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ABSTRACT: We have developed a nonenzymatic biosensor for the detection of ammonia
and urea oxidation based on the deposition of peptide microstructures onto thiolated gold
electrodes. FF-MNSs/MCP/Au assemblies were obtained by modifying gold substrates with
4-mercaptopyridine (MCP), followed by coating with 1,L.-diphenylalanine micro/nanostruc-

tures (FF-MNSs) grown in the solid-vapor phase. Benzene rings and amide groups with |

peptide micro/nanostructures interact with synthetic NH," receptors through cation—7z and
hydrogen bonding. AuOH clusters on the Au surface provided the catalytic sites. The
application of a predetermined concentration of analytes at the peptide interfaces activated
the catalytic sites. We observed a relationship between the stability of films and the crystal
structure of peptides, and we organized the FF-MNSs into an orthorhombic symmetry that
was the most suitable assembly for creation of our biosensors. At 0.1 mol L™ NaOH, these
FE-MNSs/MCP/Au electrodes have electrocatalytic properties regarding ammonia and urea
oxidation that are comparable to those of enzyme-based architectures. Under optimal
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conditions, the electrocatalytic response is proportional to the ammonia and urea concentration in the range 0.1—1.0 mmol L.
The sensitivity was calculated as 2.83 and 81.3 #A mmol L™' cm™ for ammonia and urea, respectively, at +0.40 V (vs SCE). Our
detection method is easy to follow, does not require a mediator or enzyme, and has strong potential for detecting urea via

nonenzymatic routes.

1. INTRODUCTION

Urea is widely observed in nature, and its analysis is of
considerable interest in many fields, including clinical and
agricultural chemistry." It plays a paramount role in the
metabolism of mammals and is recognized as an important
marker for evaluating uremic toxin levels.” For example, the
normal level of urea in human serum ranges from 2.5 to 7.5
mmol L™". In patients suffering from renal insufficiency, this
concentration may be as high as 30—80 mmol L7/,
concentrations at which hemodialysis is required.> Therefore,
the appropriate detection of urea at biologically relevant
conditions is of utmost importance. An ideal sensor should
exhibit numerous nontrivial characteristics, such as biocompat-
ibility, high sensitivity, accuracy, selectivity, and a low cost of
production.

In recent years, several methods have been exploited for urea
detection, including liquid chromatography, isotopic-dilution
mass spectrometry, chemiluminescence, and devices based on
potentiometry and amperometry.”> However, the complexity
of fabrication is often a major drawback to these approaches.®
Electrocatalytic oxidation of urea in an alkaline medium has
been investigated using different metal electrodes, especially
platinum (Pt), which produces NH," ions at potentials from
0.06 to 0.3 V. Nevertheless, Pt-based systems are very
nonselective and are susceptible to goisoning upon long-term
contact with physiological fluids.” In this context, gold
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substrates are attractive for urea sensing because their oxidation
potential at neutral and alkaline pHs is more negative compared
to those of other metals.” Furthermore, the ease of
functionalization and biological inertness makes gold an
interesting support for biosensing devices.

Peptides can form hybrid compounds with many metallic
species, including gold. Previous studies have attempted to
control the self-assembly of peptide-based structures, mainly
because of their applicability in biotechnological systems such
as molecular carriers, optoelectronic devices, and biological
sensors.'” Among several sequences that can form self-ordered
materials, the homo dipeptide 1,.-diphenylalanine (FF) has
been extensively investigated. Specifically, several studies have
reported 1D morphologies, usually rodlike in shape, with a high
aspect ratio and diameters ranging from tens of nanometers up
to a few micrometers.'”'> However, the crystallographic
arrangement has been described by the hexagonal space
group P6, when self-assembly occurred in a water-rich
medium."® In this symmetry, linear FF units self-assemble
into cyclic hexamers via H-bonds mediated by H,O molecules.
According to this multiscaled framework, the carboxyl and
amine groups turn inward toward the peptide matrix, whereas
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benzene rings remain at the outer interfaces, making the
interfaces highly hydrophobic. In addition, 7—7 interactions
occur, and hexamers stack into columnar phases, thereby
leading to narrow hydrophilic tunnels able to host polar
species."* In contrast, the molecular organization of the FF
units is composed of orthorhombic groups when self-assembly
occurs under anhydrous conditions." Lee et al. have suggested
that, in the absence of water to stabilize the linear form,
carboxyl and amine groups at the dipeptide backbone fuse
together (3,6-bis(phenylmethyl)-2,S-piperazinedione), forming
cyclo-FE.'® This structure is compact, with no internal empty
space.

