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particularly in environmental samples, remains a key research priority. In this study,
an electrochemical biosensor based on square-wave voltammetry was developed by
immobilizing acetylcholinesterase onto hydrothermally synthesized gold
nanoparticles, using the cysteine—diphenylalanine (CFF) peptide as both a reducing
and stabilizing agent. The CFF peptide enabled excellent morphological control of
the gold nanostructures (hydrodynamic radius, 16 nm) and a uniform size
distribution (polydispersity index, PDI = 0.322). Carbamate detection was
performed by square-wave voltammetry, yielding a highly sensitive analytical
response. The calibration curve exhibited a linear range up to 10° M, with a
correlation coefficient (R?) of 0.99 and a detection limit of 0.94 nM. The use of the
CFF peptide and its self-assembling properties enabled the fabrication of an
efficient and low-cost biosensor for carbamate detection, representing a promising
approach for future environmental and agricultural monitoring applications.
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1. Introduction

The increasing global demand for food production has driven the intensive use of pesticides to control pests
and weeds [1-4]. Among them, carbamates stand out for their effectiveness and relatively lower environmental
persistence compared with organochlorine pesticides [5,6]. However, their mode of action—reversible inhibition
of the enzyme acetylcholinesterase (AChE), which is essential for nerve impulse transmission—raises major
concerns about environmental safety and human health [7,8]. The presence of these compounds in food and water
supplies therefore represents a serious public health challenge, underscoring the urgent need for rapid, sensitive,
and cost-effective detection methods [9].

Conventional analytical methods, such as high-performance liquid chromatography (HPLC) and gas
chromatography, offer excellent sensitivity and selectivity but are limited by high operational costs, complex
sample preparation requirements, and lengthy analysis times [10]. In this context, sensors and biosensors have
emerged as attractive alternatives, enabling in situ analysis with high analytical performance, reduced costs, and
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portability, which are particularly advantageous for applications in precision agriculture and real-time
environmental monitoring [11].

Among the various strategies, electrochemical enzymatic biosensors have emerged as one of the most
extensively explored approaches for detecting carbamates and organophosphates [12,13]. These devices exploit
the catalytic inhibition of AChE by pesticides, correlating decreases in enzymatic activity with analyte
concentration [14-16]. Different transduction modes have been employed, including potentiometric,
amperometric, and conductometric systems, with amperometric biosensors being the most studied due to their high
sensitivity, simple configuration, and rapid response time [17—19]. Classical studies have already demonstrated
the feasibility of immobilizing AChE on different matrices for pesticide detection, establishing biosensing as a
promising alternative to conventional techniques [20].

The performance of such biosensors strongly depends on the material used for enzyme immobilization, which
must preserve catalytic activity, ensure operational stability, and promote efficient electron transfer [21-23]. In
recent years, significant advances have been achieved using nanomaterials, including carbon nanotubes, graphene
and its derivatives, metal oxides, and metallic nanoparticles [20,21]. Among these, gold nanoparticles (AuNPs)
have attracted particular attention due to their biocompatibility, chemical stability, unique optical and electronic
properties, and the ease of functionalization through Au—S bonding with biomolecules [24-27].

Previous studies have demonstrated that AuNP-based biosensors can reach nanomolar detection limits for
carbamates while maintaining good stability and reproducibility [24]. For example, Liu et al. [28], Du et al. [29,30],
and Gong [31] reported that incorporating AuNPs into electrode architectures enhances the AChE immobilization
efficiency and reduces charge-transfer resistance, thereby improving analytical performance. Nevertheless,
challenges remain regarding sustainable synthesis routes and the morphological control of nanoparticles, both of
which directly affect the uniformity and reliability of biosensors.

An emerging approach uses self-assembling peptides as reducing and stabilizing agents for the synthesis of
metallic nanoparticles [32-35]. The tripeptide cysteine-diphenylalanine (CFF) is particularly promising: its thiol
group allows strong interactions with gold surfaces, while the diphenylalanine residue favors self-assembly into stable
nanostructures [34]. Recent reports have highlighted that peptide-assisted syntheses not only enable greener routes
but also provide superior morphological control, low polydispersity, and enhanced colloidal stability of AuNPs.

In this work, we report the development of an electrochemical biosensor for detecting the pesticide 1-naphthyl
N-methylcarbamate (carbaryl), based on the immobilization of acetylcholinesterase onto hydrothermally
synthesized gold nanoparticles using the CFF peptide as both a reducing and stabilizing agent. The resulting device
demonstrated high sensitivity, nanomolar detection limits, and excellent reproducibility, providing a fast,
economical, and sustainable strategy for pesticide monitoring in environmental and agricultural samples. By
combining the electrochemical advantages of gold nanoparticles with the self-assembling properties of peptides,
this work advances peptide-mediated nanomaterials as versatile platforms for enzymatic biosensing.

