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ABSTRACT: The study reports the use of nanoassembly based on cationic e T
cyclodextrin carbon nanotubes (CNT-CDs) and ferrocenylcarnosine (FcCAR)
for electrochemical sensing of Hg(Il) in aqueous solution. f-cyclodextrins g
(CDs) were grafted onto CNTs by a click chemistry reaction between heptakis-
(6-azido-6-deoxy)-f-cyclodextrin and alkyne-terminated CNTs. The cationic

~CNT-CD/FeCARYG
nanoassembly P2

amine groups on the CD units were produced by the subsequent reduction of s eoon
the residual nitrogen groups. The chemical composition and morphology of : -
CNT-CDs were analyzed by X-ray photoelectron spectroscopy, scanning i
electron microscopy, and thermogravimetric analysis. A N,N-dimethylforma- N S
mide dispersion of CNT-CDs was cast on the surface of screen-printed carbon B
electrodes (SPCEs), and the electrochemical response was evaluated by cyclic Moﬂgfg’oﬁcéf:é:;zggmd ~(."
voltammetry (CV) using [Fe(CN)4]*~ as the redox probe. The ability of SPCE/ (SPCE)

CNT-CD to significantly enhance the electroactive properties of the redox

probe was combined with a suitable recognition element (FcCAR) for Hg(II).

The electrochemical response of the CNT-CD/FcCAR nanoassembly was evaluated by CV and electrochemical impedance
spectroscopy. The analytical performance of the Hg(II) sensor was evaluated by differential pulsed voltammetry and
chronoamperometry. The oxidative peak current showed a linear concentration dependence in the range of 1-100 nM, with a
sensitivity of 0.12 yA/nM, a limit of detection of 0.50 nM, and a limit of quantification of 1 nM.

KEYWORDS: cationic cyclodextrin carbon nanotubes, ferrocenylcarnosine, modified screen-printed carbon electrodes,
voltammetry, mercury sensor

1. INTRODUCTION

Electrochemical sensors are considered useful analytical tools

diameters ranging from a few to hundreds of nanometers (SW-
and MW-CNTs, respectively). They typically have a length-to-

because of their sensitive and selective detection of analytes,
rapid response, ease of operation, and low cost of reagents and
instrumentation. Moreover, in the past decade, nanotechnol-
ogy-based approaches have advanced significantly, leading to
enhanced analytical response and miniaturization of devi-
ces.' ™ In particular, modification of the electrode surface with
carbon-based nanomaterials is a widely exploited strategy for
the immobilization of recognition elements. The additional
layer of nanomaterial that alters the shape and structure of the
electrode surface can increase the electrical conductivity and
surface area, improving sensitivity. Several carbon-based
nanomaterials have been proposed in the literature for
electrode surface modification, including carbon nanotubes
(CNTs), graphene, carbon onions, graphene quantum dots,
etc., both in their native form and as chemically functionalized
derivatives.*

Multiwalled CNTs are considered rolled sheets of graphene
that form single- or multiwalled seamless cylinders with
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diameter ratio greater than 10° and exhibit exceptional

10,11 1

electrical, thermal, mechanical, and optical properties.
our ongoing research program aimed at the development of
high-performance multifunctional materials, we studied the
biocompatibility, processability, and colloidal stability of
carbon-based nanomaterials covalently functionalized with
cationic f3-cyclodextrins (CDs)."” The latter, grafted onto the
carbon nanomaterials, improved the recognition properties by
providing lipophilic interaction sites (i.e., CD cavities) and
electrostatic interaction sites due to the outer rims.
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Figure 1. (A) Representative fabrication route of electrochemical sensors based on SPCEs modified with CNT-CD and FcCAR. (B, C) Chemical
structures of cationic CNT-CD and FcCAR, respectively. (D) CNT-CD/FcCAR nanoassembly and molecular recognition sites between CNT-CD

and FcCAR.

In line with this research topic, here, we describe the
synthesis and characterization of cationic S-cyclodextrin-
functionalized CNTs (CNT-CDs).">~"” The ability of CDs
to form stable host-guest inclusion complexes'”'® was
combined with the design of a suitable recognition element
(ferrocenylcarnosine (FcCAR)'”?") that can act as a guest,
allowing the fine-tuning of specific features for electrochemical
sensing. FcCAR was designed considering three main
characteristics: (1) the electroanalytical properties of the Fc
unit; (2) the high affinity of CAR for heavy metals'”*% and
(3) the high affinity of CD cavities for the Fc unit (K ~ 10°
M),”" which allows efficient inclusion by supramolecular
interactions. Host—guest interactions between CNT-CD and
FcCAR have been exploited to achieve nanoassembly for the
modification of screen-printed carbon electrodes (SPCEs).
The latter are innovative strips produced and very useful for
electrochemical analysis in many fields (environmental,
clinical, food) because of their low cost, ability to work with
microvolumes, availability, and large-scale production. Figure 1
shows the chemical structures of CNT-CD and FcCAR, their
molecular recognition sites, and the representative fabrication
routes of SPCE/CNT-CD/FcCAR-based electrochemical
sensors.

Considering the high affinity of FcCAR toward Hg(II) Y we
propose the use of SPCE/CNT-CD/FcCAR as a mercury
sensor. The new system showed very good analytical
performance in Hg(II) detection, with a linear concentration
range of 1-100 nM, sensitivity of 0.12 pA/nM, a limit of
detection (LOD) of 0.50 nM, and a limit of quantification of 1
nM.