Over the past decade, studies have investigated the
capabilities of FF self-assemblies for biosensing purposes. In
their early research, Yemini et al. reported the production of L,L-
diphenylalanine micro/nanostructures (henceforth, FF-MNSs)
in solution, followed by deposition onto graphite electrodes.'”
Their results showed significant improvements in the sensitivity
for the electrochemical reactivity of potassium hexacyanoferrate
redox, and the assembly effectively detected H,0, using
peroxidase and 4-acetaminophenol as mediators. In a similar
study, thiol-modified FF-MNSs were applied onto gold
substrates, and the resulting electrode exhibited a high
sensitivity for monitoring H,0O, produced by enzymatic
reactions of glucose and glucose oxidase.'® Recently, our
group developed a hybrid architecture by combining FF-MNSs
and polymer electrolyte membranes for the detection of
dopamine." Glassy carbon + Nafion electrodes were coated
with FF-MNSs, and cyclic-tetramer copper(Il) species
containing the ligand (4-imidazolyl)-ethylene-2-amino-1-ethyl-
pyridine [Cu,(apyhist),]* were used to mediate catalysis. In
another approach, a biosensor was fabricated using micro-
peroxidase-11 (MP11) as an electrocatalyst combined to FF-
MNSs as a supporting matrix. The resulting hybrid led to an
effective bioelectrochemical interface for the detection of H,0,
with ITO electrodes. The FF-MNSs provided a favorable
microenvironment for the MPl1-mediated direct electron
transfer to the electrode surface.*

Notably, a common feature shared by the aforementioned
sensing architectures is the need to functionalize FF-MNSs with
mediators for catalyzed redox reactions. As a rule, biosensors
aimed at urea detection also require a mediated, often
enzymatic, route to perform electrocatalysis. Here, we define
a novel alternative scheme for preparing an enzyme-free system
that detects urea through a combination of peptide assemblies
and thiolated gold substrates. FF-MNSs were deposited onto
thiol-modified surfaces, providing a unique bioinspired
architecture with a large interfacial area, numerous benzene
rings and AuOH catalyst sites. We hypothesize that this
assembly creates receptors via intense H-bonding or cation—n
interactions between NH," species and aromatic groups
available at the peptide interface. AuOH clusters form directly
onto Au substrates and provide the necessary catalyst sites for
redox reactions. Previous theoretical studies’' have suggested
that cation—7 interactions and H-bonding between substrates
and central benzene rings play a significant role in determining
the binding affinity and provide a partial selectivity toward
NH," receptors. In this context, our peptide-modified electro-
des have potential as a biosensing platform for the molecular
recognition of ammonium ions and urea in solution, making
them good candidates for new ionophores® or peptide
mimicry.”® In addition, the electrodes presented here provide

nonmediated electron transfer, a short detection time, a high
current density, and high stability.

2. EXPERIMENTAL SECTION

2.1. Materials. All reagents used were of analytical grade.
Ammonijum and sodium hydroxides, sulfuric acid, absolute ethanol,
and methanol were purchased from Synth (Brazil). Aniline, 4-
mercaptopyridine (MCP), L,L-diphenylalanine, and 1,1,1,3,3,3-hexa-
fluoro-2-propanol (HFIP) were obtained from Sigma-Aldrich. With
the exception of aniline, which was distilled prior to use, all reagents
were used as received. All solutions were prepared using ultrapure
water from a Milli-Q system (resistivity > 18 MQ cm™).

2.2, Preparation of FF-MNSs onto a Gold Electrode Surface
(FF-MNSs/MCP/Au). We began the preparation of our biosensors by
polishing gold electrodes (geometrical surface area = 0.07 cm?) with
alumina. After this first abrasive cleaning, the electrodes were subjected
to approximately 80 potential cycles from —0.2 to 1.6 V (vs SCE) at a
scan rate of 0.5 mV s™! in a 0.5 mol L™' H,SO, solution. Next, the
substrates were dropped into 100 mmol L™ MCP solutions for 2 h to
coat the metallic surface with a thiol layer. The self-assembly of FE-
MNSs was performed directly on the substrates using a variation of the
solid-vapor-phase approach proposed bg Ryu and Park.** This method
was also detailed in a previous work.”® Briefly, we dissolved FF in
HFIP to a concentration of 100 mg mL ™" and cast an aliquot from this
solution onto the MCP layer to form an amorphous peptide film.
Next, samples were incubated within a chamber saturated with water
vapor or aniline vapor for 12 h at 98 °C and at normal pressure. After
this procedure, the FF-MNSs/MCP/Au electrodes were ready for use
in electrochemical studies. To avoid aggregation and aging problems,
fresh peptide solutions were prepared immediately prior to use.
Photographs exhibiting the final aspect of our electrodes are shown in
Supporting Information Figure S1.