2. Experimental
2.1. Materials and Chemicals

Gold(III) chloride trihydrate (HAuCls-3H,0, Sigma-Aldrich, St. Louis, MO, USA), sodium hydroxide
(NaOH, Synth, Diadema, SP, Brazil), sodium phosphate dibasic (Na,HPOs, Synth, Diadema, SP, Brazil), sodium
phosphate monobasic (NaH,POs, Fisher Scientific, Waltham, MA, USA), sodium iodide (Nal, Synth, Diadema,
SP, Brazil), and magnesium sulfate (MgSOs, Synth, Diadema, SP, Brazil) were of analytical grade and used as
received. Acetylcholinesterase (AChE) from Electrophorus electricus (electric eel) (Sigma-Aldrich, St. Louis,
MO, USA; catalog no. C2888; specific activity > 1,000 U/mg; protein content > 60%), acetylthiocholine chloride
(ACTh, Sigma-Aldrich, St. Louis, MO, USA), and 1-naphthyl N-methylcarbamate (carbaryl, Sigma-Aldrich, St. Louis,
MO, USA) served as biological and analytical reagents.

Peptide synthesis employed Fmoc-Cys(Trt)-OH (Sigma-Aldrich, St. Louis, MO, USA), Fmoc-Phe-OH
(Sigma-Aldrich, St. Louis, MO, USA), Wang resin (BACHEM, Bubendorf, Switzerland), 1-hydroxybenzotriazole
hydrate (HOBt, Sigma-Aldrich, St. Louis, MO, USA), N,N'-diisopropylcarbodiimide (DIC, Sigma-Aldrich, St. Louis,
MO, USA), N-methyl-2-pyrrolidone (NMP, Sigma-Aldrich, St. Louis, MO, USA), N,N'-dimethylformamide
(DMF, Sigma-Aldrich, St. Louis, MO, USA), and 4-methylpiperidine (Sigma-Aldrich, St. Louis, MO, USA).
Trifluoroacetic acid (TFA, Sigma-Aldrich, St. Louis, MO, USA) was used for peptide cleavage.

Solvents such as acetonitrile (Honeywell, Charlotte, NC, USA), methanol (Sigma-Aldrich, St. Louis, MO,
USA), and dichloromethane (Anidrol, Diadema, SP, Brazil) were of HPLC or analytical grade. Ultrapure water
(18.2 MQ-cm) was obtained from a Milli-Q purification system (Millipore, Burlington, MA, USA).

2 of 14



de A. Silva et al. Bioinorg. Biocatal. 2026, 1(1), 4

2.2. Solid-Phase Peptide Synthesis

The CFF was synthesized by Fmoc solid-phase peptide synthesis (SPPS) on a Wang resin pre-functionalized
with phenylalanine (Phe-Wang resin) [36]. Equimolar amounts (1.38 mmol) of Fmoc-Cys(Trt)-OH and
Fmoc-Phe-OH were sequentially coupled to the resin using N,N'-diisopropylcarbodiimide (2.75 mmol) and
1-hydroxybenzotriazole (2.75 mmol) in N-methyl-2-pyrrolidone (0.1 mmol) for 4 h, with reaction progress
monitored by the Kaiser test. Fmoc deprotection of the Na-terminal was performed with 20% 4-methylpiperidine
in dimethylformamide (DMF) for 30 min, followed by washes with methanol and dichloromethane.

Cleavage of the peptide from the resin and simultaneous removal of protecting groups were achieved using
a cocktail containing trifluoroacetic acid (TFA), H20, dithiothreitol (DTT), and triisopropylsilane hydrochloride
(TIS-HCI) for 4.5 h at room temperature. The crude peptide was precipitated by centrifugation in cold diethyl
ether, washed, and dried under vacuum. A counter-ion exchange step was performed by dissolving the peptide in
0.1 M HCI, then freezing it in liquid nitrogen and lyophilizing to yield the final product.

The CFF peptide used in this study was synthesized according to the previously published Fmoc-SPPS
protocol reported by our group [34], where full structural characterization (‘H NMR, '3C NMR) and purity
assessment (LC/ESI/MS) are described in detail.

2.3. Purification and Characterization

The crude peptide was purified and characterized by high-performance liquid chromatography coupled to
mass spectrometry (HPLC-MS, Agilent 6190, Santa Clara, CA, USA). Approximately 1 mg of lyophilized CFF
was dissolved in 1 mL of deionized water containing 0.1% TFA, filtered through a 0.22 pm polysulfone membrane,
and injected (10 pL) into a C18 reverse-phase column. Elution was carried out in gradient mode with solvent A
(water with 0.1% TFA) and solvent B (acetonitrile:water, 90:10 v/v, with 0.1% TFA).

2.4. Synthesis of Peptide-Coated AuNPs (CFF@AuNPs)

AuNPs stabilized with the tripeptide CFF were synthesized by a hydrothermal method adapted from the
classical Turkevich protocol [37], in which the peptide replaced sodium citrate as the reducing and stabilizing
agent. Equal volumes (3.2 mL each) of freshly prepared aqueous solutions of HAuCls-3H,O (1.16 mM) and CFF
(0.40 mM) were mixed, and the pH was adjusted to 7.0 with 0.1 M NaOH. The reaction mixture, containing a
Teflon-coated magnetic stir bar, was heated in a water bath at 65 = 2 °C and stirred for 90 min to reduce Au*" ions
and stabilize the nanoparticles.

The formation of AuNPs was evidenced by a characteristic color change in the solution and confirmed by
UV-Vis spectroscopy, which showed a surface plasmon resonance band centered at 525 nm, indicative of spherical
AuNPs. Further morphological analysis by SEM and TEM corroborated the uniformity and spherical shape of the
resulting nanostructures.

