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Innovative mechanochemical synthesis of
lipopeptide surfactants through direct amidation
of fatty esters: application to silk-derived
amphiphilic lipopeptides

Lara Wehbe, Erwann Guénin 2+ and Alla Nesterenko 2 *+

The present work describes the development of a novel methodology for producing lipopeptides from
fatty acid methyl esters and amino acids or peptides using mechanochemistry in basic conditions, and its
use to prepare biobased surfactants from silk sericin protein. The experimental protocol was optimized
with variable molar ratios and reaction times, on model amino acids, glycine, leucine, and serine.
Lipoamino acids resulted in a significantly improved conversion rate, up to 99%, after an increase in the
base and fatty ester ratio. The structures of the synthesized molecules were characterized with NMR and
FTIR. The optimal experimental conditions for high conversion with no excess fatty acid ester were
applied to produce sericin lipopeptides with three different lengths of hydrophobic part: 10, 12 and 14
carbons. The acylation rates of sericin peptides of 40-49% were obtained depending on fatty acid size.
The surface activity of the silk lipopeptides produced was evaluated and showed a significant reduction in
surface tension until ~24 mN m™. The results of this study provide an efficient new strategy for the ami-
dation of amino acids and peptides using mechanochemistry, presenting a promising alternative to the
conventional Schotten—Baumann acylation reaction. The results also demonstrate the effectiveness of silk
sericin lipopeptides for reduced surface tension, indicating their good potential as substitutes for conven-
tional petroleum derived surfactants in different applications.

1. This work proposes a novel solventless methodology able to replace current industrially applied conditions to produce lipopeptide or lipoamino-acid sur-
factants and without the use of acyl chloride. The methodology was developed on model amino-acid and applied to a peptide hydrolysate from a protein con-
sidered as waste in the textile industry (silk sericin).

2. The described new procedure for surfactants synthesis allows high conversion rates: up to 99% for lipoamino acids and 49% for silk lipopeptides compar-
able to conventional Schotten-Baumann in solution. It showed a significant improvement of green metrics compared with this reaction, from 23.8 to 0.2 for

E-factor, from 24.8 to 1.2 for process mass intensity (PMI). And finally, the lipopeptides obtained from silk sericin show great promises as bio-based

surfactants.

3. The proposed efficient and eco-friendlier approach provides a valuable reference for research on lipoamino acids and the development of similar surfac-

tants, and could be extended to synthesize amino acid and lipopeptide surfactants from other protein sources for greener pharmaceuticals, cosmetics and

detergence applications.

1 Introduction

fying, solubilizing, dispersing, and foaming. Increasingly, both
manufacturers and consumers seek novel surfactants that are

Surfactants, or surface-active agents, are among the most
widely consumed chemical products globally, owing to their
diverse functionalities, including detergency, wetting, emulsi-
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biodegradable, biocompatible, and derived from renewable
resources, produced using clean and sustainable technologies.
Proteins, such as renewable polymers, have significant poten-
tial for developing sustainable, biodegradable, and eco-
friendly surfactants with low toxicity. In light of this, lipopep-
tides emerge as promising candidates due to their dual func-
tionality. They not only serve as effective surfactants but also
exhibit biological activities, such as antimicrobial properties,
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anti-wrinkle effects, and nutrient-like roles, further broadening
their applicability in various fields."™ Natural-based lipopep-
tides are mainly derived from agricultural biomass, composed
of proteins, sugars, starches and oils.”® However, the current
challenge lies in identifying new non-food resources to
address increasing global demand. In this context, silk pro-
teins are a promising alternative as non-food source of amino
acids for amphiphilic molecule production. Silk from Bombyx
mori cocoons is a natural polymer which consists of two
primary proteins: fibroin, which constitutes 70-80% of the silk
cocoon and is extensively used in the textile industry and in
biomaterials such as FDA-approved polymer, and sericin,
which surrounds the fibroin fibers. Sericin, is primarily a by-
product of textile effluents, with a composition rich in serine
(25-40%), aspartic acid (13-19%), and glycine (10-18%).>"°
Recently, sericin has attracted significant attention from
researchers for its potential in the valorization of silk biomass.
Its unique properties offer promising applications in cos-
metics, food industries, and biomedicine, making it a valuable
resource for sustainable innovation.'*™**