2.3. X-ray Diffraction and Electron Microscopy. X-ray
diffraction (XRD) patterns of powdered samples were recorded at
room temperature on a Stadi-P (Stoe, Darmstadt, Germany)
diffractometer (transmission configuration). The beam was provided
by a Cu-target source and produced monochromatic X-ray photons of
A = 0.154056 nm; the source was operated at 40 kV and 40 mA. The
samples were scraped from the electrodes and crumbled to obtain a
fine powder. Next, the samples were sandwiched between acetate-
cellulose foils (Ultraphan) and rotated during acquisition. A Mythen
1K silicon strip detector was used for data collection. The 26 range was
scanned between 2° and 40°. Scanning electron microscopy (SEM)
images were obtained using a JEOL LV-SEM microscope operated at a
voltage of 15 kV at the LME/LNNano (Laboratory of Electron
Microscopy of the Nanotechnology National Laboratory, Campinas,
Brazil). The beam accelerating voltage ranged between S and 25 kV,
and samples were coated with a thin Pt layer prior to imaging.

2.4. Electrochemical Measurements. Cyclic and square-wave
voltammetry (CV and SWYV, respectively) were performed using a
pAutolab Fra 2, Type III potentiostat/galvanostat. pH measurements
were obtained with a Metrohm-Pensalab 827 pH meter equipped with
combined glass electrodes. All electrochemical measurements were
performed in a conventional three-electrode electrochemical cell. The
FF-MNSs/MCP/Au assembly was the working electrode, Pt wire was
used as the auxiliary electrode, and a saturated calomel electrode
(SCE) was used as a reference electrode. CV experiments were
performed by applying a potential between —0.2 to 1.0 V vs SCE at
scan rate of 25 mV s™'. Square-wave voltammetry (SWV) assays were
completed by applying a frequency of 50 Hz, a pulse amplitude of 70
mV, and step potential of 2 mV vs SCE. The supporting electrolyte
was a solution of 0.1 mol L™ NaOH.

3. RESULTS AND DISCUSSION
3.1. Morphology and Structure. Morphology and

structure play a key role in the behavior of the sensing devices
described here. For example, small variations in the shape and
size of self-assemblies cast onto electrodes strongly affect the
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surface area and have direct consequences on catalytic
properties. However, the spatial organization of peptides at a
molecular level has been shown to closely relate to electronic
properties.”®*” We have previously reported that a crystalline
symmetry drives the hsydrophobicity of the peptide interface for
FF-based assemblies.'> Our samples were prepared using water
or aniline vapor. These solvents exhibit very distinct chemical
properties and are known to form different crystallographic
symmetries in the resulting assemblies.'>'**

To determine these characteristics in our thiol-modified
electrodes, we performed a thorough analysis using SEM. In
Figure 1, scanning electron micrographs from samples obtained

Grown under aniline vapor

Grown under water vapor

Figure 1. Scanning electron micrographs of FF-MNSs/MCP/Au
electrodes at different magnifications. Images on the left side (A and
C) correspond to structures self-assembled under water vapor, whereas
those on the right side (B and D) were obtained using aniline in the
gas phase.

either under water vapor or under aniline vapor are shown. For
both solvents, we observed elongated polymorphs homoge-
neously spread across the surface and an intricate network
covering the electrodes (Figure 1A and 1B). Important
differences in the size of the arrays between the two solvents
were observed. Structures obtained under water vapor had
lengths that averaged between 20 and 30 ym, whereas aniline-
incubated assemblies were much larger, with a subset reaching
greater than 100 pm. Figure 1C and 1D shows high-
magnification images of the samples that highlight their novel
morphological features. In contrast to previous studies that
reported that the solid-vapor approach led to rodlike
structures,'®*** we observed flat micrometric tapes. This
finding is a very unique aspect of our system because the flat
surface of tapes can facilitate the buildup of analytes onto
electrodes. Estimation of the tapes from different micrographs
(N = 100) revealed that the average thicknesses were 1.9 & 0.4
and 2.8 &+ 0.8 um for the structures grown under water and
aniline vapor, respectively. In addition, samples obtained under
water vapor (Figure 1A and 1C) exhibited the coexistence
between nanosized rodlike filaments and micrometric flat tapes.
We believe that these fibers are intermediate residues of an
incomplete assembly process because water-grown arrays are
smaller than aniline-incubated structures in length and
thickness; that is, aniline vapor leads to higher self-assembly
efficiency and implies larger and homogeneous tapes. More-

over, the presence of 4-mercaptopyridine likely plays a relevant
role, presumably via 7—7 interactions between pyridine and
benzene rings28 (see discussion on next section), regarding
appearance of flat morphologies. In this case, the availability of
heteroatoms at pyridine rings could enable stronger interfacial
interactions between pegtides and substrate favoring self-
assembly into flat tapes.”” Moreover, as aforementioned, in
other contexts, where structures have been grown directly onto
the substrate, aniline vapor has led to rodlike structures (e.g.,
nanowires).lé’z‘h25