2. MATERIALS AND METHODS

2.1. Synthesis of CNTs Modified with Cationic Amine CDs
(CNT-CD). CNT-Alk (1) was prepared as described in SI and
according to the procedure we previously reported.'” 200 mg of
CNT-Alk (1) was dispersed in 30 mL of DMF by sonication
treatment, followed by the addition of heptakis-(6-azido-6-deoxy)-f-
cyclodextrin (CDNj3, 2) (164 mg, 0.15 mmol), CuSO, (30 mg, 0.17
mmol), and Na ascorbate (70 mg, 0.34 mmol). The reaction was left
for 48 h at 80 °C under argon flow. The cooled mixture was diluted
with water (200 mL) and filtered under vacuum (0.1 ym Millipore
membrane). The residue was washed with water, ethanol, and
methanol, collected, and dried at 60 °C to obtain 210 mg of CNT-
CDN; (3). Triphenylphosphine (463 mg, 1.76 mmol) was added to a
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dispersion of CNT-CDNj (3) in DMF (195 mg, 9 mL), and the
mixture was stirred at room temperature for 1 h. Afterward, the
temperature was raised to 45 °C, 28% ammonia solution was added
dropwise, and the reaction was allowed to stir at 45 °C for 24 h. The
mixture was diluted with a water/EtOAc solution (1:1 v/v) and
filtered under vacuum (0.1 ym Millipore membrane). The solid
residue was washed with a chloroform/water/methanol solution
(1:0.5:0.5) and finally with methanol. Then, CNT-CDNH, (4) was
dispersed in 4 mL of DMF and treated with an excess of 15% HCI
solution to reach a pH value between 1 and 2. The mixture was stirred
for 1 h at room temperature, vacuum filtered (0.1 pum Millipore
membrane), washed with water and methanol, and dried at 60 °C to
recover 150 mg of CNT-CD (S). Primary amine loadin§ was
measured spectroscopically using Kaiser’s colorimetric assay,” the
protocol for which is given in Supporting Information (S1). The
amount of amine groups on CNT-CDs was estimated to be 0.607
mmol g~', roughly consistent with 0.101 mmol g~* of grafted CDs.

2.2. Physicochemical Characterization. X-ray photoelectron
spectroscopy (XPS) was performed under ultrahigh vacaum (UHV)
conditions using a UK Thermo Scientific K-Alpha spectrometer
equipped with a monochromatic Al Ka source (hv = 1486.6 eV) and
a hemispherical analyzer. The constant-pass energy was set at 200 eV
for the survey scans and 50 eV for the high-resolution XPS spectra.

Micro-Raman measurements were made with a Horiba XploRA
spectrometer (Horiba Italia s.r.l.). Samples were excited using the 532
nm line of a solid-state laser, integrated for 50 s, and collected with a
charge-coupled detector (CCD) using a microscope objective with
50X focal length.

The morphology of the samples was examined by coating a holey-
copper grid with their suspensions and drying them in air at room
temperature. SEM micrographs were recorded at an accelerating
voltage of 30 KV using a Zeiss Gemini 2 scanning electron microscopy
(SEM). UV—vis spectra were recorded by an Agilent model 8452
diode-array spectrophotometer in quartz cells (1 cm optical path) at
room temperature using water as solvent. Thermogravimetric analyses
were performed with Pyris TGA7 (PerkinElmer, Waltham, MA, USA)
in the temperature range of 50—800 °C, under a nitrogen flow rate of
60 mL min~" and a heating rate of 10 °C min™".

2.3. Electrochemical Equipment and Measurements. All
voltammetric measurements were performed in aqueous solutions of
KCl (0.1 M) and at room temperature using a PC-controlled
electrochemical workstation (PNT-10-Autolab) equipped with
Metrohm DropSens (DRP-DSC70575) SPCEs (DRP-110). The
SPCEs consist of a carbon working electrode (diameter of 4 mm)
surrounded by carbon auxiliary and Ag/AgCl reference electrodes.
Voltammograms were processed with General Purpose Electro-
chemical System (GPES) software, version 4.9 (Eco Chemie B.V.).
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Figure 2. Schematic representation of the synthesis of CNT-CDs.
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Figure 3. (A) TGA profiles of CNTs (blue line), CNT-Alk (black line), CNT-CDNj (green line), and CNT-CD (red line) in nitrogen atmosphere.

(B) Raman spectra of CNT-CDs compared with pristine CNTs.

SPCEs were modified by drop-casting a homogeneous dispersion
of CNT-CD in DMF (3 mg mL™") prepared under sonication for 30
min (VEVOR sonic bath). To obtain a thin layer of CNT-CD, 1 L of
the dispersion was cast four times on the surface of the electrodes and
dried in an oven at 80 °C in a DMF atmosphere for 30 min. This
procedure was used to avoid the formation of the so-called coffee-ring
effect, which gives rise to inhomogeneous films.**

The intrinsic electrochemical properties and voltammetric
responses of SPCE/CNT-CD were evaluated by Cyclic Voltammetry
(CV) using [Fe(CN)¢]*~ (1 mM) in KCI solution (0.1 M). CV was
performed in the potential window from —0.3 to 0.8 V vs. Ag/AgCl
and at a scan rate of 0.1 V s™'. Electrochemical impedance
spectroscopy (EIS) measurements were recorded in the frequency
range of 100 kHz—0.1 Hz at a bias potential of +0.16 V and an AC
amplitude of S mV using an equimolar mixture of 1 mM [Fe(CN)¢]*"
and [Fe(CN)4]*™ in KCI (0.1 M).

The electroactivity of FcCAR (1 mM) in aqueous solutions of KCI
(0.1 M) was evaluated on SPCE/CNT-CD by CV in the potential
range of 0.0 to 0.5 V vs. Ag/AgCl. Moreover, the analytical
performance of SPCE/CNT-CD/FcCAR for the detection of Hg(II)
was further investigated by DPV (in the same potential range of 0.0 to
0.5 V vs. Ag/AgCl, potential step: 10 mV, and amplitude: 100 mV)
and by chronoamperometry at +0.38 V vs. Ag/AgCl while keeping the
solution under gentle stirring (150 rpm).

