cu Cs ' Cov

For this reason, the total capacitance is more sensitive to the changes
of the smallest capacitance in the series. Fig. 3a,b shows the non-faradaic
impedimetric response of the two electrodes at increasing glycine con-
centrations. A calibration curve based on the changes of the capacitance
values, estimated by fitting the experimental values to the EEC, with the
logarithmic concentrations of glycine in PS from 0.1 pM to 1 mM,, is
shown in Fig. 3¢, together with the calculated regression equations. The
sBCNW/DFO@TiO; electrode has double the sensitivity of the quartz
counterparts, but with a higher LoD. This is due to the higher standard
deviation of the replicates at the lowest concentration. To investigate the
specificity of the DFO@TiO; layer toward different a-amino acids, the
impedimetric responses of the two synthesized electrodes to different
probe molecules were investigated. Interestingly, it is possible to
observe a difference in the sensitivity (expressed in pF per decade)
among different analytes and different substrates (evaluated for the
10781073 M range). A comparable sensitivity was found among
selected a-amino acids (Tryptophan, Phenylalanine, and Sarcosine),
with the sBCNW/DFO@TiO; sensor, while, for f-Alanine, y-Amino-
butyric acid and Taurine, a weak correlation was found (Fig. 3d).

In the SPEIS, the frequency of 25 mHz was chosen for the impedance
measurements to allow the formation of the electrical double layer.
Since the double layer capacitance (Cpy) and the one due to the space
charge region (Cs) are in series, the resultant is the sum of their recip-
rocal. However, as Cs is much smaller than Cpy, its contribution is
negligible. Thus, Cs, for the different electrodes, were calculated ac-
cording to (1), and the results are plotted in Fig. 4a,b.

A few things can be derived from Fig. 4: firstly, the capacitance
values for SBCNW/DFO@TiO; are one-order of magnitude higher than

| 20mHz 800
800 1 (Giy] _
£600 600
50/ | 4
R400 400 +
! 1 PBS ]

200 200

(
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-Z" (kohm)
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the sSBCNW/DFO@TiO, values, as well as for the difference between
different Gly concentrations. Secondly, for both electrodes, the higher C;
correspond to when a negative bias (—0.2 V) is applied. Indeed, from the
Nyquist impedance diagrams, the semicircle’s diameter substantially
increases with the increasing potential and Gly concentration (Fig. 4c,d),
leading to a harsher path for the electrolyte to diffuse to the electrode,
while the opposite trend is found with a negative potential applied to the
electrode.

3.2.2. PLS model

To highlight potential outliers among the collected data, a PLS model
with robust estimator of critical limits was initially employed; two and
one EIS measurements were identified as outliers [33] and removed
from the ¢BCNW/DFO@TiO; and sBCNW/DFO@TiO; datasets,
respectively. Then, randomization tests were performed to retain only
the most important components for the PLS regression models, using the
function randtest() from the mdatools R package. For the
gBCNW/DFO@TiO2 and sSBCNW/DFO@TiO5 PLS models, three and four
components were found to be optimal, respectively (Table S4). In order
to improve the performance and simplify the model, only variables with
VIP-scores (variables important for projection) higher than the chosen
thresholds were selected (Fig. S7). Finally, two PLS models were created,
and the plot with the predicted vs. measured (reference) y-values is
reported in Fig. 5a,b, while in the insert the RMSE values are shown
along with the model components.

While it is possible to observe that the LoD are one order of magni-
tude greater than the ones calculated with the EEC-fitted EIS data, the
PLS has the benefit of highlighting the variable that most accounts for
the model, as represented by the averaged regression coefficients, in
Fig. 5c. In particular, for both electrodes, two regions of interest (ROI)
for the phase(Z) are present: one at high frequencies (ROIl,
20-200 kHz) and one at lower ones (ROI2, 20-200 mHz). Interestingly,
the regression coefficients in these ROIs have opposite signs. ROI2 can
be linked to the increasing Cs with increasing Gly concentration, since it
is known that with the increasing phase(Z), the EEC tends to a capacitive
behavior, and while the phase angles in the diffusive part (ROI2)
decrease with the increasing glycine concentration, the ones in the
inductive/Ohmic part increase.