To characterize our structures at the crystallographic level,
we performed powder diffraction experiments. Figures 2 and 3
show high-resolution XRD patterns of both water- and aniline-
incubated samples. For arrays obtained using H,O in the gas
phase, the diffraction pattern is indexed to the hexagonal (P6,)
space group, as previously described by Gorbitz."> To
accurately determine the crystal structure, we used the
structural model devised by Gorbitz to generate Rietveld
refinements.>® Despite the symmetry of this structural model
leading to correct predictions of peak positions in our
diffraction patterns, a lack of agreement of some reflections
and deviations at predicted intensities were evident (data not
shown). The fit did not improve after the water molecules were
removed from the diphenylalanine unit cell. For the Rietveld
refinement, the background was fitted using a 12-term
Chebyshev polynomial. The peak asymmetry was adjusted
using the simple axial divergence model of Cheary and
Coelho.®’ The peak profiles were modeled using the
fundamental parameters approach®® with a fourth-order
spherical harmonics® function to correct for the preferred
orientation of the crystallites. The isotropic atomic displace-
ments (B,,,) were constrained to be equal for all non-hydrogen
atoms. For the hydrogen atoms, the B, values were
constrained to be 1.2 times larger than the values of the
respective atoms to which they were connected. The structural
coordinates were not refined. Only the unit cell parameters
were allowed to vary. The major differences that likely
accounted for misfit intensities were attributed to the number
and geometrical arrangement of water molecules within the
unit cell. In this context, as an alternative to the Gorbitz model,
we have introduced guest water molecules into the hydrophilic
channels of the peptide matrix. The average number of H,O
molecules per hexamer in P6, FF assemblies was determined to
be between 15 and 24.>**° Moreover, in a recent theoretical
study, water molecules were observed to strongly bind to FF
nanotubes, with the strongest interaction apgearing when the
matrix hosts 17 H,O molecules per hexamer.*® On the basis of
these data, we included the corresponding number of water
molecules in the channels of the diphenylalanine matrix, which
formed on the corners of the unit cell and are represented along
the c-axis. Although the fractional coordinates of the
diphenylalanine unit cell were not refined, the H,O molecules
(three of them were inserted) and their occupancy within the
unit cell were varied. The hydrogen atoms of the water
molecules were geometrically inserted using the Mercury
software program.36 Under these conditions, the true
orientation of the hydrogen atoms may differ from what was
represented. As expected, the sum of partial occupancies of the
three water molecules resulted in unity within the asymmetric
unit. Because the number of formula units per unit cell was Z =
6, the total number of water molecules within the unit cell was
24. The final refined values for the unit-cell parameters after the
Rietveld fit are shown in Figure 3. These values were a =
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Figure 2. XRD assays of FF-MNSs obtained under water vapor. (A) Experimental data (black crosses) and the corresponding Rietveld refinement
(red line). The blue line displays the difference between observed and calculated data, whereas the magenta bars at the bottom of the graph indicate
the Bragg reflections of the hexagonal (P6,) phase. (B) The P6, space group is represented along the c-axis. The phase hosts H,O molecules in the
core of FF rings that appear connected by the solid lines delimiting the unit cell. (C) A detailed view of the structure showing water molecules
arranged along the c-axis, where the water molecules form an infinite chain organized into a helixlike conformation. (D) Schematic drawing of water
molecules arranged into the asymmetric unit of the structure determined by Gorbitz'® (blue) and the structure presented herein (red/white).
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Figure 3. XRD assays from FF-MNTs obtained under aniline vapor.
(A) Powder diffraction data (black crosses) with the corresponding
Rietveld plot (red line) are shown. The blue line shows the differences
between experimental and calculated data, and the magenta bars
indicate the Bragg reflections predicted on the basis of an
orthorhombic P22,2, phase. (B) Crystal structure packing obtained
from our refinements. The solid lines delimit the P22,2, unit cell.
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24.1616(10) A, ¢ = 5.4485(2) A, V = 2754.62(26) A3, and p,.
= 1.1950 g cm™>. The goodness-of-fit indicators and R-factors,”
Riyagy Rup and Ry, were 7 = 1.244, Ry = 2.712%, R, =
4.875%, and R, = 3.917%. The weighted Durbin—Watson
statistic (d-DW = 0.89) was quite low, indicating that the
standard deviations are underestimated. No adequate physical
model exists for correcting the standard deviation values in the
Rietveld method to make them representative of repeated
experiments.