3. RESULTS AND DISCUSSION

Recently, we investigated the electrochemical behavior of
FcCAR with divalent metal cations on bare SPCEs to exploit
the sensing ability of FcCAR in the development of
electrochemical sensors.'"” These studies revealed the ability
of FcCAR to act as a part of chemical recognition of the
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electrochemical probe by interacting with target ions,
particularly Hg(II), and converting the chemical interactions
to a measurable signal. To improve the current response and
sensitivity of the SPCE, the working electrode was modified
with a dispersion of CNT-CD.

3.1. Synthesis and Characterization of CNTs Modified
with Cationic Amine CDs (CNT-CD). To produce hydro-
philic CNTs endowed with specific recognition ability toward
the ferrocenyl moiety of FcCAR, double functionalization of
the surfaces of commercially available multiwalled CNTs was
designed (Figure 2). The hydrophilic characteristics of
commercial CNTs were improved by oxidation under acidic
conditions (HNO;/H,80,)."’ Acid treatment produced CNTs
with short open ends that have carboxyl groups on both the
wall surface and the open ends.'' The second functionalization
step provides the terminal alkyne-reactive moieties on CNTs
(CNT-Alk, 1) used for the binding of heptakis-(6-azido-6-
deoxy)-f-cyclodextrin (-CDNj, 2) by the click chemistry
reaction. Finally, reduction of the residual nitrogen groups of
CNT-CDN; (3) and treatment with excess HCI provided the
protonated forms of the target CNT-CD (5) (Figure 2). The
amount of free amino groups, measured spectroscopically
using Kaiser’s colorimetric test (Figure S1),”* was found to be
0.607 mmol g~', approximately consistent with six amine
groups per CD unit. Thus, the amount of grafted CDs was
found to be 0.101 mmol g~". The functionalized CNTs were
characterized by several techniques, including TGA, micro-
Raman, SEM, and XPS analyses (Figures 3, 4 and S2). The
unequivocal evidence of the grafted organic groups on the
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Figure 4. High-resolution deconvoluted XPS profiles of C 1s (a—c) and N 1s (d—f).

modified CNTs was provided by TGA (Figure 3A). Indeed, by
analyzing the thermal degradation trend of CNT-CD and its
progenitor compounds, the chemical modification of the CNT
structure induced by organic functionalization is evident. In
particular, the thermal degradation of pristine CNTs shows
enhanced thermal stability with nonsignificant mass loss up to
500 °C, which is typical behavior of unmodified CNT-based
materials, whereas derivatized CNT-Alk (1) shows an initial
degradation starting at about 176 °C, probably attributable to
decarboxylation phenomena, followed by a continuous
degradation phase that leaves a residue (68.8%) at 800 °C.
After functionalization of CNT-Alk with the CD azide
derivative, CNT-CDN; (3) shows a different degradation
course due to the presence of the CD derivative and the
reactive azide moiety grafted onto the CD units. The
degradation evolves with an initial step at about 150 °C and
subsequent unresolved multidegradation steps at 800 °C that
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leaves a residue of 24.4%. Finally, CNT-CD (5) shows a more
stable thermal course, as expected considering the trans-
formation of azide groups to protonated amine species, with
two degradation phases beginning at about 138 and 364 °C,
respectively, leaving a residue of 63.3% at 800 °C.
Information about the microstructure of CNT-CD was
deduced by analyzing the highest wavelength region of the
micro-Raman spectra (Figure 3B), which is dominated by the
bands associated with the C sp* vibration modes. The G-band
(at 1582 cm™ in graphite), originating from the in-plane
stretching mode of all pairs of hybridized C sp” atoms, is the
fingerprint of the graphitic crystal arrangement. The D band
(at 1346 cm™ for excitation at 532 nm), related to the
breathing mode of the hexagonal C rings, is activated by the
presence of disorder in the aromatic structure.”**> One part of
the G band (about 1590 cm™') is associated with the
vibrations of carbon atoms along the axis of the tube (LO
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phonon mode), whereas the other (about 1570 cm™) is
associated with the vibrations of carbon atoms along the
circumferential direction of CN'Ts (TO phonon mode).””*” In
addition, a second-order mode between 2450 and 2680 cm ™ is
assigned to the first overtone of the D mode (generally called
the G’ band). The expected increase in the I,/I; ratio, due to
increased structural disorder in the graphitic lattice after
functionalization,”® has not been observed. However, accord-
ing to the literature, this trend can be attributed to the
suppression of the signal from the outer walls of the CNTs,
which are chemically modified by the grafted CDs, with the
unmodified inner tube walls contributing only to the Raman
intensity. Simultaneously, in the functionalized sample, the
slight increase toward the lower wavenumbers of the D
bandwidth is indicative of a disorder process due to the
presence of CD/nanotube interactions.

The functionalization of CNTs with CDs was also confirmed
by XPS analysis (Figure 4). As expected, CNT-Alk, CNT-
CDNj;, and CNT-CD showed different contents of C, O, and
N depending on their functionalization (Table S1). The
carbon contents of CNT-CDNj and CNT-CD samples (about
60—66%) are comparable but lower than those of CNT-Alk
(83%). The C 1s profiles are composed of contributions at
284.5 eV due to C—C bonds and contributions at binding
energies above 285 eV attributed to oxygen- or nitrogen-
bonded carbon in various configurations (see Figure 4a—c),
particularly C—OH (285.4 eV), C—O—C or C—N (286.1 €V),
C=0 (2869 €V), and O—C=0 (287.8 eV)*° (see Figure
4a—c). Nitrogen (from 3.2 to 9.2%) and oxygen (from 13 to
25%) increase for both CNT-CDN; and CNT-CD compared
with CNT-AIk, confirming the derivatization of CNT with f-
CD. In detail, the N 1s spectra are characterized by a broad
band with three contributions located at 399.0, 400.1, and
401.5 eV and assigned to N—C (sp?), N—C (sp*), and
protonated amine (—NHj;*), respectively. Further, in the 404—
407 eV region, two additional bands due to NO, (NO~, and
NO™;) species’" are visible (Figure 4d—f), which is in good
agreement with the highest amount of carbon—oxygen species
evidenced by the C 1s profile (Figure 4a—c) and the change of
azide groups in the protonated amine species, previously
discussed. Table S2 shows the results derived from the
deconvolved C 1s and N 1s profiles, respectively.