Lipopeptides and lipo-amino acids surfactants are among
the molecules that have an amide moiety within their struc-
ture. Through this bond, a hydrophobic moiety of a non-polar
long chain is linked to an amino acid or peptide group con-
sidered the hydrophilic moiety, resulting in an amphiphilic
molecule with surface-active properties." The reference
method for grafting the hydrophobic group onto the protein-
derived polar parts for large-scale amide production is the
Schotten-Baumann reaction. This reaction consists of the for-
mation of an amide bond between the carboxyl group of fatty
acid chloride and the amine group of an amino acid, peptide
or protein in water under basic conditions. This method has
several advantages, such as using water as a solvent, high reac-
tion yield, and good selectivity. However, this reaction suffers
from several significant drawbacks. Notably, it involves using
of fatty acid chlorides, which are classified as toxic compounds
and therefore require stringent safety and handling pro-
cedures, particularly when used on an industrial scale.
Moreover, these reagents are typically prepared from precur-
sors that are themselves classified as hazardous substances. In
addition, the reaction inevitably generates side products, such
as alkali salts formed during the hydrolysis step. The for-
mation of these by-products negatively impacts the greenness
of the chemical process. Considering modern policies that
encourage the application of sustainable development strat-
egies for environmentally-friendly chemicals, it has been a
major challenge for the chemical industry to find an amida-
tion reaction that constructs amide bonds while respecting the
principles of green chemistry.'® These principles include pre-
venting waste, maximizing the atom economy of the final
product, avoiding the use of harmful solvents and chemicals,
promoting solventless reactions and using of renewable feed-
stocks."”” Mechanochemistry has emerged as a promising
approach to satisfy these requirements.'®2°

Amide or peptide bonds are ubiquitous in the majority of
both natural and synthetic molecules.*** Due to its interest-
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ing properties, this bond has become invaluable in numerous
research fields.>® Recently, the development of novel amida-
tion methodologies using mechanochemistry has seen signifi-
cant progress. Most studies have been dedicated to synthesiz-
ing protected peptides,****> amino esters>**® and amides.?”"*
The first approach to amidation involved using of carboxylic
acids activated by coupling agents, to replace the hydroxyl
group —-OH of the carboxylic acid function with a better leaving
group. The following coupling agents, such as 1,1-carbonyldii-
midazole (CDI),>”*° 2,4,6-trichloro-1,3,5-triazine (TCT) and tri-
phenylphosphine (PPh;),*® N-ethyl-N'-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC)*'"** are commonly used in
peptide bond synthesis protocols in mechanochemistry. For
example, Lamaty et al. explored the synthesis of peptides invol-
ving a Boc-protected a-amino acid N-hydroxysuccinimide ester
(Boc-AA-OSu) and alkyl ester salts of a-amino acids.*® This was
conducted in the presence of sodium bicarbonate (NaHCOs3)
and using ethyl acetate or tert-butyl acetate as liquid-assisted
grinding (LAG) solvents, employing a vibrational ball mill.
Under optimal conditions, a yield of 95% is obtained. Until
recently no mechanical approaches were used to produce lipo-
peptides. We propose a mechanochemical approach to amino
acid and peptide N-acylation for lipopeptide production. This
process uses a one-pot, two-step method with 1,1'-carbonyldii-
midazole (CDI) fatty acid activation, followed by acylation.**
The procedure was optimized on model amino acids such as
leucine, glycine, serine, and aspartic acid using a vibrational
ball mill and a planetary ball mill. High conversion rates of
99% were obtained for amino acid acylation under optimal
conditions. Moreover, the methodology was extended to the
grafting of hydrophobic chains onto silk sericin hydrolysates
with an acylation rate of 48-51%. Lipopeptides obtained using
the mechanochemical methodology showed good surface
activity and reduced surface tension.

The mechanochemical approach thus not only makes the
process more sustainable, but also reduces costs, simplifies
the synthesis of peptides and amides, and makes it more suit-
able for larger-scale production. Despite all these advantages,
some of the coupling reactants that can be used for amide
bond formation are considered harmful products due to their
non-green nature (EDC, DMAP, PPh;).>* Additionally, the
method requires stoichiometric quantities of the coupling
agent, which reduces the atom economy of the syntheses
applied.