2.5. Preparation of Modified Carbon Electrodes and Electrochemical Setup

Commercial screen-printed carbon electrodes (SPEs, DropSens, Oviedo, Spain) were used as the
electrochemical platform. Each SPE contains a carbon working electrode (4 mm diameter), a carbon counter
electrode, and an Ag/AgCl pseudo-reference electrode. For surface modification, 15 pL of each dispersion was
drop-cast onto the working electrode area: (i) AuNPs stabilized with the CFF peptide (CFF@AuNPs), (ii) the CFF
peptide alone, or (iii) acetylcholinesterase (AChE) immobilized on CFF@AuNPs. The electrodes were dried at
room temperature before use.

Electrochemical measurements—including cyclic voltammetry (CV), electrochemical impedance
spectroscopy (EIS), chronoamperometry, and square-wave voltammetry (SWV)—were carried out using a
Metrohm PGSTAT302N potentiostat equipped with a DropSens cell cable and dummy cell for electrode
connection. All measurements were performed under unstirred conditions at room temperature (22-25 °C).

For electrode characterization, the reversible [Fe(CN)s]>*** redox couple (5.0 mM in 100 mM sodium
phosphate buffer, pH 7.0) was used as an outer-sphere probe. This pH was selected because neutral conditions
ensure optimal electrochemical stability at the electrode—solution interface, minimize capacitive background
currents, and preserve the native protonation states of both the CFF peptide and the AuNP surface, leading to
highly reproducible voltammetric and impedance responses.

Cyclic voltammograms were acquired over the potential range from —0.2 to +0.6 V (vs. Ag/AgCl) at scan
rates of 10200 mV s™!. The heterogeneous electron-transfer rate constant (ko) was determined using the Laviron
method, which is appropriate for quasi-reversible systems on surface-modified electrodes [38]. For each modified
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surface, the anodic and cathodic peak potentials (Ep, and E,c) were plotted as a function of log v. From the linear
regions of these Laviron plots, the charge-transfer coefficient (o) and ko were extracted using:

2.303 RT RTk, 2.303 RT

E onF ) log( onF )+ ( onF

p= E%+(

) logv (M

where 7 is the number of electrons transferred and F, R, and T have their conventional meanings.

Electrochemical impedance spectroscopy was recorded in the frequency range from 100 kHz to 0.1 Hz using
a 10 mV AC perturbation at the formal potential of the redox probe. The impedance data were fitted using a
Randles-type equivalent circuit to extract charge-transfer resistance (R.,) values, which support the interpretation
of electron-transfer kinetics.

For pesticide detection and inhibition assays, chronoamperometric measurements were performed using the
CFF@AuNPs—AChE-modified electrodes in 100 mM sodium phosphate buffer at pH 8.0 containing
acetylthiocholine (ATCh) as the enzymatic substrate. A constant potential was applied (as specified in the Results
section), and the resulting current was monitored as a function of time. Under these conditions, the measured
faradaic current arises from the electrochemical oxidation of thiocholine produced by the AChE-catalyzed
hydrolysis of ATCh. It is therefore directly proportional to the enzymatic activity at the electrode surface.

For inhibition experiments, the electrode was exposed to increasing concentrations of carbaryl, and the
steady-state current recorded after inhibitor addition (/) was compared to the current measured in the absence of
inhibitor (/). The inhibition efficiency was calculated according to:

Inhibition ef ficiency (%) = ? x 10 )
0

where /o represents the chronoamperometric current in the absence of carbaryl, and / corresponds to the current
measured after incubation with a given inhibitor concentration. All inhibition measurements were conducted at pH
8.0, which corresponds to the optimal catalytic range of acetylcholinesterase from Electrophorus electricus,
according to the manufacturer’s specifications (Sigma-Aldrich, C2888) and supported by literature reports
indicating maximal AChE activity near physiological pH [39].

The limit of detection (LOD) was calculated using the 3o criterion, defined as three times the standard
deviation of the blank signal divided by the slope of the calibration curve (LOD = 3 6piank/S). The blank signal was
obtained from repeated chronoamperometric measurements performed in the absence of carbaryl under identical
experimental conditions, and the slope was extracted from the linear region of the calibration plot.

2.6. Physicochemical and Structural Characterization
2.6.1. UV-Vis Spectroscopy

UV-Vis spectra were acquired using a Varian Cary 50 spectrometer and quartz cells with a 1.0 cm path length.
The spectral resolution for wavelength scanning was 1.0 nm.

2.6.2. Dynamic Light Scattering (DLS)

DLS measurements were performed using an ALV/CGS-3 platform-based goniometer system (ALV GmbH)
equipped with a polarized HeNe laser (22 mW at 633 nm), an ALV 7004 digital correlator, and a pair of APD-based
single-photon detectors. Samples were loaded into 10 mm diameter glass cuvettes and maintained at 25 °C. The data
were collected using the ALV Correlator Control software with a 60 s counting time. The autocorrelation functions
were acquired at 25 °C in triplicate at 90° scattering angle (0), then averaged before analysis using the CONTIN
algorithm incorporated into the ALV correlator control software. The resulting relaxation time distributions were
further converted into hydrodynamic radius (Rx) distributions by using the Stokes-Einstein equation:

2
Ry ="211 (3)
where k3 is the Boltzmann constant, 7 is the absolute temperature, g is the scattering vector, 1 is the solvent
viscosity, and 7 is the mean relaxation time. The autocorrelation functions (gi(f)) were also analyzed using the
Cumulant method (second-order cumulant) [40].