Figure 2B shows the crystal packing of our FF structures
treated with water vapor; the packing is shown along the c-axis
and is displayed with a portion of the hydrogen interactions
(cyan dashed lines). A fraction of the water molecules
interacted with the diphenylalanine via hydrogen bonding.
Interestingly, other water molecules were arranged along the c-
axis, thus forming an infinite chain in a helixlike conformation
(Figure 2C). This finding suggests that these hexagonally
organized FF structures can function as proton-conducting
channels and that these structures may have applications in
ionic-transporter membranes. Our findings provide insight into
the crystal structure of FF-MNSs obtained under a water-vapor
route and figure out that the alternative to the Gorbitz model"
devised here may be more accurate to describe these systems.
Figure 2D highlights the differences between the arrangements
of water molecules in the asymmetric unit of the structure
determined by Gorbitz and the one we present here. These
differences are responsible for the misfit of some of the
intensities in the Rietveld refinement.

The diffraction peaks for FF-MNTs treated with aniline
vapor, as shown in Figure 3A, are clearly different, suggesting a
different crystal structure. This new phase was indexed to an
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Figure 4. Cyclic voltammograms for FF-MNSs/MCP/Au electrodes synthesized under (A) water vapor and (B) aniline vapor with NH,OH
addition. The assays were conducted with a scan rate = 25 mV s™" after the addition of NH,OH at concentrations ranging from 0.0 to 1.5 mmol L™".
(C) Square-wave voltammetry with the addition of ammonia (0.1—1.5 mmol L™") is shown for the following conditions: frequency = SO Hg,
amplitude = 70 mV, and AE, = 2 mV. Electrolyte: NaOH at 0.1 mol L™, pH = 9. The inset shows the analytical curves obtained at +0.3 V.

orthorhombic crystal system with space group P22,2), as first
proposed by Gdaniec and Liberek®® and recently used to
describe FF microtubes that self-assembled into aqueous
solutions and had undergone thermally induced phase
transition." Figure 3A shows the results of the Rietveld
refinement, and more details on the fitting procedure can be
found elsewhere."> A good visual fit, good statistical R-factors,
and satisfactory goodness-of-fit indicators were obtained. The
refined unit cell parameters and statistical factors were a =
6.1764(3) A, b = 10.3637(4) A, ¢ = 23.7851(10) A, V =
1522.5(1) A%, y* = 1.109, Rypge = 1.655%, R,, = 4.215%, and
R, = 3.800%. The crystal structure packing of FF-MNTs
treated with aniline vapor is shown in Figure 3B.

3.2. Electrochemical Catalysis of the FF-MNSs/MCP/
Au Electrode in Ammonia and Urea Oxidation. Before
using our electrodes for urea sensing, we carried out cyclic
voltammetric (CV) assays to elucidate the redox behavior of
the electrodes in the presence of ammonium ions in solution.
Urea is well-known to undergo hydrolysis by urease in aqueous
solutions based on the following the equation:* (NH,),CO +
3H,0 — CO, + 2NH,OH. In addition, ammonium ions were
obtained in contact with Pt electrodes in the potential range
0.06—0.3 V (vs saturated hydrogen electrode, SHE), and its
formation was confirmed using Nessler’s solution. Thus,
ammonium jons are an important intermediate appearing in
the catalysis of urea, and its detection by our system represents
a step toward the goal of detecting urea.

In Figure 4A, we show the voltammograms obtained from
electrodes containing FF-MNSs organized into the hexagonal
phase. When aliquots of NH,OH were added to the electrolyte
solution at concentration intervals between 0.1 and 1.5 mmol
L', we observed a clear anodic peak at E,, = 104V,
accompanied by its cathodic counterpart at E,. = +0.04 V. Both
peaks can be attributed to the oxidation and reduction of gold
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oxyhydroxide (AuO or Au(OH),) species formed on the
surface of the electrode.” Despite this remarkable initial
catalytic behavior, we determined that the system does not
remain stable. It eventually exhibits low adhesion of the
particles to the substrate and presents a loss of peptide
assemblies, followed by a strong decrease of the electrochemical
response after a few potential cycles. The release of material is
corroborated by a shift on the oxidation potential in Figure 4A,
where a clear isosbestic point appears at +0.34 V. This
crossover point is likely related to leaching of peptides from the
electrode surface, resulting variation of potential of the electric
double layer. We have ascribed this electrochemical leaching to
the unique behavior of interactions between pyridine units at
mercaptopyridine layer and benzenes at peptide assemblies.
Pyridine rings are able to interact among themselves and with
aromatic groups through strong 7—7 stacking interactions.”®
Since in the solid-vapor method mercaptopyridine molecules
are previously anchored at the substrate via Au—S interactions,
their pyridine units are not free to turn or intercalate in the
peptide matrix to establish 7—7 interactions with benzene rings.
As shown in Figure 2B, P6, symmetry exhibits aromatic
hexamers forming a highly packed columnar phase, oriented
parallel to the long axis of the assembly. In this configuration,
steric hindrances presumably prevent the formation of z7—x
bonds with pyridine trapped into thiol layer, making
interactions between FF-MNSs and substrate weaker. Fur-
thermore, the outer surface of FF-MNSs is very hydrophobic in
the hexagonal phase,">**** which contributes to the weakening
of interactions with mercaptopyridine (hydrophilic).

