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Brazil. E-mail: wendel.alves@ufabc.edu.br
cUniversity of Copenhagen, Niels Bohr Instit
dUniversidade de São Paulo, Instituto de F́ıs
eNanomicroscopy Center, Aalto University

Finland

† Electronic supplementary infor
https://doi.org/10.1039/d2na00345g

Cite this: Nanoscale Adv., 2022, 4,
3592

Received 31st May 2022
Accepted 27th July 2022

DOI: 10.1039/d2na00345g

rsc.li/nanoscale-advances

3592 | Nanoscale Adv., 2022, 4, 359
een glyphosate pesticide and
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The large-scale use of glyphosate pesticides in food production has attracted attention due to

environmental damage and toxicity risks. Several regulatory authorities have established safe limits or

concentrations of these pesticides in water and various food products consumed daily. The irreversible

inhibition of acetylcholinesterase (AChE) activity is one of the strategies used for pesticide detection.

Herein, we found that lipopeptide sequences can act as biomimetic microenvironments of AChE,

showing higher catalytic activities than natural enzymes in an aqueous solution, based on IC50 values.

These biomolecules contain in the hydrophilic part the amino acids L-proline (P), L-arginine (R), L-

tryptophan (W), and L-glycine (G), covalently linked to a hydrophobic part formed by one or two long

aliphatic chains. The obtained materials are referred to as compounds 1 and 2, respectively. According to

fluorescence assays, 2 is more hydrophobic than 1. The circular dichroism (CD) data present a significant

difference in the molar ellipticity values, likely related to distinct conformations assumed by the proline

residue in the lipopeptide supramolecular structure in solution. The morphological aspect was further

characterized using small-angle X-ray scattering (SAXS) and cryogenic transmission electron microscopy

(cryo-TEM), which showed that compounds 1 and 2 self-assembly into cylindrical and planar core–shell

structures, respectively. The mimetic AchE behaviour of lipopeptides was confirmed by Ellman's

hydrolysis reaction, where the proline residue in the peptides act as a nucleophilic scavenger of

organophosphate pesticides. Moreover, the isothermal titration calorimetry (ITC) experiments revealed

that host–guest interactions in both systems were dominated by enthalpically-driven thermodynamics.

UV-vis kinetic experiments were performed to assess the inhibition of the lipopeptide catalytic activity

and the IC50 values were obtained, and we found that the detection limit correlated with the increase in

hydrophobicity of the lipopeptides, implying the micellization process is more favorable.
Introduction

In the last few decades, the use of pesticides in agronomy has
increased with the need to control agricultural pests, ensuring
increased farm production.1–3 However, this widespread use has
negatively impacted human health, ecological imbalance, and
environmental contamination.4 A million people are estimated
to be poisoned by pesticides worldwide, of which over 300 000
die each year.4,5
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The most common type of pesticide used worldwide is
organophosphate pesticides (OPs). Among them, glyphosate, N-
(phosphonomethyl) glycine (PNG), is a compound widely used
for weed control in agricultural production and urban, indus-
trial, and recreational areas worldwide.6–8 It inhibits the
biosynthesis of aromatic amino acids (phenylalanine, tyrosine,
and tryptophan), leading to various metabolic disorders,
including the disruption of protein production, creation of by-
products, and a general metabolic disruption of the phenyl-
propanoid pathway.9,10

OP toxicity in humans is related to its role inhibiting the
enzyme acetylcholinesterase (AChE) that promotes the accu-
mulation of the neurotransmitter acetylcholine (AcTh) in the
nerves affecting the normal functioning of organs and muscle
activities, causing severe symptoms that are potentially
deadly.11 The action of catalytic peptide nanostructures has
been studied to design an articial enzyme capable of emula-
tion of the catalytic triad of AChE, composed of glutamic acid,
which recognizes the choline site group (Ch) as well as
© 2022 The Author(s). Published by the Royal Society of Chemistry
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histidine, a proton donor, and serine, responsible for pesticide
hydrolysis.12

Detection of PNG residues is a crucial approach to contam-
ination management. Many methodologies have been used in
the literature, such as HPLC,13 capillary electrophoreses,14 mass
spectrometry,15 uorescence spectroscopy,16 cyclic voltamme-
try,17 amperometry,18 and coulometry.19–22 Among these, colori-
metric sensors are interesting because they have easy operation,
visual quantication, and low sample volume.20,23 Recently,
many groups have developed colorimetric response materials
with high sensitivity for PNG detection and high specicity.19–22