lngl(t)=ln(]—1“1:+%t2 4)
where C is the amplitude of the autocorrelation function, I' is the relaxation frequency (z'), and the parameter u;

is known as the second-order cumulant. This approach enabled the determination of polydispersity indices
(PDI = u»/T"?) for monomodal size distributions.
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2.6.3. Electrophoretic Light Scattering (ELS)

The electrophoretic mobility of the prepared particles was measured using a Malvern Zetasizer Nano-ZS
apparatus (model ZEN3600, Malvern Instruments Ltd., Malvern, UK) to evaluate their surface charge. The
measurements were performed in folded capillary cuvettes (DTS1070, Malvern Instruments Ltd., Malvern, UK)
containing 800 pL of the samples at a concentration of 0.025 mg-mL™'. The {-potential (zeta potential) values were
derived from electrophoretic mobility (Ug) data using the Henry equation and assuming the Smoluchowski
approximation for aqueous samples (f(xa) = 1.5) [41,42].

2¢ed

Uy =2
E 3n

f (ka) ®)

where ¢ is the dielectric constant of the medium and # its viscosity.

2.6.4. Transmission Electron Microscopy

High-resolution transmission electron microscopy was performed using a Talos F200X G2 microscope
(Thermo Fisher Scientific, Hillsboro, OR, USA), equipped with a cold-field emission gun (FEG-X) and a scanning
transmission electron microscopy (STEM) module, operating at 200 keV. For sample preparation, 4 pL of the
CFF@AuNPs dispersion was drop-cast onto perforated copper grids (400 mesh) coated with a thin carbon support
film. The grids were dried under vacuum in a desiccator for 24 h before imaging.

2.6.5. Scanning Electron Microscopy (SEM)

SEM was performed using a field-emission scanning electron microscope (FESEM; JSM-6701F, JEOL Ltd.,
Tokyo, Japan) operating under ultra-high vacuum. Samples were prepared by drop-casting 15 uL of the
CFF@AuNPs dispersion onto the working area of commercial carbon-based screen-printed electrodes. After
drying, the electrodes were mounted on copper stubs using conductive carbon tape. Imaging was performed at 5 kV
to visualize the metallic nanostructures and peptide assemblies associated with the gold nanoparticles.

2.6.6. Atomic Force Microscopy (AFM) Measurements

Thin films of the CFF peptide and CFF@AuNPs were prepared by drop-casting the corresponding
dispersions onto freshly cleaved mica substrates and allowed to dry at room temperature. Atomic force microscopy
(AFM) measurements were performed using a MultiMode VIII AFM (Bruker, Santa Barbara, CA, USA) operating
in tapping mode at the Brazilian Nanotechnology National Laboratory (LNNano, Campinas, Brazil). Imaging was
carried out using a silicon cantilever with a nominal force constant of 2.8 N m™! and a nominal resonance frequency
of ~75 kHz.

AFM images were acquired at 512 x 512 pixels, covering scan areas ranging from 0.1 to 5.0 um?. Topography
and phase images were recorded to assess surface morphology and nanoscale organization. Image processing and
analysis were performed using the Gwyddion software package (version 2.63).

2.6.7. X-Ray Photoelectron Spectroscopy (XPS)

XPS analyses were carried out on a Thermo Scientific K-Alpha spectrometer (Thermo Fisher Scientific, East
Grinstead, UK), using a monochromatic Al Ka X-ray source (1486.6 eV). The surfaces of commercial SPEs, either
unmodified or modified with AuNPs stabilized by the CFF peptide, were analyzed. For each condition, samples
were prepared in triplicate to ensure reproducibility. Survey and high-resolution spectra were collected for the
elements C 1s, N 1s, O 1s, S 2p, and Au 4f to confirm the presence of Au—S bonds and evaluate the chemical
composition of the electrode surfaces. The binding energy scale was calibrated using the hydrocarbon C 1s peak
at 285.0 eV. Data acquisition and fitting were performed using Thermo Avantage software (version 5.921), which
applied Voigt functions for peak deconvolution and Scofield sensitivity factors for quantitative analysis.

3. Results and Discussion
3.1. Synthesis and Characterization of Peptide-Coated AuNPs

The CFF compound was successfully synthesized using Fmoc-based solid-phase peptide synthesis on Wang
resin [36], an efficient solid support for the sequential addition of phenylalanine and cysteine residues [34]. The
protection of functional groups during synthetic steps was crucial to prevent side reactions. At the same time,
deprotection with 4-methylpiperidine, followed by thorough washing, ensured selective removal of the Fmoc
protecting group without compromising peptide integrity. The overall synthetic pathway is depicted in Figure S1.
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HPLC-MS analyses confirmed the identity and purity of the synthesized CFF peptide (Figure S2). The
chromatogram showed a sharp, well-defined peak at approximately 23 min, consistent with a single major product.
Electrospray ionization mass spectrometry further validated the molecular structure, revealing a dominant signal
at m/z 416.2, corresponding to the [M + H]" ion of the expected tripeptide, with a relative abundance of 99.98%.
These results confirmed the chemical structure and high purity of the synthesized CFF peptide, supporting its
suitability as a reducing and stabilizing agent for the subsequent preparation of peptide-coated AuNPs.