SEM analysis showed pristine CNTs and CNT-Alk spatially
dispersed in random orientations with a diameter of less than
20 nm (Figure S2a,b). Functionalization with CDs, by click
reaction, produced massive aggregates with marked spatial
inhomogeneity (Figures S2c,d and S3). SEM images of CNT-
CDN; and CNT-CD evidenced diffuse and hazy contrast due
to the amorphous CD moieties (Figures S2 and S3).

3.2. Electrochemical Investigation. As outlined in
Section 2.3, 1 yL of CNT-CD dispersion was cast four times
on the electrode surface, and after each casting, the
electrochemical response on SPCE/CNT-CD was analyzed
at different levels using [Fe(CN)¢]*~ as the redox probe. The
cyclic voltammograms (CVs) are depicted in Figure 5, together
with that obtained on bare SPCE (dashed line). By increasing
the layering of CNT-CD on the SPCE, signal amplification is
observed due to the deposition of CNT conductive material
that induces capacitive behavior on the electrode surface.
CNT-CD dispersion was cast up to 4 uL, after which no
further change in CV was observed, indicating complete
coverage of the surface. The slight increase in AE, from the
bare SPCE (115 mV) to the modified one (130 mV) could be
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Figure 5. CVs of [Fe(CN)¢]*~ (1 mM) in KCI (0.1 M) obtained on
bare SPCE (dashed line) and SPCE/CNT-CD, after successive
castings of a dispersion of CNT-CD in DMF (solid lines, 1—4). Scan
rate: 0.1 Vs,

due to the repulsive interactions between the anionic
[Fe(CN)4]*>~ and carboxylate groups on the surface of the
SPCE/CNT-CD, resulting in electron transfer hindrance.
Therefore, the electrochemical behavior of FcCAR on
SPCE/CNT-CD compared with that of bare SPCE was
analyzed. In both cases, FcCAR undergoes a one-electron-
reversible redox process. Figure 6 shows the CVs of the

4.010°4 _ _ SPCE
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Figure 6. CVs of FcCAR (1 mM) in KCI (0.1 M), obtained on bare
SPCE (dashed line) and SPCE/CNT-CD (solid line). Scan rate: 0.1
VL

electrochemical response of FcCAR (1 mM) in KCI (0.1 M)
on bare SPCE and SPCE/CNT-CD. The CVs exhibit a
pseudorectangular shape, characteristic of the capacitive
behavior of the electric layer of CNT-CD. The capacitive
current increases with the oxidation degree of CNT-CDs, due
to the presence of functional groups on their surface.
Moreover, in the CVs of bare SPCE and SPCE/CNT-CD,
anodic and cathodic peaks are observed at 0.373 V and 0.312 V
(vs. Ag/AgCl), respectively. These values do not shift due to
the modification strategy, and the low AE, (61 mV) indicates a
rapid electron transfer process of Fc on the CNT-CD-modified
surface. The peak currents vary linearly with the scan rate,
indicating that the redox process is probably due to confined
redox species on the CNT-CD surface (Figure 7). The anodic
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Figure 7. Dependence of anodic (I,) and cathodic (I.) peak currents
on the scan rate for self-assembled FcCAR on SPCE/CNT-CD in
KCl (0.1 M).

and cathodic peak currents obtained on SPCE/CNT-CD are
higher than those on bare SPCE, pointing out better
electrocatalytic activity toward this molecule. The best-
resolved response for FcCAR was obtained on SPCE/CNT-
CD compared to that on SPCE.

To characterize the sequential deposition of CNT-CD and
FcCAR on the bare SPCE, EIS measurements in [Fe-
(CN)¢]*/* were used. The Nyquist plot for the bare and
modified electrodes, together with the equivalent circuit model
used to fit the impedance spectra, is shown in Figure 8. The
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Figure 8. Nyquist plots (in 1 mM [Fe(CN)4]*~*~ in 0.1 M KCI)
corresponding to the sequential deposition of CNT-CD and FcCAR
on the SPCE. Insets show the high-frequency region of the plot and
the equivalent circuit used to calculate the impedance parameters.

impedance response of the CNT-CD-modified electrodes
shows a high slope, typical of capacitive behavior resulting
from the deposition of carbon nanotubes, with Cy values of
950 and 535 mF for SPCE/CNT-CD and SPCE/CNT-CD/
FcCAR, respectively (Cy of bare SPCE was 1.2 mF). The
charge transfer resistance (R.), corresponding to the semi-
circular part of the high-frequency spectra, initially decreased
from 2.9 kW for the bare electrode to 44 W for SPCE/CNT-
CD, indicating a much faster electron transfer of the
[Fe(CN)s]*™/* probe into the more conductive electrode
surface, followed by an increase to 105 W after interaction with

FcCAR, which slightly blocks this process and increases the
charge transfer resistance from the electroactive probe.

Once we had analyzed the electrochemical behavior of the
SPCE/CNT-CD/FcCAR system, we evaluated its use as a
sensor of Hg(II), considering the strong affinity of FcCAR
toward this metal ion."” First, electrochemical measurements
were performed by titrating solutions containing FcCAR with
those of Hg(II), previously prepared in MOPS buffer (pH 7),
using KCI (0.1 M) as the supporting electrolyte. For instance,
Figure 9 shows a comparison between the CVs obtained on
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Figure 9. CVs obtained by titrating a solution of FcCAR (1 mM) in
KClI (0.1 M) with Hg(II) (pH = 7) on SPCE/CNT-CD (solid line)
and SPCE (dashed line).