The most convenient and sophisticated technological tools
able to perform fast, simple, low-cost, specic, and highly
sensitive detection are biosensors.24,25 These analytical devices
incorporate a biological component capable of specically
recognizing targets and producing a measurable signal related
to the analyte concentration.26 One solution explored is the
construction of biomimetic sensors, whose biological recogni-
tion element is an articial or synthetic biomolecule that
mimics the molecular functionality of interest.27–29

Here we propose a new lipopeptide sequence to mimic the
function and structural aspects of AchE. We have studied the
interaction between lipopeptides with PNG pesticides and their
potential use for analytical applications. These lipopeptides
contain the amino acids L-proline (P), L-arginine (R), L-trypto-
phan (W), and L-glycine (G), covalently linked to one,30,31 or two
long aliphatic chains,30–32 referred to herein as compound 1 and
2, respectively (Fig. 1).

To this end, small-angle X-ray scattering (SAXS) was used to
probe structural aspects and provide insights into the mecha-
nisms involved in the lipopeptide self-assembly. Combined
with calorimetry (isothermal titration calorimetry, ITC), spec-
troscopy (circular dichroism, CD) and uorescence, and
microscopy (transmission electron microscopy, TEM and cryo-
TEM), we investigate the physicochemical mechanisms
involved in the self-assembly of lipopeptide nanostructures and
their interaction with PNG. We showed an efficient mimetic
behaviour of these lipopeptides as a model of AChE activity,
conrmed by Ellman analysis, a well-known method for veri-
fying AChE pesticide interaction.33 Also, we observed the inu-
ence of the hydrophobicity of compounds 1 and 2 in the PNG
limit of detection and sensitivity from a calibration experiment.
Fig. 1 Molecular structures of the lipopeptides PRWG–C18H37

(compound 1), PRWG–(C18H37)2 (compound 2).

© 2022 The Author(s). Published by the Royal Society of Chemistry
Materials and methods
Lipopeptides

The lipopeptides used in this study were custom synthesized by
Peptide Protein Research Ltd. (Fareham, UK) with purity > 95%,
assessed by High-Performance Liquid Chromatography (HPLC).
The theoretical and experimental molecular weight (Mw),
determined by mass spectrometry, is shown in Table 1. All
reagents were purchased from Sigma-Aldrich and used without
further purication.

Fluorescence spectroscopy

Fluorescence spectra were recorded as described previously.34

Pyrene assays were performed using 3.25 � 10�4 to 0.13 wt%
peptide in 9 � 10�5 wt% pyrene solution.

Circular dichroism (CD)

CD spectra were recorded as described previously.35 Quartz
cuvettes (thickness of 0.1 mm) were used for the experiments.
Ellipticity is reported as the mean residue ellipticity ([q], in
degrees cm2 dmol�1) and calculated as [q]¼Mrw � [q]obs/(10� c
� l), where [q]obs is the ellipticity measured in millidegrees,Mrw

is the mean residue molecular weight of the peptide (molecular
weight divided by the number of amino acid residues), c is the
concentration of the sample in mg mL�1, and l is the optical
path length in centimetres.

Cryogenic transmission electron microscopy (cryo-TEM)

Cryo-TEM images were obtained as described previously.34

Small-angle X-ray scattering (SAXS)

SAXS experiments were performed on the bioSAXS B21 beam-
line at Diamond Light Source, UK, and BM29 beamline at ESRF
(Grenoble, France), using previously described protocols.36

Isothermal titration calorimetry (ITC)

The calorimetric measurements were performed using a Micro-
Cal iTC200 instrument (Malvern, UK). The sample cell was lled
with 200 mL of buffer solution or 0.3 mM of lipopeptide, and the
titration syringe contained approximately 40 mL of 2 mM PNG
solution. Each experiment consisted of 19 injections with
a volume 2 mL each into the sample cell at 25 �C. The measured
heat ux signal was integrated over time using Origin™ so-
ware to obtain the molar enthalpy values of the enthalpogram.
Because the PNG and buffer enthalpogram (the “background”)
was found not to be a straight line, it was not directly subtracted
Table 1 The lipopeptides used in this study with the theoretical and
experimental molecular weight