Following the synthesis of the CFF peptide, gold nanoparticles were prepared using the tripeptide as both
reducing and stabilizing agent. Optimal colloidal stability was achieved when equimolar volumes of aqueous
HAuCly (1.16 mM) and CFF (0.40 mM) solutions were mixed, corresponding to a peptide-to-gold molar ratio of
approximately 1:3 at pH 7. Under these conditions, the peptide not only mediated the reduction of Au*" ions to
metallic gold but also acted as a capping ligand, yielding a stable colloidal dispersion with a well-defined
plasmonic response.

The optical properties of the CFF@AuNPs colloid were investigated by UV-Vis spectroscopy (Figure 1a).
The spectrum displayed a well-defined surface plasmon resonance band centered at ~525 nm, a signature feature
of spherical gold nanoparticles. The narrowness of the band indicated a relatively homogeneous particle size
distribution and efficient stabilization by the peptide layer. The absence of additional absorption features in the
near-UV region also confirmed that the peptide did not interfere spectrally with the plasmonic response of
the nanoparticles.

DLS further evaluated colloidal stability and hydrodynamic size distribution. The autocorrelation function
(Figure 1b) displayed a smooth exponential decay, characteristic of a stable colloidal system. The size distribution
profile (Figure 1c) showed a monomodal population with an average hydrodynamic radius of 16.25 nm and a low
polydispersity index (PDI), indicating the homogeneity of the dispersion. In addition, the {-potential value of
—29.4 £ 0.1 mV corroborated the high colloidal stability of the CFF@AuNPs system, consistent with literature
values for well-stabilized gold nanoparticles [43].
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Figure 1. (a) UV-Vis spectrum of CFF@AuNPs; (b) DLS correlation curve from; (¢) frequency distribution
of hydrodynamic radius; (d) TEM micrograph; (e) SEM micrograph; and (f) corresponding TEM histogram
size distribution.

TEM provided direct evidence of the morphology and size of the CFF@AuNPs (Figure 1d). The nanoparticles
exhibited predominantly spherical shapes with well-defined contours and an average radius of 8.4 + 2.8 nm, as
determined from statistical analysis of multiple images. The relatively narrow distribution confirmed the efficiency
of the peptide in mediating the nucleation and growth of gold nanostructures with controlled dimensions.

In contrast to TEM, SEM imaging (Figure 1e) does not resolve individual CFF@AuNPs, whose 10-20 nm
dimensions fall below the practical resolution limit for conventional SEM on carbon-based electrodes.
Instead, SEM captures the mesoscale surface morphology arising from the supramolecular organization of the
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peptide-nanoparticle assemblies after deposition. The heterogeneous granular domains observed in the micrographs,
therefore, reflect peptide-induced aggregation and film formation rather than the primary particle size.

This interpretation is supported by AFM measurements included in the Supplementary Information (Figure S3),
which reveal nanoscale aggregates, roughness domains, and surface features that closely match those observed in
SEM. AFM thus provides independent topographical evidence for the hierarchical supramolecular organization of
the CFF-stabilized AuNP film upon deposition on the electrode surface.

It is worth noting that the dimensions obtained from electron microscopy were consistently smaller than the
hydrodynamic radius measured by DLS (16.25 nm, PDI < 0.2). This discrepancy is well documented in the
literature and is attributed to the fact that DLS accounts not only for the metallic core but also for the solvation
layer and peptide corona surrounding nanoparticles in solution. In contrast, TEM and SEM probe only the dry
metallic core under high vacuum. Together, these complementary techniques confirm the successful synthesis of
monodisperse, colloidally stable AuNPs functionalized with CFF.

XPS was employed to investigate the chemical environment of the peptide-coated gold nanoparticles
deposited on the surface of carbon-based screen-printed electrodes. The survey spectra confirmed the presence of
carbon, nitrogen, oxygen, sulfur, and gold, consistent with the expected composition of the CFF-modified
nanostructures (Figure 2a—c).
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Figure 2. High-resolution XPS spectra of the (a) overall survey of the carbon-based screen-printed electrode (SPE)
modified with gold nanoparticles synthesized using the CFF peptide, and the corresponding (b) S 2p and (¢) Au 4f
regions. Comparative electrochemical characterization by (d) cyclic voltammetry and (e) electrochemical
impedance spectroscopy (EIS) for the bare SPE (black dots), crude CFF peptide (red dots), and CFF@AuNPs-
modified electrode (blue dots), recorded in the presence of the outer-sphere redox probe [Fe(CN)s]>7~ (5.0 mM in
100 mM sodium phosphate buffer, pH 7.0). The electrochemical responses reflect changes at the electrode surface
induced by the deposited peptide and peptide-AuNP films. The respective solid lines represent the data fitting using
the modified Newman equivalent circuit, in which the double-layer capacitance was replaced by a constant phase
element (CPE). (f) Bar graph showing the enhancement of the heterogeneous electron-transfer rate constant (ko)
after modification with CFF@AuNPs.