Few studies described the mechanochemical amidation
approach without use of coupling agents. Stolar et al
described a thermo-mechanical method for directly coupling
carboxylic acids and amines applied to synthesizing the active
pharmaceutical ingredient with a conversion of up to 98%.°
Bil et al. investigated the mechanochemical synthesis of aldoa-
mines, which have notable properties attributed to the pres-
ence of the amide group.?” The approach involves the amino-
lysis of lactones using mechanochemistry water as a LAG, and
achieves a yield of 90% for N-dodecyl-galactonamide within
just 5 minutes. Nicholson et al. established a method for
amide synthesis from esters and amines using a vibrational

This journal is © The Royal Society of Chemistry 2026
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ball mill.*® They demonstrated that direct amidation could be
achieved without using a solvent, although a base, potassium
tert-butoxide, was necessary. Their approach was applied to
various amino acids and esters and generated an extensive col-
lection of amides, achieving moderate to excellent yields
(11-99%) under solventless conditions.

Mechanical amidation approaches are thus increasingly
diverse, and show very promising results that address the
growing needs across various applications for the amide bond.
Considering the more recent scientific progress, it would thus
be interesting to study the reaction of fatty acid grafting onto
amino acids using a mechanochemical approach without acti-
vating agent.

The aim of this work is to develop a new strategy for lipo-
peptide synthesis through mechanochemistry without acyl
chlorides. It focuses on producing lipopeptide amphiphilic
molecules derived from amino acids and peptides, adapting
the methodology proposed by Nicholson et al using fatty
esters in the presence of potassium tert-butoxide as the base.
The amidation reaction was firstly optimized using model
amino acids such as glycine, leucine, and serine. The conver-
sion rates were quantified using NMR and UV/Vis spec-
troscopy. The optimized procedure was subsequently applied
to peptides of silk sericin, as a natural, non-food biomass,
with potential applications in cosmetics, detergents, and phar-
maceuticals. The physico-chemical properties of sericin lipo-
peptides, such as air/water surface tension, aggregate size and
zeta-potential were analyzed. Finally, green metrics were evalu-
ated to compare the environmental impact of this method
with conventional synthesis approaches in solution.

2 Experimental methodology
2.1 Chemical reactants

Bombyx mori silk cocoons were purchased from the company
Au fil d’Emma, France. Alcalase from Bacillus licheniformis
(2.964 U mL™") was purchased from Merck Millipore (Billerica,
MA, USA). Potassium tert-butoxide (KO¢Bu), methyl myristate
(C140CH3), methyl laurate (C;,OCHj), methyl decanoate
(C100OCH3), O-phthaldialdehyde 97% (OPA),
B-mercaptoethanol, deuterated chloroform (CDCl;) 99.5%,
glycine, leucine and serine were purchased from Sigma-Aldrich
(Saint-Quentin Fallavier, France). Deuterium oxide 99.9%
(D,0), and NaOH solutions (1 mol L™") were purchased from
VWR. Demineralized water at 18 MQ was produced using an
Aquadem demineralization system (Veolia, Water STI, France).

2.2 Synthesis of lipoamino acids

The methodology for the direct amidation of esters using ball
milling was originally described by Nicholson et al.*® and is
used here with some changes. The mechanochemical reactions
were performed in the ball mill equipment: a planetary ball
mill PM100 (Retsch GmbH, Germany) using a 50 mL zirco-
nium oxide grinding jar (167 zirconium oxide balls of 5 mm of
diameter). The amidation reaction was optimized on model

This journal is © The Royal Society of Chemistry 2026
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amino acids: glycine, leucine and serine in terms of stoichio-
metry of reactants amino acid, base and fatty ester and reac-
tion time. The amino acids glycine and leucine were pretreated
with an equimolar amount of sodium hydroxide (1:1 molar
ratio) and freeze dried, the resulting amino acid in its amino-
carboxylate form was used without any further purification.
The amidation reaction was then performed following a one-
pot one-step method using KOtBu as a base. For serine, the
same protocol could not be used because as it had been
freeze-dried, a significant amount of residual water was still
present, leading to unsuitable degradation of the base during
the amidation reaction. Therefore, the basification was carried
out with mechanochemistry before the amidation step using
one equivalent of KOtBu as the base and a second equivalent
was added along with the fatty ester for the amidation
reaction.