Compounds Structural abbreviation Theoretical Mw

Experimental
Mw

1 PRWG–((CH)2)17CH3 766.57 766.65
2 PRWG–[((CH)2)17CH3]2 1018.85 1018.86

Nanoscale Adv., 2022, 4, 3592–3599 | 3593
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Fig. 2 Fluorescence intensity results using pyrene as probe (378 nm)
for compounds 1 and 2 (A) as a function of the concentration. The
intersection point of the two straight lines determines the cac values.
(B) CD spectra for 0.033 wt% 1 and 2 in water solutions at the pH 7.
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View Article Online
from the PNG and lipopeptide enthalpograms. Therefore, the
data presented herein is the measured data.

UV-vis spectroscopy

An Ellman's test was performed to determine the efficiency of
the lipopeptide as a mimic of AChE. It is based on the reaction
between 5,50-dithiobis(2-nitrobenzoic acid) (DTNB) and thio-
choline (TCh) to form a yellow anion (5-thio-2-nitrobenzoate)
(TNB2�) during enzymatic reactions at l ¼ 412 nm (3 ¼ 13 600
mol�1 L cm�1). All the experiments were carried out using
a Cary 7000 UV-vis-NIR spectrometer (Agilent) connected to
a rapid mixing stopped-ow accessory. We veried that all
reactions happened in the rst 2 minutes. To this end, we
prepared two stock solutions, one with the lipopeptide
(compound 1 or 2) at 0.06 mM mixed with DNTB at 0.9 mM,
both in phosphate buffer, and the other composed of AcTh at
1.8 mM in phosphate buffer. All reactions were carried out in
a quartz cuvette with 80 mL of solution. For the kinetic experi-
ments, we xed the wavelength at 412 nm and observed the
absorbance intensity as a function of the time (for around 30
min).

Thermochemical DFT calculations

Calculations were done with the ORCA program version
4.2.1,37,38 employing the B3LYP39–42 functional and ma-def2-
TZVP basis set43,44 (named B3LYP/def2-TZVP/SMD/D3BJ). The
SMD system was implicitly used to model the solvent of water
and cyclohexanone,43 and the Becke–Johnson damping (D3BJ)
was used for the dispersion correction.45,46 VMD soware47 was
used for the visualization of optimized geometries. We per-
formed Nudged Elastic Band (NEB)48 calculations from opti-
mized triple zeta geometries using a slightly larger ma-def2-
TZVP basis set. NEB calculations were used to estimate
a minimum energy path (MEP) along transition geometries
from reactant to products.

Results and discussion

Fluorescence experiments were carried out to determine the
critical aggregation concentration (cac) of compounds 1 and 2,
as shown in Fig. 2A. The uorescence intensity of pyrene as
a uorescence probe is plotted as a function of the logarithm of
the peptide concentration evaluated at 378 nm from the uo-
rescence spectrum (Fig. S1A and B†). The intersection of two
lines (Fig. 2A) determines the cac. For compound 1 the cac value
is 9.33 � 10�3 wt%, and for compound 2, it is 7.41 � 10�3 wt%,
the latter being the more hydrophobic as it has two alkyl chains.
Comparing the cac values obtained previously at pH 3.5,31 with
those reported in this study at pH 7.0, we noted that the solu-
bility increases with increasing pH.

The secondary structures were analyzed by CD experiments,
as shown in Fig. 2B. For compound 1, a maximum peak around
190 nm is observed and associated with p–p* stacking inter-
actions related to the formation of weak b-sheets, while the
minimum peak at �210 nm is also due to b-sheet structure,
although the position of this band is shied. The maximum at
3594 | Nanoscale Adv., 2022, 4, 3592–3599
�230 nm is due to the presence of tryptophan.49,50 For
compound 2, we observe the same band around 190 nm and an
overall change in the ellipticity prole. Likely, the presence of
one extra carbon chain changes the molecular packing and,
consequently, the chirality of the system, which promotes
modications in the CD signal. As evidence of this hypothesis,
the minimum at �205 nm followed by a maximum band at
�223 nm is close to the behaviour expected for proline, as
previously observed.51 In this case, the red-shi of the peaks in
the spectrum for 2 (Fig. 2B) may be due to aggregation or self-
assembly.52 Comparing these results with the ones already
published,53 it is noted that the increase of the solution pH
promotes a considerable modication in the secondary struc-
ture of compound 2. Also, the number of alkyl chains inuences
the lipopeptide secondary structure. To obtain more informa-
tion about this, SAXS experiments were performed, the data
being shown in Fig. 3A (open circles).