CV plots from electrodes obtained under aniline vapor are
shown in Figure 4B. Unlike electrodes organized into P6,
symmetry, these electrodes appear to be very stable in that they
continue to exhibit electrocatalytic behavior after several
voltammetric cycles. This stability results from the singular
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Table 1. Performance Comparison of Ammonium-Ion Sensors Based on Different Electrode Materials®

electrode sensitivity (uA mmol™' L cm™2) linear range (mmol L) LOD (umol L") ref
PPy nanowires/Au 6.15 not specified 4.8 47
PANI-PSSMA(II)/Au/AL,O4 10.5 0-12 not specified 48
PANI-Nafion/Pt—C 40 + 20 0.005—1 5.0 49
L-glutamic acid hydrochloride/SAW devices not specified 0-0.56 30 S0
Porous SiC/p-type Si wafer/Al not specified 0-0.56 27 S1

FF-MNSs/MCP/Au 2.83

0.1-1 170 present work

“PPy, polypyrrole; PANI, polyaniline; PSSMA(II), poly(styrenesulfonate-co-maleic acid, sodium form); SAW, surface acoustic wave delay lines.

structural aspects of the FF-MNSs, now organized into an
orthorhombic symmetry. In this organization, the columnar
phases observed in the P6, arrangement are no longer found
and benzene rings lying at the outer surface of the assemblies
are able to form T-shaped n—x stacking with pyridine rings.
Furthermore, nitrogen and oxygen sites provide a mixed
hydrophobic/hydrophilic interface with higher affinity toward
pyridine and enable H-bonding interactions. Here, the tapes
can establish stronger interactions with pyridine rings at the
thiolated layer. This finding is a remarkable example of the key
role of the crystal structure in sensing architectures and
highlights the unique features provided by utilization of aniline
in the gas phase during incubation. Similar to the first electrode,
this system exhibited an anodic peak E,,, at approximately +0.4
V and a cathodic maximum at E,. & +0.05 V (vs SCE) because
of the redox reactions of gold oxyhydroxide (AuO or
Au(OH),) species on the substrate.” However, the modified
electrode exhibited a decreasing potential, together with an
increasing anodic peak current, upon addition of NH,OH,
indicating catalytic activity toward ammonia oxidation. All
measurements were performed in triplicate, and the results are
indicated as the mean value. Moreover, the bare gold electrode
showed negligible activity in an alkaline medium containing an
ammonia solution (data not shown). These findings suggest
that the FF-MNSs preconcentrate NH," ions and facilitate
redox reactions in gold oxide clusters at the substrate. Indeed,
gold functions as an active electrocatalyst in alkaline media by
adsorbing hydroxyl groups to facilitate oxidation reactions.”*"**
However, ammonia does not exhibit a strong interaction at the
gold surface because it does not adsorb or is weakly adsorbed
and is restricted to a specific orientation of gold.”*"** Our FF-
MNSs/MCP/Au electrodes exhibited improved catalytic
performance in this medium, most likely because of the
formation of inclusion complexes between the FF-MNSs and
NH," ions on the electrode surface; these complexes thus
facilitated electronic transfer from one component to its
counterpart.

Concentration studies were performed by investigating the
response of the FF-MNSs/MCP/Au electrode to different
concentrations of NH,OH (Figure 4C) using SWV, which is a
common electroanalytical technique used in quantitative
analysis because of its sensitivity. At NH," ion concentrations
greater than 0.6 mmol L™/, the current did not further increase;
this phenomenon is typically attributed to the saturation of
catalytic sites. A linear relationship (eq 1) was observed
between the current response and the concentration (inset in
Figure 4C) in the concentration range from 0.1 to 1.0 mmol
L™k

I, (uA) = (2.83 £ 0.16) [NH,*]/mmol L’ 1)

The sensitivity was calculated as 2.83 yA cm™ mmol™" L,

whereas the limit of detection (LOD) was determined to be

0.17 mmol L' These values are comparable with those
previously reported in the literature. Specifically, our LOD was
significantly lower, and the sensitivity was comparable to that of
other electrodes modified with nanoparticles for ammonia
detection (see Table 1).