The amidation reaction consists of adding the pretreated
amino acid and the fatty ester to the grinding jar in the pres-
ence of the base KO¢Bu, then the reaction mixture was ground
during different time periods at 650 rpm. The lower rotation
speed of the milling jar was previously evaluated, and systema-
tically resulted in reduced conversions.** The reaction time
varied from 60 to 90 and 120 minutes, and the molar ratios of
the base and ester were optimized. For the base, the addition
of 0.85, 1, and 1.5 equivalents were tested, and then the
addition of 1, 1.2, and 2 equivalents of the ester were evaluated
to obtain the best conversion. At the end of the reaction, the
mixture was removed from the jar then stored in a closed
bottle at 20 °C for further analysis. The conversion of the
amino acid into N-acylamino acid was estimated from the "H
NMR spectrum by comparing integration of the peaks corres-
ponding to the -CHa of the remaining amino acid and the
—-CHo of the acylated amino acid.

All the NMR measurements were performed using a Bruker
Avance 1II 400 MHz spectrometer. NMR samples were prepared
in D,0O. About 20 mg of sample was dissolved in D,O and
introduced into an NMR tube. The "H NMR spectra were
acquired at 400 MHz and recorded in ppm using the solvent
residual HOD peak as reference (4.79 ppm).

2.3 Synthesis of sericin lipopeptides using
mechanochemistry

Developing silk sericin lipopeptides consists in three steps:
extracting the sericin from cocoons, hydrolyzing the proteins
to obtain peptides, and grafting the hydrophobic moiety using
mechanochemistry.

2.3.1 Extraction of silk sericin and its enzymatic hydrolysis.
Sericin protein was extracted from silk cocoons using an auto-
clave treatment (HICLAVE HV-110, HIRAYAMA, Japan) by
adding a 1:25 w/w cocoon-to-water ratio at 120 °C for 20 min,
as described previously.>® Silk sericin solution was separated
from the fibroin fibers and recovered via filtration. The sericin
solution obtained at a concentration of 1% w/w was used
directly in the hydrolysis process.

Sericin peptides were produced by enzymatic hydrolysis
using an Alcalase enzyme according to the method described
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in our previous studies.***® Sericin solution was treated with
1% of an enzyme/protein ratio at 50 °C for 30 min. Following
the reaction period, the enzyme was deactivated by heating to
95 °C for 10 min. The hydrolysate solution was then adjusted
to pH 11 by adding 1 M NaOH solution. The purpose of this
basification is to improve the nucleophilicity of the terminal
amine group in sericin peptides, resulting in both better reac-
tivity in the acylation reaction and higher conversion. Next, the
peptide mixture was freeze-dried and stored at 4 °C. The
degree of hydrolysis (DH) was evaluated using the o-phthaldial-
dehyde method (OPA) based on UV/Vis spectroscopy using a

UV/Vis spectrometer Lambda 12 (PerkinElmer, United
States).*" The DH is defined as follows:
Ny — N,
DH (%) = Wh =No) 14 (1)
(Nt — No)

where Ny, is the molar quantity of amino groups per gram of
partially hydrolyzed sericin, N, the molar quantity of amino
groups per gram of non-hydrolyzed sericin, and N, the molar
quantity of amino groups per gram of totally hydrolyzed
sericin (acid hydrolysis with 6 N HCI at 105 °C for 24 h). The
measurements were performed in triplicate.

2.3.2 N-Amidation of silk sericin peptides. After optimizing
the amidation reaction on model amino acids, the synthesis
developed was extended to sericin peptides to produce lipo-
peptides. One equivalent of the basified and dried peptides
was (mole of NH, groups per gram of peptides) added to one
equivalent of the fatty ester and 1.5 equivalents of the base to
the grinding jar in the presence of 167 balls (5 mm diameter).
The amidation reaction was carried out for 90 min at 650 rpm.
The rate of amino groups of sericin peptides functionalized by
the fatty acid was estimated using the OPA method and
defined as the acylation rate (AR). The conversion could not be
determined with NMR due to the complexity of the "H NMR
spectrum of the protein. The AR was calculated as follows:

(Nh _Na)

AR (%) = N
h

X 100 (2)
where Ny, is the number of free amino groups in the sample
before N-amidation and N, is the number of free amino
groups in the final acylated sample.