The scattering intensity (I(q)) for both molecules presents
a form factor maximum at a wavenumber q ¼ 1.5 nm�1, char-
acteristic of core–shell structures. However, it is possible to
observe different intensity behaviour in the low q region: for 1
the intensity decays as q�1 (green line), suggesting a cylindrical
structure.54 In the case of compound 2, a planar structure (q�2

power law decay) is indicated. More quantitative information
about the systems was obtained by tting the experimental data
using the SASView program using a cylinder core–shell or
a bilayer form factor, respectively (Fig. 3A). The t parameters
are summarized in Table 2. For 1, we obtained a cylinder
diameter (2dT + 2dH) around 6.46 nm and for 2 the thickness of
the bilayer is 5.3 nm (Fig. S2†). Comparing the head and the tail
length between them, we observed the values obtained for 2 are
smaller than 1 showing this structure is more compact than 1.
At pH¼ 3.5, compound 1 self-assembles in spherical micelles.31

Here, at pH 7, cylindrical micelles were observed, while
compound 2 forms bilayers at both pH values.

The morphology of these lipopeptides in 0.5 wt% solutions
was assessed by cryo-TEM (Fig. 3B and C). For compound 1,
elongated structures 9.2 nm in diameter were observed
(Fig. 3B), comparable with the dimensions obtained by SAXS
form factor tting. On the other hand, for compound 2, planar
vesicle-like structures with an average diameter of around
170 nm were observed (Fig. 3C). The presence of bilayer struc-
tures is consistent with the SAXS data analysis. Interestingly,
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (A) SAXS data spectra of 1 and 2 at 0.2 wt%. The green line
represents the power law slope at low q values, corresponding to
cylinder (q�1) and planar (q�2) assemblies. The red line is the fitting
using a cylinder core–shell or bilayer as form factor. Cryo-TEM images
were obtained for (B) compound 1 and (C) compound 2 at pH 7.0.
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irregular planar structures were observed at acidic pH,31 while
compound 2 in a neutral medium presents vesicle-like
structure.

The catalytic activity of the lipopeptides was determined by
spectrophotometric experiments using Ellman's test.28,29,33 The
acetylthiocholine chloride (AcTh) concentration range was 2 �
10�4 to 6 � 10�3 mmol L�1, and the lipopeptide concentration
was 0.04 mmol L�1 in pH 7.0 phosphate buffer solution. The
formation of the anion (5-thio-2-nitrobenzoate) (TNB2�) was
qualitatively observed through the yellowish color of the
mixture (Fig. S3A†) and conrmed by UV/vis spectroscopy
increasing the amount of AcTh led to an increase in absorbance
at 412 nm (Fig. S3B†).

To explain the role of micelles in promoting AcTh decom-
position, we hypothesize that the N terminus of proline acts as
a nucleophile. In contrast, TFA, present in all lipopeptide salts,
could serve as a proton acceptor in a general base catalysis
mechanism. We note that this is not the only possible
Table 2 The SAXS parameters were obtained by the data fitting using
the cylinder and bilayer model. dT and dH are the thickness of the
hydrophobic and hydrophilic region, respectively, whereas Dr is the
scattering length contrast of the hydrophilic region relative to the
hydrophobic one, i.e., Dr ¼ dH/dT

Compound 1
(pH 7.0)

Compound 2
(pH 7.0)

Compound 1
(pH 3.5)a

Compound 2
(pH 3.5)a

dT [nm] 2.26 � 0.21 1.81 � 0.18 1.44 2.2
dH [nm] 0.97 � 0.09 0.84 � 0.13 1.2 2.0
Dr �1.72 � 0.16 �1.63 � 0.56

a Results extracted from ref. 31.

© 2022 The Author(s). Published by the Royal Society of Chemistry
mechanism for the change in the proline protonation state. The
micelle environment can also alter the protonation equilibrium
due to the reduced water content and the presence of many
positively charged groups. However, this second hypothesis was
not explored in this work.