The electroanalytical performance of the FF-MNSs/MCP/
Au electrodes with respect to urea detection was investigated
under the previously described working conditions. The cyclic
and square-wave voltammograms from these assays are shown
in Figure S. The oxidation of urea in an alkaline medium was
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Figure 5. (A) Cyclic voltammograms from FF-MNSs/MCP/Au
electrodes synthesized underaniline vapor after the addition of urea
at concentrations ranging from 0.1 to 1.5 mmol L. Electrolyte:
NaOH 0.1 mol L™ and scan rate = 25 mV s™'. (B) Square-wave
voltammetry with the addition of urea (0.1—1.5 mmol L™"). Frequency
= 50 Hz, amplitude = 70 mV, and AE; = 2 mV. Electrolyte: NaOH 0.1
mol L™". The inset represents the analytical curves obtained at +0.4 V.

observed to occur at potentials greater than +0.35 V,** as
shown in Figure SA. The analytical curve shown in Figure 5B
(inset) indicates a linear response in the concentration range of
0.1—1.1 mmol L™, in accordance with eq 2:

I, (uA) = (8127 £ 1.75) [urea]/mmol ! @)

The current sensitivity and LOD were determined as 81.27 yA
cm™ mol™! L and 0.06 mmol L™}, respectively.
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Table 2. Comparison of Other Urea Sensors Described in the Literature®

bioelectrode sensitivity (uA mmol L™ cm™2)
Urs-GLDH/MLG/ITO 32
Urs-GLDH/ZnO-Ch/ITO 0.13
Urs/PAPCP/ITO 0.47
Urs-PANI-Nafion/Au 42
Urs-SWCNTs/glassy carbon not specified
MWCNTs/silica 2.3
Urs-Poly(5-NH,-1-NAP) /PPy/Pt 0.58—3.44
FF-MNSs/MCP/Au 81.3

linear range (mmol L") LOD (mmol L) ref
1.66—16.6 0.6474 52
0.8—16.6 0.49 53
0.16—5.02 0.020 54
1-10 1 5SS
0.1-1 (nonlinear) 0.1 56
2.18 X 107-1.07 not specified 57
up to 100 0.22—-0.58 S8
0.1-1.0 0.060 present work

“Urs, urease; GLDH, glutamate dehydrogenase; MLG, multilayer graphene; ITO, indium tin oxide; PAPCP, poly(aminopropyl pyrrole-co-pyrrole);
PAN], polyaniline; MWCNTS, multiwalled carbon nanotubes; SWCNTs, single-walled carbon nanotubes; poly(S-NH,-1-NAP), poly(S-amino-1-

naphthol); PPy, polypyrrole.

A comparison of the sensing characteristics of our FF-MNSs/
MCP/Au electrodes with previous studies is shown in Table 2.
We observe that the modified gold electrodes exhibited
enhanced sensitivity toward urea detection, despite their simple
preparation protocol and the lack of enzyme mediators.
Notably, the cooperative effect of nanostructured materials
significantly increased the sensitivity of the electrode.

AuOH species on the electrode surface likely played a key
role in the mechanism of urea hydrolysis. The main evidence to
support this statement is the redox signature of Au oxides,” and
their characteristic anodic/catodic peaks at E,, = +0.4 V and E,
= +0.04 V, which is clearly observable even for electrodes
coated with mercaptopyridine (see Figure 4 and Supporting
Information Figure S2). The surface coverage by Au oxide or
thiol coating (assumed to be a monolayer) can be estimated
from the simple equation I" = Q/nFA, where I is the number of
molecules per area, Q is the charge transferred in the redox
reaction, n is the number of electrons per molecule involved in
the reaction (herein n = 1 either for thiol or for Au redox), F is
the Faraday constant (=96500 C mol™'), and A is the
geometrical area of the electrode (=0.07 cm?). From
voltammetric data (Supporting Information, Figure S2), we
have determined Q by integrating anodic peaks of both Au
oxide and thiol reduction (Figure S2). The surface coverage of
oxide at bare Au electrodes has been determined at I'y,0/44(0m)
~ 2.9 X 107" mol ecm™, whereas thiol coverage at modified
electrodes has been measured to be 'y, ~ 2.2 X 107! mol
cm™2 Thus, the ratio of thiol coverage can be roughly estimated
at ~75% of the area of our electrodes.

In addition to thise electrochemical evidence, the presence of
Au oxide clusters is supported by SEM micrographs, which
exhibit extensive occurrence of defects across mercaptopyridine
layers (Supporting Information, Figure S3). The thiol coverage
is not homogeneous, exhibiting roughness and cavities at
micrometric level with sizes of a few hundreds of nanometers.
Conceivably, smaller nonobservable defects are present in the
mercaptopyridine layer, hidden by metal coating during sample
preparation. Thus, the enhancing abilities exhibited by the FF-
MNSs may be ascribed to preconcentration of urea species at
peptide tapes, from which they diffuse down to surface where
Au oxide clusters are available to behave as catalyst sites.