The high-resolution sulfur spectrum (Figure 2b) revealed two distinct S 2p doublets, assigned to thiolate
species bound to gold (Au—S) and free thiol groups (—SH). The component at ~162.3 eV is characteristic of Au—S
bonding, whereas the signal centered at ~164.2 eV corresponds to unbound thiols. This result indicates that a
fraction of the cysteine residues of the CFF peptide is covalently anchored to the Au nanoparticle surface,
contributing to colloidal stabilization, while another fraction remains non-coordinated. Such coexistence is
consistent with a mixed binding scenario, in which peptide molecules are stabilized on the nanoparticle surface
through both covalent Au-S interactions and noncovalent interactions associated with peptide self-assembly and
supramolecular organization [34].
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The high-resolution spectrum of gold (Figure 2¢) showed four characteristic peaks, grouped into two pairs.
Peaks at 83.88 €V and 87.46 eV were attributed to metallic gold (Au®), confirming the successful reduction of the
precursor salt. Additional peaks at 83.51 eV and 85.26 eV indicated the presence of Au'' species, directly
associated with the covalent Au-S interaction between the nanoparticles and the thiol groups of the peptide. The
coexistence of Au® and Au*! states is consistent with previous reports describing the peptide-mediated stabilization
of gold nanostructures, where partial oxidation occurs at the peptide-gold interface.

Together, these XPS analyses provided unambiguous evidence of the successful chemical functionalization
of gold nanoparticles with the CFF peptide, confirming the role of cysteine residues in mediating both reduction
and surface stabilization. These findings corroborate the morphological and colloidal characterization, further
establishing that the synthetic strategy yielded structurally and chemically stable CFF@AuNPs.

Electrochemical characterization of the peptide-coated gold nanoparticles was carried out by CV and EIS
using carbon-based screen-printed electrodes modified with CFF@AuNPs. The CV profiles (Figure 2d) showed a
significant increase in both anodic and cathodic peak currents relative to bare electrodes, confirming the successful
surface modification and the improved electron-transfer properties provided by the nanostructured layer.
Specifically, the anodic and cathodic peak currents increased by a factor of 2 relative to the bare SPE, and the
peak-to-peak separation (AE,) decreased to ~100 mV, indicating faster electron-transfer kinetics and behavior
closer to reversibility. This enhancement can be attributed to the high surface area of the nanoparticles and the
conductive properties of the gold core, which facilitated charge transfer at the electrode—electrolyte interface [44].

The cyclic voltammograms recorded at multiple scan rates (10-200 mV s!), which were used to extract the
peak-potential shifts required for the kinetic evaluation, are provided in the Supplementary Information (Figure S4).

The heterogeneous electron-transfer rate constant (ko) obtained from Laviron analysis revealed a substantial
improvement upon surface modification: the bare carbon electrode displayed a ko value of 0.04 s™!, whereas the
CFF@AuNPs-modified electrode reached 0.25 s™! (Figure 2f). This pronounced enhancement is fully consistent
with the CV and EIS results and reflects the increased electroactive surface area and improved interfacial
conductivity provided by the peptide-stabilized gold nanoparticles.

EIS measurements (Figure 2e), fitted using a modified Newman equivalent circuit in which the double-layer
capacitance was replaced by a constant phase element (CPE), further corroborated these findings [45]. The Nyquist
plots of the CFF@AuNPs-modified electrodes exhibited a pronounced decrease in the charge-transfer resistance
(R.) compared to the unmodified electrodes, as evidenced by the smaller semicircle diameter in the high-frequency
region. Specifically, the R, decreased from approximately 1.6 kQ for the bare carbon electrode to about 0.45 kQ
after modification with CFF@AuNPs, confirming the peptide’s ability to promote a uniform distribution of gold
nanoparticles and enhance interfacial charge transfer. This reduction in interfacial resistance reflects not only faster
electron-transfer kinetics but also the increased electroactive surface area and improved conductivity provided by
the nanostructured coating.

3.2. Immobilization of AChE and Detection of Carbaryl

The immobilization of AChE onto CFF@AuNPs-modified electrodes was achieved by drop-casting equal
volumes of the colloidal CFF@AuNPs dispersion and the enzyme stock solution. The optimized condition
corresponded to a final enzyme concentration of 33.4 U-mL™!, which provided a stable current response with
minimal deviation at equilibrium (6001200 s), outperforming higher enzyme loadings typically reported in the
literature (e.g., 80-127 U-mL™") [46,47].

Cyclic voltammetry measurements (Figure 3a) confirmed the enzymatic hydrolysis of acetylthiocholine
(ATCh) by AChE immobilized on CFF@AuNPs, producing thiocholine as the electroactive species [48].
A distinct oxidation peak appeared between 0.6 and 0.8 V, which was absent in the control without enzyme,
demonstrating that the CFF peptide alone does not exhibit catalytic or mimetic activity.

Chronoamperometric studies (Figure 3b) further validated these findings, revealing an increase in oxidation
current with increasing ATCh concentration. Electrodes prepared with 33.4 U-mL™" AChE exhibited the most
intense and stable current response, confirming this as the optimal enzyme loading. These results highlight the
synergy between the CFF@AuNPs nanostructure and AChE, in which the peptide provides a biocompatible
interface and strong anchoring through Au-S interactions, thereby preserving enzymatic activity.
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Figure 3. (a) Cyclic voltammetry comparison of the bare SPE (black line), CFF@AuNPs-modified electrode
(blue line), crude CFF peptide (pink line), and CFF@AuNPs—AChE-modified electrode (red line) recorded in the
presence of acetylthiocholine (ATCh), illustrating the electrochemical response associated with enzymatic
hydrolysis and subsequent oxidation of thiocholine at the electrode surface. (b) Chronoamperometric response of
the CFF@AuNPs—AChE-modified electrode toward increasing concentrations of ATCh, where the steady-state
current reflects the catalytic activity of the immobilized acetylcholinesterase, and was used for the quantitative
evaluation of enzymatic activity and inhibition efficiency.