The formation of the amide bond between sericin peptides
and the fatty chain was confirmed from an FTIR analysis
recorded with a Nicolet iS5 FTIR spectrometer (Thermo
Scientific, United States) equipped with a transmission acces-
sory for KBr pellets. A background was recorded in ambient
conditions with no sample. All samples were scanned 16 times
with a wavenumber ranging from 400 to 4000 cm™' with a

resolution of 4 cm™*.

2.4 Characterizing the lipopeptide solutions

The sericin lipopeptide products obtained consisted predomi-
nantly of lipopeptides, as well as non-functionalized peptides
and residual fatty chains. In line with industrial practice, and
to avoid using organic solvents, these mixtures were character-
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ized without further purification. Aqueous solutions of lipo-
peptides were prepared using demineralized water to analyze
surface tension and physicochemical properties. The resulting
lipopeptide solutions had a slightly alkali pH depending on
the concentration. The pH of the samples analyzed was thus
adjusted to 7 using a 1 M NaOH solution. Surface activity of
sericin peptides and sericin lipopeptides was measured using
a Tracker tensiometer from TECLIS (Teclis Instruments,
Civrieux d’Azergues, France) equipped with an automatic
injection system and a camera. The pendant drop method was
used for the analysis. A 250 pL syringe was used to take a
sample of the solution and a straight G18 needle was fixed on
the syringe tip to form the droplet. Calibration with pure de-
ionized water was performed before each series of measure-
ments. At the lowest concentration (1 g L™'), sericin lipopep-
tides were easily soluble in water, forming clear and translu-
cent solutions. For the higher concentrations, 5 and 10 g L™,
the solutions obtained were turbid. It can be assumed that
this turbidity came from the residual unreacted fatty chain in
our samples. A droplet volume of between 6 and 13 pL was
chosen, depending on the lipopeptide sample and concen-
tration, to obtain the maximal deformation in the drop. For
each measurement, the surface area and volume of the
pendant drop were fixed throughout the analysis. The equili-
brium surface tension for lipopeptides was considered at
1 hour for all samples.

The presence of lipopeptide aggregates in solution was
analyzed with dynamic light scattering (DLS) by determining
the mean hydrodynamic diameter at pH 7. Measurements
were performed using a Zetasizer Ultra (Malvern Panalytical,
UK) with detection angles set at 173°, 90°, and 13°. Intensity-
weighted hydrodynamic diameter distributions were obtained
using ZS Xplorer software. Lipopeptide solutions were ana-
lyzed at room temperature in polystyrene cuvettes. The
C-potential of the lipopeptide aggregates was measured using
the same instrument at pH2, 7 and 10. Prior to the
(-potential measurements, lipopeptide solutions were filtered
through a 0.22 pm PVDF membrane directly into the
measurement cuvette.

2.5 Green metrics calculation

Green metrics were calculated for sericin lipopeptides
obtained using the amidation approach in solvent-free con-
ditions and compared to the sericin lipopeptides produced by
a conventional Schotten-Baumann reaction in aqueous solu-
tion*® (SI, Table S1). The atom economy (AE) was calculated
as the ratio of molecular weight of the target product M,, (lipo-
peptide) to the sum of molecular weights of all the

products in a stoichiometric equation of reaction*>™** follow-
ing eqn (3):
M, (lipopeptide)

AE (%) = S~ M, (reactant)

3)

The environmental E-factor was expressed as the ratio
between waste mass and product mass.** The waste mass can

This journal is © The Royal Society of Chemistry 2026
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be expressed as the difference between the mass of raw
materials entering the reactor and the product mass (eqn (4)).

E-Factor
_ > m (reactant) + >_ m (solvent) — m (lipopeptide) (4)
B m (lipopeptide)

where reactants are: fatty ester, sericin peptide and base.

The process mass intensity (PMI) was estimated as the ratio
between the total mass of reactants in the process and the
mass of product of interest as mentioned in eqn (5). This
factor also indicates the “greenness” of a process based on the
total mass of materials required to produce a specific mass of
product.

> m(reactants)

PMI =
mass (lipopeptide)

(5)

where reactants are: fatty ester, sericin peptide and base.