Molecular dynamics results30 indicate at least three distinct
environments in approximately spherical micellar lipopeptide
systems: the apolar core, an intermediate hydrophilic interface
region, and the bulk. These regions have different chemical
environments and can inuence the L-proline protonation
equilibrium. Previously,31 we have computed the proton trans-
fer equilibrium between TFA and a proline amide model
molecule in three distinct environments: water, cyclohexanone,
and n-heptane modeling the outside, the amino acid–aqueous
interface, and the micelle core, respectively.

To investigate our mechanistic hypothesis, we compute
reaction free energies for the AcTh tetrahedral intermediate
formation, following nucleophilic attack by proline and AcTh
hydrolysis reaction. In our investigation, the peptide is modeled
as a single N-methyl-L-prolinamide (Pro-NMe) molecule,
a methyl-capped proline amino acid. The tetrahedral interme-
diate formed aer the Pro-NMe attack is 10.9 kcal mol�1 higher
in energy (reaction (2), Table 3) when compared to the reactant
complex (shown in Fig. 4). On the other hand, the complete
hydrolysis reaction is exergonic, with DG values of �2.27 and
�4.24 kcal mol�1 in water and cyclohexanone. Both reactions
are weakly affected by the medium. However, the L-proline
proton equilibrium with TFA is highly medium dependent, DG
changing from a positive 14.4 kcal mol�1 to 4.35 kcal mol�1

when going from an aqueous environment (bulk) to less polar
cyclohexanone (micelle interface region).

This result suggests that proline-containing lipopeptides
could act as nucleophiles due to the shi in protonation equi-
librium enabled by the micellar environment, similar to that
present on the AChE enzyme. We used DFT and NEB to inves-
tigate the thiocholine formation step, where acyl transfer occurs
aer the attack by proline. This mechanism has a reaction
barrier of 12.8 kcal mol�1 in cyclohexanone (model of the
micelle interface region), with the key steps being the acyl
transfer followed by proton transfer from the nitrogen of
proline to the leaving thiocholine. The high-energy zwitterionic
character of the transition state (a NEB climbing image is shown
in Fig. 4) is quickly stabilized by the proton transfer. The reac-
tion energy prole generated from our NEB calculations is
shown in Fig. S4.† We also investigated a general base catalysis
Table 3 Reaction-free energies computed using DFT and the B3LYP/
def2-TZVP/SMD/D3BJ methodology described in the text. Pro(H)
stands for (protonated) N-methyl-L-prolinamide, TFA(H) stands for
(protonated) trifluoroacetic acid, Pro–AcTh for the tetrahedral inter-
mediate, ThC for thiocholine, and Ac for protonated acetic acid.
Energies in kcal mol�1

Reaction Water Cyclohexanone

1 ProH + TFA / Pro + TFAH 14.4 4.3
2 Pro + AcTh / Pro–AcTh 10.9 10.6
3 AcTh + H2O / ThC + AcH �2.3 �4.2

Nanoscale Adv., 2022, 4, 3592–3599 | 3595
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Fig. 4 Reactant complex (left), transition state (center) and product
(right) for the N-methyl-L-prolinamide and acetylthiocholine reaction.
Geometries were obtained using the B3LYP/def2-TZVP/SMD/D3BJ
methodology as detailed in the text. Distances (shown in figure) for the
nascent C–N and S–H bonds are; reactant: C–N 3.90 �A, S–H 2.88 �A;
transition state C–N 1.52�A, S–H2.35�A; product C–N 1.35�A, S–H 1.35�A.

Fig. 5 (A) ITC data for molecules 1 and 2 in the presence of PNG and
the correspondent SAXS data (B) and (C), respectively.
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mechanism, a single-step reaction where TFA actively takes part
but found much more signicant barriers. As expected, the
corresponding enzymatic acylation mechanism features a lower
7.2 kcal mol�1 barrier computed using QMMM.55