SWYV experiments (Figure 4a) confirmed the enzymatic activity of AChE immobilized on the CFF@AuNPs-
modified electrode, showing a well-defined oxidation peak at 0.75 £ 0.02 V, consistent with the electrochemical
oxidation of thiocholine as previously reported [49-52].

Calibration experiments with carbaryl in the range of 1-6 nM (Figure 4b) yielded a linear relationship between
the inhibition percentage and the logarithm of carbamate concentration, described by the regression equation:

% Inhibition = 0.4302 x log[C] + 4.3453 (R? = 0.99)

From this calibration, the biosensor exhibited a limit of detection (LOD) of 0.94 nM, which is notably lower than
most reported values for AChE-based biosensors using gold or carbon nanostructures (Table 1). This improvement
highlights the high sensitivity achieved with the peptide-stabilized AuNPs interface. Reproducibility tests yielded
relative standard deviations of less than 5% (n = 3), confirming the robustness of the fabrication procedure.
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Figure 4. (a) Square wave voltammograms of the AChE/CFF@AuNPs-modified SPE obtained for increasing
concentrations of 1-naphthyl N-methylcarbamate. (b) Calibration curve showing the percentage of inhibition as a
function of the logarithm of carbamate concentration. (¢) Lineweaver—Burk plot for the AChE/CFF@AuNPs-
modified electrode in the absence and presence of the pesticide, confirming the mixed inhibition behavior.

Enzyme kinetics were further evaluated using the Michaelis—Menten model (Figure 4c), obtained from
chronoamperometry at 0.75 V with increasing ATCh concentrations (1-9 mM) [52]. The biosensor displayed a
Michaelis—Menten constant (K,,) of 1.66 mM in the absence of inhibitor, confirming the high affinity of AChE
immobilized on CFF@AuNPs for its substrate. Upon exposure to carbaryl (3.5 nM, 2 min), the apparent K,
increased to 2.52 mM, while the maximum velocity (¥,.ac) remained unchanged, indicating a competitive inhibition
mechanism. This behavior aligns with the classical inhibition pattern of AChE by carbamate pesticides. The
inhibition constant (k;) for carbaryl was estimated to be 1.14 x 10’ M min', consistent with values reported for
AChE-based biosensors [53].
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These results highlight the potential of peptide-mediated nanostructures as efficient immobilization platforms
for enzymatic biosensors, enabling highly sensitive and selective detection of pesticides at environmentally
relevant concentrations.

Table 1. Comparison of analytical performance reported for AChE-based biosensors employing different electrode
architectures, enzyme immobilization strategies, and detection techniques, including the present study (compiled
from literature reports and this work).