SPCE/CNT-CD and those on SPCE.”” In both cases, no
deposition phenomena were observed, and the FcCAR signals
decreased as the concentration of Hg(II) increased. This effect
could be due to the coordination of Hg(Il) to the dipeptide
moiety of FcCAR. Modifying the SPCE with CNT-CD/
FcCAR resulted in a 20-fold increase in the signal toward
Hg(Il), and the modified electrode showed a very rapid
response, as confirmed by amperometric measurements
(Figure S4).

The analytical parameters of SPCE/CNT-CD/FcCAR as a
sensor of Hg(II) were evaluated by DPV using standard
solutions of Hg(II) in the concentration range of 0.5 nM—10
mM. The calibration curve, constructed from the change in the
anode peak current before and after the addition of Hg(1l),
displayed a linear dependence on concentration in the range of
1-100 nM, as shown in Figure 10 (R* = 0.994) with a
sensitivity (assumed as the slope of the calibration curve) of
0.12 #A/nM. The LOD was calculated as 0.50 nM based on
the 30/slope approach.”” The initial value of the linear range
(1 nM) was established by the first analyte concentration that
can be accurately determined (LOQ).

To evaluate the repeatability and reproducibility of SPCE/
CNT-CD/FcCAR as a Hg(II) sensor, DPV measurements
were performed on a solution containing 20 nM Hg(II) (in 0.1
M KCIl). Repeatability was established based on the relative
standard deviation (RSD %) of S consecutive DPV measure-
ments made with the same device. Unfortunately, the
repeatibility is not high (RSD 32%), probably due to the
deposition of some electroactive byproducts of Hg formed
during the redox process. Reproducibility was determined by
using different electrodes. The current responses floated from
8.149 to 8.756 uA with a relatively small RSD of 2.8%, showing
that the sensor has appreciable reproducibility. A preliminary
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Figure 10. Linear range of 1—100 nM concentration of the anode
peak current (in the inset, the magnified region of 1—20 nM).

stability study showed a decrease in FcCAR signal of only 2%
after storing the SPCE/CNT-CD/FcCAR electrode at room
temperature in KCI (0.1 M) for 2 weeks (Figure S5).

4. CONCLUSIONS

To sum up, in this work, we exploited the peculiar features of
cationic CD multiwalled CNTs (MW-CNT-CDs) to design
nanoassembly of CNT-CD and FcCAR with toxic heavy ion
sensing capability. The nanoassembly conveys both the
outstanding affinity and chelating ability toward Hg(II) ions
of the FcCAR ligand and the ability of carbon nanomaterials to
increase electrical conductivity and electrode surface area by
changing their shape and structure. CNT-CDs were synthe-
sized by a two-step procedure involving the click reaction
between reactive alkyne and azide fragments present on the
sidewalls of MW-CNTs and CDs respectively, and the
subsequent reduction of the residual azide groups. The
morphology, chemical composition, and structure of CNT-
CD were studied by micro-Raman, XPS, SEM, and TGA.
The electrochemical response of SPCE/CNT-CD was
analyzed by CV using [Fe(CN)¢]*~ (1 mM) in KCI (0.1
M), and compared with that previously studied on bare
SPCE."” The affinity of FcCAR toward mercury, a toxic metal
included in the list of “priority heavy metals” for its adverse
effects on human health and the environment, was also
analyzed on both electrodes. The signals of FcCAR decreased
as the concentration of Hg(II) increased, whereas the CNT-
CD/FcCAR nanoassembly was found to improve the current
response and sensitivity of SPCE toward the metal. In
particular, for the same concentration of Hg(I) ions, a higher
linear range and an increase in peak current, especially in the
anodic peak signal (up to 84%), was observed for SPCE/CNT-
CD compared with bare SPCE. In light of these results, we
evaluated the analytical parameters of SPCE/CNT-CD/
FcCAR as a sensor of Hg(II), obtaining a linear concentration
range of 1—100 nM, with sensitivity of 0.12 #A/nM and LOD
of 0.50 nM. These results, compared with more recent work
using modified SPCE as a Hg(II) sensor (Table S3), highlight
the importance of innovative nanohybrid systems, which not
only combine the properties/characteristics of the starting
components but also give rise to new properties due to the
synergistic action of the native ones and, therefore, are able to
increase the electrochemical response and facilitate the
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engagement of the recognition element on the electrode
surface.

B ASSOCIATED CONTENT

Data Availability Statement
Data will be made available on request.

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsanm.3c03480.

Reagents; Kaiser test protocolpage; synthesis of carbon
nanotubes modified with alkyne terminated group
(CNT-Alk); Figure S1: UV—vis absorption spectra of
the CNT-CD-NH2 and CNT-CD-N3 samples; Figure
S2: SEM images of CNTs, CNT-Alk, CNT-CDN3 and
CNT-CD; Figure S3: SEM images of CNT-CD; Figure
S4: amperometric response of the electrodes before and
after addition of Hg(II); Figure SS: preliminary stability
study; Table S1: atomic species expressed in percentage
for all the investigated samples; Table S2: XPS spectral
analyses of the investigated samples; Table S3:
comparison with the most recent Hg(II) sensors using
modified SPCE electrodes (PDF)

B AUTHOR INFORMATION

Corresponding Author
Claudia Foti — Department of Chemical, Biological,
Pharmaceutical and Environmental Sciences, University of
Messina, Messina 98166, Italy; © orcid.org/0000-0003-
2649-7660; Email: cfoti@unime.it

Authors

Chiara Abate — Department of Chemical, Biological,
Pharmaceutical and Environmental Sciences, University of
Messina, Messina 98166, Italy