The cooperative effect leading to improvement on sensitivity
may also be related to attractive interactions between urea and
peptides either via cation—7z bonds between benzene rings and
charged N-termini or via strong H-bonds between carbonyl/
amide units and urea N-groups. Similar to the proposed
mechanism for urea hydrolysis at the active sites of urease,* the
OH terminal at AuOH is positioned to provide an interaction

through the carbonyl oxygen. This configuration leads to a
tetrahedral intermediate that decomposes to release an NHj
species and the possible formation of carbamic acid, followed
by spontaneous decomposition into ammonia and carbon
dioxide, which has a very short detection time (see Figure 6).%

H,N
NH
\c/ 2
HO

| H2N||>—o‘
o

o\/H4>

HoN
Au
HO\ H,N
Hlelnn/ o~ t 0:<
H,N \‘ OH

NH,

H,N
o:< co,
O—H
NH;

Figure 6. Proposed mechanism for urea hydrolysis at the electrodes
described in this work. The OH terminal at AuOH provides an attack
through the carbonyl oxygen, thereby generating a tetrahedral
intermediate that decomposes into an NHj species. The reaction is
followed by the possible formation of carbamic acid, which
spontaneously decomposes into ammonia and carbon dioxide.

The reproducibility of our experimental results was verified
using a standard urea concentration of 200 ymol L™". The FF-
MNSs/MCP/Au electrodes exhibited a relative standard
deviation of approximately 3.2% across three experimental
trials. The stability of the electrode was measured over a period
of 15 days, and the activity of the electrode was 90% if stored at
5 °C when not in use. No enzymes were employed; thus, long-
term stability of the electrode was obtained. We also performed
a recovery test by analyzing three parallel tap water samples
that contained 60 mg mL™" urea. This test was completed in 0.1
mol L™ NaOH as a supporting electrolyte, and a recovery of
98% was observed.
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4. CONCLUSIONS

Here, we report a simple biosensor for the detection of
ammonium and urea through a nonenzymatic route. The
novelty of our approach is the use of a solid-vapor strategy to
drive the crystalline structure of FE-MNS and lead to a distinct
chemical behavior at interfaces between peptide and thiol. In
this configuration, our method provides a unique architecture
for gathering peptide micro/nanostructures (which are able to
preconcentrate NH,* species) and AuOH clusters to catalyze
redox reactions. Unlike the tubular shape typically observed for
FF-based assemblies prepared under similar conditions, our
structures exhibit a clear tapelike morphology with thicknesses
ranging from a few hundred nanometers to several micro-
meters. These characteristics are likely created by the
mercaptopyridine substrate during the self-assembly. In
addition, this shape likely has a positive effect because the flat
surface of tapes can facilitate the buildup of analytes on
electrodes.

For samples incubated under water vapor, the crystalline
symmetry of our arrays can be described by the P6, space
group, as previously reported for FF nanotubes."> However, the
former structural model devised for solution-prepared
assemblies did not account for all details of the XRD data
raised in this work; thus, further refinements were necessary to
interpret our diffraction patterns. These refinements changed
the organization of water molecules within the assemblies to
form long helixlike chains across the peptide matrix. We believe
that this finding opens interesting possibilities for proton-
conducting channels and ionic-transporter membranes. When
samples were obtained under aniline vapor, the crystal structure
was adequately described by an orthorhombic P22,2, space
group. In addition, these orthorhombic-ordered structures were
observed to be highly stable on the mercaptopyridine layer, in
contrast to the water-incubated assemblies. This structural
difference is the key to the success of our electrodes because it
provides a peptide interface containing nitrogen/oxygen sites
that can establish strong bonds either with pyridine units at the
substrate or with ammonium ions and urea, leading to the
concentration of these analytes, presumably via cation—n
interactions and/or H-bonds.

The response of our FE-MNSs/MCP/Au electrodes toward
urea, based on detection of ammonium ions, has been found to
be linear in the range from 0.1 to 1.0 mmol L™". Sensitivity and
detection limit have been determined, respectively, at 81.3 yA
mmol L™! em™ and 0.06 mmol L™ (S/N = 3). These findings
reveal a highly-sensible sensor capable to detect urea even
below physiological levels of 1—100 mmol L7, typically
observed in urine and blood serum.® In this case, samples
require dilution previous to analytical measurements, which is
potentially advantageous because it allows for a finer control of
sensing conditions. For example, by diluting sample to low
concentration levels attainable by our biosensor, it is possible to
accurately adjust the pH in solution and thus reduce the action
of interfering species.’” Moreover, despite that other systems
have catalytic performance similar to those exhibited in the
current work, we have presented here a proof of concept for
detecting urea without using enzyme as a mediator. This
remarkable feature reduces dramatically the cost of these
architectures because short peptides are more attractive either
from the point of view of synthesis or from the point of view of
long-term stability (enzymes are very susceptible to denatura-
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tion). Such results show that the prepared nonenzymatic urea
biosensors have suitable analytical characteristics.
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