Fig. 5A shows ITC results for titration of PNG into 1 and 2 at
pH 7. The obtained enthalpogram (bottom plot) for each system
as a function of molar ratio pesticide/lipopeptide (P/L), ob-
tained from the integration of each peak shown in the uxo-
gram (upper plot), is different, which points to distinct
interactions. Titration of PNG with compound 1 (black open
circles) is exothermic (DH < 0) in all investigated ranges of P/L.
Moreover, there is a practically linear dependence of DH with P/
L, the interaction being less exothermic the higher the P/L
value. On the other hand, the mixture of PNG with compound
2 (red open circles) is only exothermic for P/L < 0.3, being
endothermic otherwise. In contrast to the case with 1, the
dependence of DHwith P/L is nonlinear, with amaximum of DH
at approximately P/L ¼ 0.7. Interestingly, in both cases, DH �
0 (meaning no interaction) is reached at the same P/L z 1.3. It
is known that exothermic processes are, in general, related to
electrostatic interactions, while endothermic ones have
a hydrophobic component.56 Compound 2 has a more hydro-
phobic environment than sample 1. To conrm the specicity
between glyphosate and the two lipopeptides studied herein, we
performed an ITC assay using the pesticide carbetamide in the
same experimental conditions used before (Fig. S5†). We
observed DH � 0 for all P/L ratios for both lipopeptides,
showing a weak interaction between carbetamide and 1 and 2
and thus indicating high specicity between PNG and the
lipopeptides.

SAXS experiments were carried out to determine how the
presence of the pesticide modies the lipopeptide self-assembly
(Fig. 5B and C). Three different P/L ratios were chosen: (1) P/L¼
0.02 (blue line), corresponding to the rst ITC injection; (2) P/L
� 0.2, where DH � 0 and (3) P/L ¼ 2, associated with the reac-
tion saturation.

For 1, increasing the amount of pesticide, the SAXS data
changes mainly in the low q region due to a morphological
transition from cylinders/brils to spheres (with a characteristic
plateau in the intensity at low q), which may explain the
nonlinear behaviour of the obtained ITC enthalpogram (Fig. 5B,
black circles). On the other hand, no morphological changes
were observed for compound 2, corroborating the predictable
3596 | Nanoscale Adv., 2022, 4, 3592–3599
and stable behaviour of the obtained enthalpogram (Fig. 5B, red
circles).

UV/vis kinetic experiments were performed to quantify the
lipopeptide catalytic activity. Fig. S6A and B† present the
absorbance curves vs. time, at 412 nm, for several concentra-
tions of the respective peptides. Two different behaviours are
observed: an exponential increase followed by a at region aer
a few seconds. The slope of the curve in the rst region repre-
sents the reaction rate of the formation of thiocholine (TCh),
while the at part indicates the reaction saturation. The slope
signicantly increases for compound 1 compared to 2. Aer
0.15 min, the value is constant for all reactions, but the absor-
bance increases with the lipopeptide concentration.

Fig. 6A and B present the kinetic experiments in the presence
of pesticides. The slope decreases with increasing [P/L],
corroborating the interaction between lipopeptide and the
pesticide. Therefore, the pesticide associated with the peptide
sequence decreases AcTh conversion. These changes are more
noticeable in the system containing 1. We calculated the inhi-
bition ratio (DI ¼ A[P/L]/A � 100) by the variation of the value as
a function of [P/L] (Fig. 6C). A linear behaviour was observed
around 1.2–30 mmol L�1, which is compatible with other
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Comparison of present method with other platform sensors
using UV-vis methods for PNG detection

Compound
Linear region
(mM) LOD (mM) Ref.

Cd–PVAa 0.1–1.2 0.6 19
MNBZ–Ag NPsb 0.1–1.2 0.02 20
3,30,5,50-Tetramethylbenzidine 2–150 1 21
SiNP/OPD/Cu2+c 2.5–250 11.8 22
Cysteamine–Au NPs 0.5–7 0.05 23
1 1.2–30 0.3 This work
2 1.2–12 1.5 This work

a Cd–PVA: copper doped poly(vinyl)alcohol. b MNBZ–Ag NPs: 2-
mercapto-5-nitrobenzimidazole capped silver nanoparticles. c SiNP:
silicon nanoparticles with o-phenylenediamine (OPD).
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materials described in the literature19–23 (Table 4). Interestingly,
for 1 a value DI around (62� 2.5)% was obtained. For 2, up to P/
L ¼ 0.2 DI reaches a maximum value of (57 � 1.5)%, showing 1
is more susceptible than 2 in the presence of PNG.