3 Results and discussion

Mechanochemical synthesis by direct ester amidation in the
presence of a KOtBu base contributes to the formation of an
amide bond between the terminal amine function of an amino
acid or peptide and the fatty ester. The approach developed
leads to promising results in the synthesis of lipopeptides,
thereby avoiding the use of acyl chlorides applied in the tra-
ditional Schotten-Baumann reaction for lipopeptide synthesis.
Our team has previously studied the mechanosynthesis of lipo-
peptides using 1,1’-carbonyldiimidazoles as a coupling agent

KOtBu
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to activate the fatty acid, giving acylation rates up to 50%.
However, this route of direct amidation of esters seems more
advantageous, because it requires using a base, KOtBu, which
can be easily removed from the medium unlike the by-pro-
ducts of CDI, imidazoles, which are harmless but remain in
the final product.

Glycine and methyl laurate were chosen as the model to set
the experimental parameters and the optimal quantities of
reactants. The optimized reaction was then applied to leucine
and serine (Scheme 1).

3.1 Optimizing N-acyl-glycine synthesis

The reaction was obtained using a planetary mill zirconia
grinding jar. The protocol used was inspired by the work of
Nicholson et al. This protocol involves a one-pot one-step reac-
tion and consists of mixing 1 equivalent of glycine (previously
lyophilized in its basic form) with 1.2 equivalents of methyl
laurate in the presence of 0.85 equivalents of KO¢Bu. After a
milling time of 1 hour, the reaction achieved a conversion of
47% (Table 1, entry 1). The conversion was determined from
"H NMR spectra of glycine and N-acyl-glycine by comparing
the integration of the peaks corresponding to the -CHa of
glycine and the -CHa of N-acyl-glycine (Fig. 1).

Glycine has one characteristic peak at 3.14 ppm that corres-
ponds to the two protons in the alpha position present in its
structure (Fig. 1, top spectrum). By analyzing the "H NMR
spectrum corresponding to N-acyl-glycine (Fig. 1, bottom spec-
trum), it is possible to identify the peaks corresponding to the
acylated product and the unreacted reactants, glycine and fatty
chain. The peak at 3.61 ppm was ascribed to the -CH,a of
N-acyl-glycine (in blue in Fig. 1). This peak is shifted compared

)ﬁ(o
MJL:C + H'N
(0]

n=10

O ®
ey

(@] R
> MNJ}(OK + t-BuOH + CH;0OH
n
H O

R= H, CHzCH(CHg)z, CHzOH

Scheme 1 Mechanochemical synthesis of lipoamino acid through ester amidation.

Table 1 Optimizing chemical and experiment parameters for N-acyl-glycine conversion?

Entry Amino acid? (x eq.) Ester (x eq.) Base (x eq.) Reaction time (min) Conversion‘ (%)
1 Glycine (1 eq.) C;,0CHj; (1.2 eq.) KO?Bu (0.85 eq.) 60 47
2 Glycine (1 eq.) C1,0CH; (1.2 eq.) KOtBu (1 eq.) 60 86
3 Glycine (1 eq.) C;,0CHj; (1.2 eq.) KO?Bu (1.5 eq.) 60 86
4 Glycine (1 eq.) C1,0CHj; (1 eq.) KOtBu (1.5 eq.) 60 66
5 Glycine (1 eq.) C;,0CHj3; (2 eq.) KO?Bu (1.5 eq.) 60 99
6 Glycine (1 eq.) C1,0CH; (1 eq.) KOtBu (1.5 eq.) 90 85
7 Glycine (1 eq.) C;,0CHj3; (1 eq.) KO?Bu (1.5 eq.) 120 81
8 Glycine (1 eq.) C100CHj; (1 eq.) KOtBu (1.5 eq.) 90 78
9 Glycined(l eq.) C140CHj; (1 eq.) KO?Bu (1.5 eq.) 90 79
10 Glycine® (1 eq.) C1,0CH; (1 eq.) KOtBu (2.5 eq.) 90 47
11 Glycine® (1 eq.) C;,0CHj; (1 eq.) KO?Bu (2.5 eq.) 20 +90 62

“Reaction conditions: planetary ball mill, 50 mL zirconia jar and 167 zirconia balls (5 mm diameter) at 650 rpm. ” Glycine pre-treated with 1 eq.
of NaOH. °Estimated with 'H NMR. “ Glycine basified in situ with KOtBu. °Glycine basified with KO¢tBu for 20 min before the amidation

reaction.