Giulia Neri — Department of Chemical, Biological,
Pharmaceutical and Environmental Sciences, University of
Messina, Messina 98166, Italy; © orcid.org/0000-0002-
4458-0022

Angela Scala — Department of Chemical, Biological,
Pharmaceutical and Environmental Sciences, University of
Messina, Messina 98166, Italy; ® orcid.org/0000-0003-
2171-9033

Placido Giuseppe Mineo — Department of Chemical Sciences,
University of Catania, Catania 95125, Italy; © orcid.org/
0000-0003-3382-9272

Enza Fazio — Department of Mathematical and
Computational Sciences, Physical Sciences and Earth Sciences,
University of Messina, Messina 98166, Italy

Antonino Mazzaglia — National Council of Research, Institute
for the Study of Nanostructured Materials (CNR-ISMN),
URT of Messina c/o Department of Chemical, Biological,
Pharmaceutical and Environmental Sciences, University of
Messina, Messina 98166, Italy; © orcid.org/0000-0002-
3140-565S

Alex Fragoso — Inferfibio Research Group, Departament
d’Enginyeria Qumica, Universitat Rovira i Virgili, Tarragona
43007, Spain

Ottavia Giuffre — Department of Chemical, Biological,
Pharmaceutical and Environmental Sciences, University of
Messina, Messina 98166, Italy; © orcid.org/0000-0002-
8486-8733

https://doi.org/10.1021/acsanm.3c03480
ACS Appl. Nano Mater. 2023, 6, 17187—17195


https://pubs.acs.org/doi/suppl/10.1021/acsanm.3c03480/suppl_file/an3c03480_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.3c03480/suppl_file/an3c03480_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c03480?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsanm.3c03480/suppl_file/an3c03480_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Claudia+Foti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2649-7660
https://orcid.org/0000-0003-2649-7660
mailto:cfoti@unime.it
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chiara+Abate"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Giulia+Neri"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4458-0022
https://orcid.org/0000-0002-4458-0022
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Angela+Scala"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2171-9033
https://orcid.org/0000-0003-2171-9033
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Placido+Giuseppe+Mineo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3382-9272
https://orcid.org/0000-0003-3382-9272
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Enza+Fazio"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Antonino+Mazzaglia"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3140-5655
https://orcid.org/0000-0002-3140-5655
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alex+Fragoso"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ottavia+Giuffre%CC%80"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8486-8733
https://orcid.org/0000-0002-8486-8733
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anna+Piperno"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c03480?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c03480?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c03480?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c03480?fig=fig10&ref=pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.3c03480?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Nano Materials

www.acsanm.org

Anna Piperno — Department of Chemical, Biological,
Pharmaceutical and Environmental Sciences, University of
Messina, Messina 98166, Italy; ® orcid.org/0000-0001-
6004-5196

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsanm.3c03480

Author Contributions
*C.A. and G.N. contributed equally.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work has been partially funded by European Union
(NextGeneration EU), through the MUR-PNRR project
SAMOTHRACE (ECS00000022).

B REFERENCES

(1) Li, H; Qi, H; Chang, J.; Gai, P,; Li, F. Recent progress in
homogeneous electrochemical sensors and their designs and
applications. TrAC, Trends Anal. Chem. 2022, 156, No. 116712.

(2) Yuan, F.; Xia, Y.; Lu, Q.; Xu, Q.; Shu, Y.; Hu, X. Recent advances
in inorganic functional nanomaterials based flexible electrochemical
sensors. Talanta 2022, 244, No. 123419.

(3) Kalambate, P. K; Thirabowonkitphithan, P.; Kaewarsa, P.;
Permpoka, K; Radwan, A. B.; Shakoor, R. A.; Kalambate, R. P,;
Khosropour, H.; Huang, Y.; Laiwattanapaisal, W. Progress, challenges,
and opportunities of two-dimensional layered materials based
electrochemical sensors and biosensors. Mater. Today Chem. 2022,
26, No. 101235.

(4) Ostertag, B. J.; Cryan, M. T.; Serrano, J. M; Liu, G.; Ross, A. E.
Porous Carbon Nanofiber-Modified Carbon Fiber Microelectrodes
for Dopamine Detection. ACS Appl. Nano Mater. 2022, § (2), 2241—
2249.

(5) Sohal, N.; Basu, S.; Maity, B. Deciphering the mechanism of
undoped and heteroatom doped-carbon dots for detection of lead
ions at nanomolar level. Microchem. J. 2023, 185, No. 108287.

(6) Hatamie, A.; Rahmati, R;; Rezvani, E.; Angizi, S.; Simchi, A.
Yttrium Hexacyanoferrate Microflowers on Freestanding Three-
Dimensional Graphene Substrates for Ascorbic Acid Detection. ACS
Appl. Nano Mater. 2019, 2 (4), 2212—2221.

(7) Sok, V.; Fragoso, A. Carbon Nano-Onion Peroxidase Composite
Biosensor for Electrochemical Detection of 2,4-D and 2,4,5-T. Appl.
Sci. 2021, 11 (15), 6889.

(8) Zuaznabar-Gardona, J. C.; Fragoso, A. A wide-range solid state
potentiometric pH sensor based on poly-dopamine coated carbon
nano-onion electrodes. Sens. Actuators, B 2018, 273, 664—671.

(9) Mishra, S.; Singh, S. P.; Kumar, P.; Khan, M. A,; Singh, S.
Emerging electrochemical portable methodologies on carbon-based
electrocatalyst for the determination of pharmaceutical and pest
control pollutants: State of the art. Journal of Environmental Chemical
Engineering 2023, 11 (1), No. 109023.

(10) Mazzaglia, A.; Scala, A; Sortino, G.; Zagami, R; Zhu, Y;
Sciortino, M. T.; Pennisi, R.,; Pizzo, M. M.; Neri, G.; Grassi, G,;
Piperno, A. Intracellular trafficking and therapeutic outcome of
multiwalled carbon nanotubes modified with cyclodextrins and
polyethylenimine. Colloids Surf, B 2018, 163, 55—63.