6.0
] sBCNW/DFO@TiO,
AC4; = 0.318log[Gly] + 6.52
5.0 4 R? =0.986
| LoB =1.7nM
LoD =51 nM
4.0 A
o
c -
(&)
‘5 3.0
% J
(@)
< 20 -
1 gBCNW/DFO@TIO,
1.0 A AC,; = 0.168log[Gly] + 3.61
’ i R? =0.963
p LoB =1.0 nM
0 L et ] €)
108 107 10¢ 105 10* 10°

Glycine concentration (M)

Fig. 3. Nyquist plots for the (a) gBCNW/DFO@TiO, and (b) sSBCNW/DFO@TiO, electrodes at increasing glycine concentrations. (c) Correlation between the increase
of capacitance and glycine concentration; error bars are the standard deviation (SD) of replicates calculated on three different electrodes. (d) gBCNW/DFO@TiO- and

sBCNW/DFO@TiO,, sensitivity toward other compounds.
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sBCNW/DFO@TiO-, electrodes.

3.3. Real sample analysis

The developed impedimetric sensors qBCNW/DFO@TiO, and
sBCNW/DFO@TiO; were applied to the determination of glycine in SU
and WS. The results are reported in Table 1. The concentration of Gly, to
prepare spiked samples, was chosen within the physiological ranges of
glycine concentrations in different body fluids [4]. With the spiked WS,
the recovery values ranged from 90.5 % to 94.7 % and 90.3-110.7 % for

Table 1
Determination of Gly in real samples.
Sample Dilution Gly added Gly determined”
sBCNW/DFO@TiO, qBCNW/DFO@TiO,
SU 1:1 1uM (1.2 £ 0.21) yM (0.98 + 0.06) pM
WS 1:50 0.5 pM (0.47 £ 0.11) pM (0.46 + 0.01) pM

# The results are expressed as mean =+ standard deviation (n = 3).
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the gBCNW and sBCNW sensors, respectively. These results showed that
the gBCNW/DFO@TiO; fabricated sensor has a better precision than the
Si-based.

3.4. Selectivity and stability of the fabricated sensor

Selectivity is considered a critical factor in evaluating the perfor-
mance of the developed sensor. To assess the impedimetric sensor
specificity, the cross-reactivity of the sensor (1:1 diluted SU, Gly
5 x10~° mol L_l) under optimal conditions was recorded. The EIS re-
sponses of the fabricated sensors in the presence of glucose, ascorbic
acid and caffeine (all present in the same concentration of 5 mmol L’l)
were taken and chosen according to a literature survey (Table s6). The
change of Ceff was evaluated as the ratio between the values of Ceg, in the
presence and absence of a specific interfering molecule. As shown in
Table 2, the cross-reactivity for glucose, ascorbic acid and caffeine were
less than 1 % and 5 % for the gBCNW and sBCNW, respectively.

In addition, the five consecutive detections (target concentration of
Gly equal to 10~ mol L) were analyzed to investigate the stability of
developed sensors. Results are reported in Table S3, highlighting that
the analytical performance was quite stable (with the standard devia-
tion, SD, below 5 %) for several consecutive analyses.

3.5. Molecular dynamic simulation of DFO derivatives adsorption at the
electrode surface

The conducted MD simulations made it possible to compare the
adsorption energies of the DFO derivatives at the TiO; electrode formed
during the glycine determination process [34]. The CNW substrate was
neglected in the analysis since the exposed electrode surface is
composed of DFO@TiO, film. The nanocarbon structure functions
mainly as a current collector encapsulated by a TiOp matrix. The
adsorption energy E,p was estimated at the equilibrated distance be-
tween molecules and the Tiog surface utilizing (7) [35]:

EAD = ETOT/\L - EDFOD - ETiOZ-, (7)

where, Eroral represents the total energy of the system with the
adsorbed derivatives, Eppop stands for the DFO derivatives energy, and
Ertio2 is the energy of the pristine TiO».

The Exp estimated for: (I) DFO, (II) DFO/glycine complex and (IIT)
reference glycine representing a-amino acid was particularly studied.
The distance of molecule — TiO; - for the listed cases was investigated by
performing equilibration of three distinct orientations of molecules at
the titania surfaces as shown in Fig. S8 and summarized in Table S7.

The optimal distances with the lowest adsorption energies were
equal to 1.77 f&, 1.90 A and 1.54 A for the (D), (I) and (III) cases,
respectively. The Eap of the DFO/glycine complex is approx. 25 % lower
than the adsorption values of DFO or pristine glycine, revealing the high
efficiency and sensitivity of the proposed system. Such an effect could be
attributed to intense chemisorption in contrast to the weak physical
interaction of the physisorbed molecules [17,36,37]. The lower the
distance between the TiO, surface and the closest atoms of the

Table 2
Effect of interfering species.