Nevertheless, the value of [P/L] required to reach these
inhibition ratios is different in each case: for compound 1, it is
necessary that [P/L] > 1.5, while for compound 2, [P/L] > 0.5. This
result is in agreement with ITC data (Fig. 5B): at [P/L] ¼ 0.0, 0.6
and 2.0, where DI1 z DI2, we also have jDH1j z jDH2j, where j j
indicates the absolute value, since DH can be positive or nega-
tive depending on the predominant nature of the interaction
(hydrophobic or electrostatic, respectively), as previously
mentioned. Note that the maximum value of [P/L] shown in the
ITC enthalpogram is�1.4, DHz 0 for higher [P/L] values. At [P/
L] � 0.2, DI1 < DI2 in the same way that jDH1j < jDH2j. In
conclusion, the inhibition rate is closely linked to the variation
in enthalpy of the interaction between PNG and the lip-
opeptides. The IC50 values obtained for the lipopeptides were 46
and 23 mM, for 1 and 2, respectively.

Comparing the IC50 values for AChE in the presence of
PNG57,58 with values found here, our values are 103 less than the
enzyme. Therefore, we concluded that lipopeptides are highly
sensitive to the pesticide. This may be because one micelle
contains around 160 PRWG30 lipopeptide molecules, which
promotes more interactions between the recognition sites and
Fig. 6 Absorbance intensity as a function of the time at different [P/L] rati
a function of [P/L] for compounds 1 (A) and 2, the red and black lines are
as a function of the PNGmolar concentration for compounds 1 (A) and 2,
(LOD).

© 2022 The Author(s). Published by the Royal Society of Chemistry
the pesticide. The limit of detection (LOD) obtained was 0.3 mM
and 1.5 mM for 1 and 2 (Table 4), respectively, showing that 1
detects PNG at a concentration 5� less than 2 (Fig. 6D).
Comparing these results with LOD values obtained for other
colorimetric sensors listed in Table 4, we can see a good
agreement among them. The LOD values obtained for
compounds 1 and 2 are in the PNG concentration range that is
allowed by governmental health institutions.59
os for compounds 1 (A) and 2 (B), respectively. (C) Inhibition ratio (DI) as
fitted using a sigmoidal function to obtain the IC50 values. (D) The ln(DI)
the red and black lines are linear fits to determine the limit of detection
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Conclusions

We have developed a new peptide sequence capable of
mimicking the behaviour of the acetylcholinesterase (AChE)
enzyme and with great potential for PNG detection. We
observed that the critical aggregation concentration (cac) of
compound 2 is lower than 1, indicating that the system is more
hydrophobic. This would be expected since molecule 2, which
contains two alkyl chains, is more hydrophobic. In addition,
signicant differences were observed in the CD spectra,
showing that changing the packing of the molecules promotes
a considerable change in the secondary structure of the
hydrophilic peptide sequence. The SAXS data and the cryo-TEM
images provide information about the morphology, for 1
cylindrical micelles and vesicle-like structures for 2. Fitting the
SAXS data, it was observed that system 2 is slightly more
compact than 1, corroborating the uorescence assays. The
Ellman's test results showed that both biomolecules could be
used as AChE enzyme mimetic systems. The calculations of
computed reaction-free energies indicate that proline can act as
a nucleophile due to the shi in protonation equilibrium
enabled by the micellar environment in a way similar to that
present on the protein. The isothermal titration calorimetry
experiments showed that the entropy variation and the inter-
actions between the lipopeptides and the pesticide differ
depending on the PNG concentrations. In the presence of the
pesticide, a morphological change from a cylindrical to
a spherical micellar system was observed for 1, which could
explain the large change in the behaviour of the enthalpogram
when compared to the lipopeptide with two aliphatic tails.

The kinetic data showed that both systems undergo inhibi-
tion processes, and LOD values compatible with other values in
the literature19–23 were determined (Table 4). An interesting
result is that the hydrophobicity of the system inuences the
LOD value. In the case of the more hydrophobic and compact
structure formed by 2, a decrease in the sensor's sensitivity was
observed, demonstrating that the supramolecular arrangement
is of paramount importance in the pesticide detection process.
The PNG in the solution can form a stable complex in the
presence of polar organic groups such as phenolic, hydroxylic,
carboxylic, and amino functional groups via H-bond formation.
It was noted that this pesticide can interact with primary and
secondary amines present in the peptides.60 CD experiments
suggest that the amino terminus of proline may undergo
a conformation change so that it is less available at the hydro-
philic interface, promoting a decrease in the interaction with
PNG and thus reducing the concentration of PNG that can be
detected.
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