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 H NMR spectra from top to bottom of glycinate, free fatty carboxylate and crude mixture of N-acyl-glycine reaction corresponding to entry

6 in Table 1 carried out in HOD.

to the -CH,a of glycinate (in green in Fig. 1) because the
chemical environment of the a protons had changed. When
conversion was not total the presence of unacylated glycine
was therefore confirmed by the peak at 3.06 ppm ascribed to
the —-CH,a of glycinate. The conversion was determined on the
N-acyl-glycine spectrum by comparing the integration of the
two peaks. The peaks at 2.17, 1.48, 1.17 and 0.75 ppm were
ascribed respectively to the «CH,, pCH, (a and b signals high-
lighted in violet in Fig. 1) and all the other -CH, and the term-
inal -CHj; (signals highlighted in yellow on Fig. 1) in the fatty
alkyl chain. The peaks at 2.04 and 1.45 ppm (a and b signal
highlighted in red on Fig. 1) were attributed to the aCH, and
the BCH, of the unreacted fatty alkyl chain.

To improve the amidation reaction and increase conversion,
the molar equivalence of the base and ester was optimized.
Increasing the amount of base from 0.85 to 1 and 1.5 equiva-
lents made in possible to increase the conversion from 47 to
86% (Table 1, entries 1-3). In the study carried out by
Nicholson et al. 0.85 equivalents of the base were the optimum
for the reaction between cyclic and secondary amines and het-
eroaromatic and heterocyclic esters in mechanochemical con-
ditions.*® When compared to other studies conducted by Kim
et al. and Slavchev et al., up to 2.5 equivalents of KO¢Bu are
added for the direct amidation of esters under ambient and
green conditions, in solution using THF and DMSO as
solvents.**® In this study, a linear fatty ester with a different
structure was used for lipopeptide mechanosynthesis. As
KOtBu is sensitive to humidity and can easily degrade a slight
excess of KOtBu (1.5 eq.) was needed to achieve the best yields.

To evaluate the influence of the amount of ester, it was
found that the increase in equivalents from 1 to 1.2 then 2
equivalents made it possible to increase conversion from 66 to
86 and 99% respectively (Table 1, entries 3-5). Based on these

Green Chem.

results two equivalents of the ester made possible complete
conversion of the amide in one hour. However, the excess of
the ester was not preferred, because the final product will be
used without further purification to align the process with
industry practices. The presence of a significant amount of
residual fatty acid is undesired, as it impacts the physico-
chemical properties of the lipopeptide mixture. To avoid
excess of the unreacted hydrophobic chains in the final
product, 1 equivalent of the ester was set and the reaction time
was optimized.

Increasing the reaction time from 60 to 90 min increased
the glycine conversion from 66 to 85% (Table 1, entries 4 & 6).
Nevertheless, a reaction time of 120 min led to a conversion of
81% only (Table 1, entry 7). Therefore, all the following amida-
tion reactions were run for 90 min as even after a prolonged
reaction time (120 min), the amino acid had not been fully
converted.

With the optimal conditions established, the amidation of
two fatty esters with chain lengths of 10 and 14 carbons was
explored using glycine as the amine component. The conver-
sions obtained with both methyl decanoate and methyl myris-
tate were 78 and 79%, respectively. These results indicate that
there is no significant difference in conversion for esters with
variable chain lengths (Table 1, entries 6-9). The same ten-
dency was observed in our previous work, on the mechano-
synthesis of lipoamino acids and lipopeptides with pre-acti-
vation of the fatty acid by CDL>**

As mentioned previously, glycine was pre-treated with 1
equivalent of sodium hydroxide. This pre-treatment with
NaOH enhanced the nucleophilicity of the glycine’s terminal
amino group, resulting in better reactivity in the acylation reac-
tion and higher conversion. To circumvent the pre-treatment
step followed by freeze-drying, the basification of glycine was

This journal is © The Royal Society of Chemistry 2026
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tested through ball milling, using the same base, KO¢Bu. It
was assumed that 1 equivalent of the base would be used for
the basification reaction, and 1.5 equivalents would be used
for the amidation reaction. For this reason, 2.5 equivalents of
the base were added in one pot one step with glycine and
ester. These conditions resulted in a conversion rate of 47%
(Table 1, entry 10). This lower conversion could be due to the
direct competition between the basification reaction of glycine
and its amidation reaction with the ester, or to the presence of
moisture in the glycine powder, which was not dry before the
reaction.