(11) Cardiano, P.; Fazio, E.; Lazzara, G.; Manickam, S.; Milioto, S.;
Neri, F.; Mineo, P. G.; Piperno, A.; Lo Schiavo, S. Highly untangled
multiwalled carbon nanotube@polyhedral oligomeric silsesquioxane
ionic hybrids: Synthesis, characterization and nonlinear optical
properties. Carbon 2015, 86, 325—337.

(12) Piperno, A.; Mazzaglia, A.; Scala, A.; Pennisi, R;; Zagami, R;
Neri, G.; Torcasio, S. M.; Rosmini, C.; Mineo, P. G.; Potara, M.;
Focsan, M,; Astilean, S.; Zhou, G. G.; Sciortino, M. T. Casting Light
on Intracellular Tracking of a New Functional Graphene-Based

MicroRNA Delivery System by FLIM and Raman Imaging. ACS Appl.
Mater. Interfaces 2019, 11 (49), 46101—46111.

(13) Tomasella, P.; Sanfilippo, V.; Bonaccorso, C.; Cucci, L. M,;
Consiglio, G.; Nicosia, A,; Mineo, P. G.; Forte, G.; Satriano, C.
Theranostic Nanoplatforms of Thiolated Reduced Graphene Oxide
Nanosheets and Gold Nanoparticles. Applied Sciences 2020, 10 (16),
5529.

(14) Micali, N.; Mineo, P.; Vento, F.; Nicosia, A.; Villari, V.
Supramolecular Structures Formed in Water by Graphene Oxide and
Nonionic PEGylated Porphyrin: Interaction Mechanisms and
Fluorescence Quenching Effects. J. Phys. Chem. C 2019, 123 (42),
25977-25984.

(15) Kasprzak, A,; Poplawska, M. Recent developments in the
synthesis and applications of graphene-family materials functionalized
with cyclodextrins. Chem. Commun. 2018, 54 (62), 8547—8562.

(16) Neri, G.; Iaria, C.; Capparucci, F.; Capillo, G.; Pennisi, R;
Nicosia, A.; Giuseppe Mineo, P.; Scala, A;; Teresa Sciortino, M,;
Piperno, A.; Marino, F. In vivo tracking and biosafety of fluorescent
graphene-cyclodextrin nanomaterials on zebrafish embryos. FlatChem.
2022, 35, No. 100411.

(17) Zou, J.; Zhao, G.; Guan, J.-F; Jiang, X;; Yu, J.-G. Single-Layer
Graphene Oxide-Amino-f-Cyclodextrin/Black Phosphorus Nano-
sheet Composites for Recognition of Tyrosine Enantiomers. ACS
Applied Nano Materials 2021, 4 (12), 13329—13338.

(18) Le, H. T. N,; Kim, D.; Phan, L. M. T.; Cho, S. Ultrasensitive
capacitance sensor to detect amyloid-beta 1—40 in human serum
using supramolecular recognition of S-CD/RGO/ITO micro-disk
electrode. Talanta 2022, 237, No. 122907.

(19) Abate, C.; Piperno, A.; Fragoso, A.; Giuffré, O.; Mazzaglia, A.;
Scala, A; Foti, C. Thermodynamic and voltammetric study on
carnosine and ferrocenyl-carnosine. Dalton Transactions 2023, S2
(12), 3699—3708.

(20) Abate, C.; Scala, A; Giuffré, O.; Piperno, A.; Pistone, A.; Foti,
C. From speciation study to removal of Pb?* from natural waters by a
carnosine-based polyacrylamide/azlactone copolymer. Journal of
Environmental Management 2023, 335, No. 117572.

(21) Takenaka, H.; Sato, S.; Takenaka, S. Electrochemical Detection
of Duplex DNA Using Intercalation-Triggered Decomplexation of
Ferrocene with ff-Cyclodextrin. Electroanalysis 2013, 25 (8), 1827—
1830.

(22) Trapani, M.; Mazzaglia, A.; Piperno, A.; Cordaro, A.; Zagami,
R.; Castriciano, M. A.; Romeo, A.; Monsu Scolaro, L. Novel
Nanohybrids Based on Supramolecular Assemblies of Meso-tetrakis-
(4-sulfonatophenyl) Porphyrin J-aggregates and Amine-Function-
alized Carbon Nanotubes. Nanomaterials 2020, 10 (4), 669.

(23) Shinozaki, K; Zack, J. W.; Pylypenko, S.; Pivovar, B. S.; Kocha,
S. S. Oxygen Reduction Reaction Measurements on Platinum
Electrocatalysts Utilizing Rotating Disk Electrode Technique: IIL
Influence of Ink Formulation, Catalyst Layer Uniformity and
Thickness. . Electrochem. Soc. 2015, 12 (162), F1384.

(24) Ferrari, A. C.; Robertson, J. Interpretation of Raman spectra of
disordered and amorphous carbon. Phys. Rev. B 2000, 61 (20),
14095—14107.

(25) Fazio, E.; Latino, M.; Neri, F.; Bonsignore, F. Raman scattering
study of evaporated carbon nanostructured films. . Raman Spectrosc.
2008, 39, 153—156.

(26) Brown, S. D. M.; Jorio, A.; Dresselhaus, M. S.; Dresselhaus, G.
Observations of the D-band feature in the Raman spectra of carbon
nanotubes. Phys. Rev. B 2001, 64 (7), No. 073403.

(27) Mamedov, A. A.; Kotov, N. A,; Prato, M.; Guldi, D. M,
Wicksted, J. P.; Hirsch, A. Molecular design of strong single-wall
carbon nanotube/polyelectrolyte multilayer composites. Nature
materials 2002, 1 (3), 190—4.