. . Electrode Immobilization .
Technique Target Inhibitor(s) Architecture strategy LOD Linear range Reference
Colorimetric ~ Methomyl, Profenofos CS/DTNB Covalent crosslinking - ¢ | ¢ 14 g 0.27 mM [54]
(glutaraldehyde)
Malathion,
Potentiometric Parathion-methyl, CS/pH electrode Tonic interaction 0.6-600 mM 0.1-100 mM [55]
Methamidophos
Amperometric (CV) Malathion AChE-CS-AuNPs/Au__ Ionic interaction 0.1 nM 0.1-20 ng/mL [30]
. . AChE@CCS/AgNC/ Covalent crosslinking
Amperometric (CV) Phoxim GO/GCE (carboxylic chitosan) 0.081 nM 0.2-250 nM [56]
Amperometric (CV)  Methyl parathion AChEC—g/a((}Dé)é NPs- Diffusion-controlled 1 ng/mL 0.005-0.2 ug/mL [57]
Amperometric (DPV) Dichlorvos AChE/CS@Ti0x-CS/ Electrostatic interaction 29 nM 0.036-22.6 uM [58]
rGO/GCE
. . AChE-CS/ . .
Amperometric (DPV) Malathion Pd-Cu NWs/GCE Physical adsorption 1.5 ppt 5-1000 ppt [59]
3
CS/ACE/ 4.14 pg/mL| 7'9872/}?11] .
Amperometric (DPV) Malathion, Carbaryl PB-CS/ERGO/ Physical adsorption 1' 15 pg mL 4 38% 0% 10° [60]
AuNPs-p-CD/GCE 1o Pg .
pg/mL
. Captan, Carbosulfan, .. .
Amperometric (LSV) TCDD. and PCP Pt/ZnO/AChE/CS Ionic interaction 1-50 nM 0.05-30 uM [61]
. . Nafion/AChE/MWN . . 5
Amperometric (CV) Chlorpyrifos Ts-Sn0,-CS/Au Physical adsorption 100 pg/L 0.05-1 x 10 [62]
. . Covalent crosslinking
Amperometric (CV) Triazophos AChE-MC/GCE (glutaraldehyde) 0.01 uM 0.03-7.8 uM [63]
Amperometric (CV) Monocrotophos AChEC-I(\:/I(}éEESNPS- Covalent attachment 0.3 ng/mL 1-1000 ng/mL [64]
. Dichlorvos, Omethoate, Covalent crosslinking
Amperometric (CV) Trichlorfon, Phoxim AChE-PB/GCE (glutaraldehyde) 2.5-15ng/L 10-10,000 ng/L [65]
. . (MWCNTSs/ALB)s/ . . 0.68 ng/L 5
Amperometric (CV) Dichlorvos GCE Tonic interaction (£0.076) 0.25-1.75 yM [66]
Amperometric (SEV) Dichlorvos (CS/ALB)s/GCE Tonic interaction O(fg gégg/? 0.25-1.50 uM [67]
Amperometric (CV) Dichlorvos AChE-A(I}\I C_%/[WNTS/ Physical adsorption 10 ng/L 50 ng/L-5 mg/L [68]
. (AChE/CS)/ .. . . 10103
Amperometric (CV) Methomyl (MWNTSs/CS)/GCE Ionic interaction 107" g/L 107°-10~ g/L [69]
Amperometric (CV & . AChE/F-ZnSe/ . .
Chronoamperometry) Methyl parathion GR-CS/GCE Physical adsorption 0.2 nM 0.5 nM-0.5 uM [70]
. . AChE-MWCNTs- . .
Amperometric (CV) Malathion AU-CS/GCE Physical adsorption 0.6 ng/mL 1-1000 ng/mL [71]
Malathion,
. Chlorpyrifos, AChE/CS-PB- . .
Amperometric (DPV) Monocrotophos, MWNTs-HGNs/Au Physical adsorption 0.05 nM 0.05-80 nM [72]
Carbofuran
. Covalent attachment
Amperometric (FIA) Sulfotep AChE/CMC/GCE (glutaraldehyde) 1.0 nM 1.0-500 uM [73]
. S AChE/CS- Covalent crosslinking
Amperometric Pirimiphos-methyl PVANFM/SPE (glutaraldehyde) 0.2 nM NR [74]
Amperometric (CV & . .
Chronoamperometry) Paraoxon AChE/CS/CB-SPE  Physical adsorption 0.05 pg/L 0.1-0.5 pg/L [75]
. Malathion, . . 0.01 pg/mL  0.001-0.1 pg/mL
Amperometric (SEV) Monocrotophos AChE-CS/GNPs/Au  Physical adsorption 0.001 pg/ml 220 pg/ml [76]
1.3x10°M .
(Phoxim); 5.0 x _ Fnoxim: 6.6 x
. . S 107°4.4 x 10" M;
. Phoxim, Malathion, . . 10° M .
Amperometric (CV) . GC/ZrO-/CS/AChE  Physical adsorption . Malathion: 1.0 x [77]
Dimethoate (Malathion); 1.7 |5 A
6 10°-5.9 x 1077 M;
<10 "M Dimethoate: NR
(Dimethoate) oate:
. Chlorpyrifos, . . . 0.5-10 ppb; 0.5-10
Appermerie €V & tamon Catun \ESTEARMNPS - Couttbonding ot 05008 o’ 7
P Y Isoprocarb 42 PpD; B0 pp 2-10 ppb
Amperometric AChE/CFF@AuNPs/ Physical This
(SWV) Carbaryl SPE-C Adsorption 0.94nM 2-6nM Work
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4. Conclusions

In this work, we developed an electrochemical biosensor for detecting carbamate pesticides, based on
acetylcholinesterase immobilized on gold nanoparticles synthesized using the CFF peptide as both a reducing and
stabilizing agent. The peptide-mediated synthesis produced spherical AuNPs with a controlled hydrodynamic
radius (~16 nm), low polydispersity, and high colloidal stability, as confirmed by several techniques, including
XPS analysis. Electrochemical studies revealed that the nanostructured interface substantially enhanced electron
transfer, as evidenced by lower charge-transfer resistance and a higher heterogeneous electron-transfer rate
constant compared to the bare electrode.

The biosensor exhibited excellent analytical performance for carbaryl detection, with a Michaelis—Menten
constant of 1.66 mM (increasing to 2.52 mM after exposure to the pesticide), an inhibition constant of
1.14 x 107 M""'min!, and a highly linear calibration curve. The device achieved a detection limit of 0.94 nM,
outperforming most reported AChE-based biosensors. Moreover, the optimized enzyme loading (33.4 U-mL™)
ensured stable, reproducible responses (RSD < 5%) while maintaining a low-cost, sustainable fabrication strategy.

Overall, these findings demonstrate that peptide-mediated gold nanostructures constitute a versatile and
efficient platform for enzyme immobilization and biosensing. The combination of the CFF peptide’s self-
assembling properties and the electronic conductivity of gold nanoparticles provided a sensitive and reproducible
interface for AChE immobilization. This approach contributes to a fundamental understanding of peptide-
nanoparticle interactions and supports the design of greener, more stable electrochemical biosensing architectures.

Supplementary Materials

The additional data and information can be downloaded at: https://media.sciltp.com/articles/others/26011
61422458719/BB-25100137-Supplementary-Materials.pdf. Supporting Information includes the Fmoc solid-
phase synthesis scheme and HPLC-MS characterization of the CFF peptide, AFM and XPS surface analyses, and
complementary electrochemical data. The Supplementary Material also presents cyclic voltammograms recorded
at multiple scan rates, Laviron plots, and a summary table reporting the charge-transfer coefficient (o) and
heterogeneous electron-transfer rate constant (k) for bare and CFF@AuNPs-modified electrodes.
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