Species Concentration ~ Molecular Change of Cegr
weight
sBCNW/ qBCNW/
DFO@TiO, DFO@TiO,
Glucose 5 puM 180.16 g/ (97.4+£3.00% (100 + 0.1) %
mol
Ascorbic 5 puM 176.12 g/ (103.1 £5.5) (99.8 £0.2) %
acid mol %
Caffeine 5 pM 194.19g/ (99.0 £5.6)%  (100.6 &+ 0.2)
mol %

* The results are expressed as mean + mean absolute error (n = 3).
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adsorbate, the higher the affinity for chemisorption in the case of (II) the
DFO-glycine complex. Monti et al. [38] showed that outer amino acid
layers were not able to be incorporated into the densely packed TiO5
matrix. The obtained MD results showed that higher Eop values of the
DFO/glycine complex indicated effective chemisorption, therefore the
complexed DFO/glycine derivatives are formed at the TiO» surface. This
confirms that detection is induced by the presence of DFO in the TIO,
matrix, while glycine will be suppressed from pristine TiO, gel since its
rection with DFO is energetically preferred. 1,8-diazafluoren-9-one
forms a highly efficient fluorescent complex with a-amino acids to
form structurally stable complexes similar to ninhydrin (see Fig. 6a)
[36]. The adhesion forces could be characterized by the adsorption
energy, which was calculated from the energy differences of the states
optimized in terms of the adsorbed and desorbed geometries. Slightly
higher values were obtained for glycine adsorbed at crystalline forms of
TiOg, than those obtained in our study - 118.28 kJ/mol for nano-
crystalline rutile. For glycine simulated at crystalline (110) rutile [39], a
value of 161 kJ/mol was reported if the carboxyl group was bound to the
surface. With the addition of a hydrogen bond from the amino group to
the bridging oxygen atom, the energy increased to 197 kJ/mol, which
indicates that the adsorption energy is mainly attributed to the carboxyl
group [39].

3.6. Suggested sensing mechanism

BCNWs is a p-type semiconductor, with an estimated bandgap of
approximately ~ 0.15-0.2 eV, which decreases as the sample thickness
increases and eventually approaches zero [40,41]. Amorphous TiOj is
an n-type semiconductor, with an estimated bandgap of 3.1 eV [42].
According to Fig. 6a, when a-amino acids such as glycine react with the
DFO within the amorphous TiO»-gel, firstly, an imine is formed, which
undergoes decarboxylation and hydrolysis to form an aromatic amine.
Then, the latter one reacts further with an excess of DFO to form the
reaction product, as highlighted in yellow [15], which can be rearranged
accordingly [37]. A direct comparison of the lowest adsorption config-
urations is shown in Fig. 6b. Thus, the biochemical reactions induce an
electrical charge at the insulating interface, resulting in the variation of
the space charge capacitance (Fig. 6¢), as also highlighted by the PLS
analysis (ROI2). For this reason, only the DFO at the interface is
responsible for the sensing mechanism, but the different BCNW layers
affect it in two ways: directly, by increasing surface area which results in
a lower AE, and lower surface resistivity, and indirectly, because of the
different DFO@TiO;, interfacial morphology (Fig. 2c,d). However, since
the detection mechanism is ruled by the change of the lowest capaci-
tance in series, it is therefore important that the capacitance in the
insulating layer is as high as possible, otherwise, it may not dominate,
and analyte changes might not be detectable [43]. For this reason, in the
TiOg-insulating layer, the micropattern formed on qBCNW is more
uniform, but DFO is unevenly dispersed on the surface, resulting in
lower sensitivity and SD (thus, LoD).

On the other hand, DFO is uniformly dispersed on the sSBCNW sur-
face, resulting in higher sensitivity, but due to the higher density of
cavities, in which the insulating layer appears thinned (Fig. 2), the
precision decreases, resulting in a higher LoD. The homogeneity factor
(), of the CPE element, well describes the presence of defects on the
coating surface [44]. Moreover, due to the shorter BCNW layer thickness
in the gBCNW electrode, the limited availability of charge carriers re-
sults in a one-order magnitude smaller space charge capacitance. By
applying a potential greater than or equal to 0 V, to the electrode, the
charge transfer resistance increases with the increasing Gly concentra-
tion, while it decreases when a negative potential is applied (Fig. 3,c,d).
This aspect can be explained by the positively charged DFO reaction
product which hinders the ion mobility toward the electrode, while it
facilitates when the electrode is negatively polarized (Fig. 6¢). More-
over, Han et al. [45] reported that a mixed phase TiOy/diamond het-
erojunction electrode exhibits high photoelectrocatalytic activity and
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Fig. 6. (a) Proposed sensing mechanism based on the DFO reaction with glycine. (b) Energy diagram calculated by the DFT method. Detection mechanism schematic