(28) Santangelo, S.; Messina, G.; Faggio, G.; Abdul Rahim, S. H.;
Milone, C. Effect of sulphuric—nitric acid mixture composition on
surface chemistry and structural evolution of liquid-phase oxidised
carbon nanotubes. J. Raman Spectrosc. 2012, 43 (10), 1432—1442.

https://doi.org/10.1021/acsanm.3c03480
ACS Appl. Nano Mater. 2023, 6, 17187—17195


https://orcid.org/0000-0001-6004-5196
https://orcid.org/0000-0001-6004-5196
https://pubs.acs.org/doi/10.1021/acsanm.3c03480?ref=pdf
https://doi.org/10.1016/j.trac.2022.116712
https://doi.org/10.1016/j.trac.2022.116712
https://doi.org/10.1016/j.trac.2022.116712
https://doi.org/10.1016/j.talanta.2022.123419
https://doi.org/10.1016/j.talanta.2022.123419
https://doi.org/10.1016/j.talanta.2022.123419
https://doi.org/10.1016/j.mtchem.2022.101235
https://doi.org/10.1016/j.mtchem.2022.101235
https://doi.org/10.1016/j.mtchem.2022.101235
https://doi.org/10.1021/acsanm.1c03933?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsanm.1c03933?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.microc.2022.108287
https://doi.org/10.1016/j.microc.2022.108287
https://doi.org/10.1016/j.microc.2022.108287
https://doi.org/10.1021/acsanm.9b00167?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsanm.9b00167?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/app11156889
https://doi.org/10.3390/app11156889
https://doi.org/10.1016/j.snb.2018.06.103
https://doi.org/10.1016/j.snb.2018.06.103
https://doi.org/10.1016/j.snb.2018.06.103
https://doi.org/10.1016/j.jece.2022.109023
https://doi.org/10.1016/j.jece.2022.109023
https://doi.org/10.1016/j.jece.2022.109023
https://doi.org/10.1016/j.colsurfb.2017.12.028
https://doi.org/10.1016/j.colsurfb.2017.12.028
https://doi.org/10.1016/j.colsurfb.2017.12.028
https://doi.org/10.1016/j.carbon.2015.01.047
https://doi.org/10.1016/j.carbon.2015.01.047
https://doi.org/10.1016/j.carbon.2015.01.047
https://doi.org/10.1016/j.carbon.2015.01.047
https://doi.org/10.1021/acsami.9b15826?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b15826?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b15826?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/app10165529
https://doi.org/10.3390/app10165529
https://doi.org/10.1021/acs.jpcc.9b06800?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.9b06800?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.9b06800?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C8CC04120B
https://doi.org/10.1039/C8CC04120B
https://doi.org/10.1039/C8CC04120B
https://doi.org/10.1016/j.flatc.2022.100411
https://doi.org/10.1016/j.flatc.2022.100411
https://doi.org/10.1021/acsanm.1c02847?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsanm.1c02847?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsanm.1c02847?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.talanta.2021.122907
https://doi.org/10.1016/j.talanta.2021.122907
https://doi.org/10.1016/j.talanta.2021.122907
https://doi.org/10.1016/j.talanta.2021.122907
https://doi.org/10.1039/D2DT04093J
https://doi.org/10.1039/D2DT04093J
https://doi.org/10.1016/j.jenvman.2023.117572
https://doi.org/10.1016/j.jenvman.2023.117572
https://doi.org/10.1002/elan.201300211
https://doi.org/10.1002/elan.201300211
https://doi.org/10.1002/elan.201300211
https://doi.org/10.3390/nano10040669
https://doi.org/10.3390/nano10040669
https://doi.org/10.3390/nano10040669
https://doi.org/10.3390/nano10040669
https://doi.org/10.1103/PhysRevB.61.14095
https://doi.org/10.1103/PhysRevB.61.14095
https://doi.org/10.1002/jrs.1895
https://doi.org/10.1002/jrs.1895
https://doi.org/10.1103/PhysRevB.64.073403
https://doi.org/10.1103/PhysRevB.64.073403
https://doi.org/10.1038/nmat747
https://doi.org/10.1038/nmat747
https://doi.org/10.1002/jrs.4097
https://doi.org/10.1002/jrs.4097
https://doi.org/10.1002/jrs.4097
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.3c03480?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Nano Materials

www.acsanm.org

(29) Inoue, F; Ando, R. A; Corio, P. Raman evidence of the
interaction between multiwalled carbon nanotubes and nanostruc-
tured TiO2. J. Raman Spectrosc. 2011, 42 (6), 1379—1383.

(30) Barreca, D.; Neri, G.; Scala, A.; Fazio, E.; Gentile, D.; Rescifina,
A.; Piperno, A. Covalently immobilized catalase on functionalized
graphene: effect on the activity, immobilization efficiency, and
tetramer stability. Biomaterials Science 2018, 6 (12), 3231—3240.

(31) Miller, T. S.; Jorge, A. B,; Suter, T. M; Sella, A;; Cora, F;
McMillan, P. F. Carbon nitrides: synthesis and characterization of a
new class of functional materials. Phys. Chem. Chem. Phys. 2017, 19
(24), 15613—15638.

(32) Armbruster, D. A.; Pry, T. Limit of blank, limit of detection and
limit of quantitation. Clin. Biochem. Rev. 2008, 29, 549—552.

17195

https://doi.org/10.1021/acsanm.3c03480
ACS Appl. Nano Mater. 2023, 6, 17187—17195


https://doi.org/10.1002/jrs.2873
https://doi.org/10.1002/jrs.2873
https://doi.org/10.1002/jrs.2873
https://doi.org/10.1039/C8BM00850G
https://doi.org/10.1039/C8BM00850G
https://doi.org/10.1039/C8BM00850G
https://doi.org/10.1039/C7CP02711G
https://doi.org/10.1039/C7CP02711G
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.3c03480?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