(c) before and (d) after the reaction of DFO with a-amino acids.

stability across a wide pH range, allowing for enhanced detection of
organic compounds. Yuan et al. [46] revealed high separation of
generated charge carriers in the titania/diamond junctions with low loss
of activity. TiO3 layer deposition on a boron-doped diamond surface was
studied by Behdil [47] forming a p-n junction electrochemical electrode
with improved hole injection from BDD, since many more electrons and
holes are recombined during redox reactions. A non-exhaustive list of
electrochemical sensors for the detection of specific amino acids is re-
ported in Table 3.

4. Conclusions

In this study, we developed a non-faradaic electrochemical impedi-
metric biosensor for the determination of a-amino acids. The developed

Table 3

biosensing probe exhibits specific reactivity with a-amino acids, due to
the DFO, and superior charge transfer by using BCNW as a transducer.
The heterostructures revealed a unique maze-like morphology sup-
ported by Ti-rich boundary micelles delivering synergistically excellent
semiconducting performance as shown by Mott-Schottky analyses. The
hypothesized sensing mechanism of the organic molecule- a-amino acid-
detection is based on the surficial adsorption forming DFO derivatives
aligning the Fermi energy level of a p-type semiconducting electrode.
The changes of capacitance recorded during the reaction of the DFO-rich
electrode with the glycine achieved a limit of detection as low as
0.62 pM along with a large linear readout in the logarithmic range of
glycine in PS from 0.1 to 1000 pM. In addition, the electrochemically
impedimetric process was investigated by PLS, without the need for
fitting the EIS spectra to an EEC. PLS models highlighted the presence of

Overview of reported electrode materials for the electrochemical detection of amino acids.

Sensor Analyte (s) * Detection Concentration range LoD (pM) Ref
technique (uM)
Screen-printed glycine oxidase-based electrode Gly Amp 11 [1]
Ruthenium hexacyanoferrate/reduced graphene oxide electrode Glu, Th, Gly SWV 1.25-7.49 (Gly) 0.4 (Gly) [48]
Glassy carbon electrode modified with nickel oxide nanoparticles  Gly, L-Ser, L-Al Amp 1-200 (Gly) 0.9 (Gly) [49]
1-400 (Ser) 0.85 (Ser)
30-200 (L-al) 29.67 (L-
Al
Multiwall carbon nanotubes/Fe (III)-Schiff base complex Val, L-Phe, 1-Arg, Gly, Ser, Tyr, L- DPV 3-12200 (Gly) 4.11 (Gly) [50]
Trp 20-1200 (v-Trp) 1.1 (-Trp)
9-5000 (1-Phe) 13.7 (-
Phe)
Silver oxide nanoparticles/reduced graphene oxide modified Gly, L-Al, Leu, Asp, Glu Amp 10-1000 7.9 (Gly) [51]
electrode 8.7 (Alan)
Current study Gly, Try, Phe, Sar EIS 0.05-1000 0.05 (Gly)

* Analytes: Gly: glycine, Th: threonine, Glu: glutathione, L-ser: L-Serine, L-Al: L-Alanine, Val: valine, L-Phe: L- Phenylalanine,L-Ar: L-Arginine, L-TRP: L-Tryptophan,
Leu; leucine, Asp: aspartic acid, Glu: glutamic acid. Detection methods: Amp: Amperometric, SWV: Square Wave Voltammetry, DPV: Differential Pulse Voltammetry,

EIS: Electrochemical impedance spectroscopy.
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two ROIs, pointing out the modification of the space charge capacitance
as a consequence of the increasing Gly concentration. Similarly, the
conducted MD simulations supported the experimental data, showing
large differences in adsorption energies of DFO derivatives at the TiO2
electrode formed during the glycine determination process. The DFO/
glycine complex revealed a more than 25 % lower adsorption energy
than DFO or pristine glycine, revealing the high efficiency and sensi-
tivity of the proposed system. Such effect was attributed to intensive
chemisorption of Gly to the electrode. Moreover, the heterostructure
resulted in high cross-sensitivity versus other a-amino acids (i.e. tryp-
tophan and sarcosine) and cross-selectivity versus other amino acids (i.e.
B-alanine and taurine). The developed heterostructures could be applied
for further statistical investigations of the behavior of a-amino acids in
different clinical samples (i.e. blood serum).
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