Another experiment was conducted by basifying glycine
before the amidation reaction using the one pot two step
approach. One equivalent of KOtBu was added to one equi-
valent of glycine, and this mixture was treated for 20 min in
the ball mill. Subsequently, 1 equivalent of the ester and 1.5
equivalents of the base were introduced to the milling jar, and
the amidation reaction was carried out for 90 min. This pro-
duced conversion of 62% (Table 1, entry 11).

3.2 N-Acylation of amino acids using the amidation approach

After optimizing the amidation reaction on glycine, the
optimal conditions were applied to leucine and serine amino
acids, to evaluate the acylation potential of other amino acids.
"H NMR spectra were used to determine the conversion
rates of leucine and serine by comparing integration of the
-CHa free amino acid group with that of the -CHu of the acy-
lated amino acid (SI, Fig. S2 and S3) as previously detailed for
N-acyl-glycine. Leucine and serine pre-treated with one equi-
valent of NaOH were used for the amidation reaction. The low
conversion rate achieved for N-acyl-leucine could be attributed
to its larger and hydrophobic lateral chain, resulting in conver-
sion of 8 and 21% (Table 2, entries 1 and 3 respectively). The
steric effects created by the leucine lateral chain may prevent
easy access of the amine to the methyl laurate, thus reducing
the efficiency of the reaction. To push the reaction further,
another experiment was conducted with leucine by adding 1.2
equivalents of the ester (Table 2, entry 2). The conversion
improved significantly, reaching 51%. The amidation reaction
between serine pre-treated with 1 equivalent of NaOH and
methyl laurate achieved a conversion of only 16% (Table 2,
entry 4). This result might be caused by the presence of a sig-
nificant amount of moisture after freeze drying the treated
serine, which is incompatible with KO¢Bu as it is sensitive to

Table 2 Conversion of N-acylamino acids using the amidation approach?
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water. Water molecules remain strongly bound to the serine,
which may hinder the reaction. To prevent this problem,
serine was basified with KOtBu for 20 min before the amida-
tion reaction. The conversion of the product obtained
increased to 57% (Table 2, entry 5). Increasing the ester quan-
tity from 1 to 1.2 equivalents raised the conversion to 79%
(Table 2, entry 6). It should be noted that no esterification
reaction with the hydroxyl function on the serine side chain
was detected during this reaction as can be shown on the
NMR spectra (SI, Fig. $3) which shows that this amidation pro-
tocol is highly selective. Based on these findings, it was
noticed that the reaction conversions largely depended on the
structure of the amine component and the presence of water.
The differences in conversion rates could be attributed to the
structural variations of the lateral group of each amino acid.
Glycine, with only a single hydrogen atom (H) as its side
chain, exhibited the highest acylation rate. This can be
explained by its minimal steric hindrance, facilitating the
accessibility of the fatty chain to the amino group, thereby
enhancing the amidation reaction. Leucine has a bulky side
group (CH,CH(CHz;),), which can cause significant steric hin-
drance during the amidation reaction. This hinders the acces-
sibility of the fatty chain to the amino group, thereby reducing
the reaction efficiency and explaining the lower conversion rate
observed. Serine has a hydroxyl function on its side chain
(CH,OH). This group may have a moderate steric effect on the
amidation reaction, which explains the good conversion rate
achieved. Nicholson et al. also observed variations in yield
when applying the mechanochemical amidation protocol
using KOtBu to a wide range of ester and amine substrates.>®

In this study, a base-promoted system for the direct amida-
tion of esters was used to synthesize lipoamino acids, yielding
good to high conversion rates ranging from 51 to 99% for
three different amino acids. These results are promising for
synthesizing of our target molecules. The conversion rates
obtained are comparable to those reported in the introduction,
such as the 11 to 99% yields achieved by Nicholson et al. with
a similar system.*®

3.3 Synthesis of sericin lipopeptides

Lipopeptide synthesis is conventionally performed under
Schotten-Baumann conditions.>***” With the progress made
in amide bond synthesis under solvent-free conditions, produ-
cing lipopeptides via this route appears feasible. The direct

Amino acid (x eq.) Ester (x eq.)

Leucine’ (1 eq.)
Leucine’ (1 eq.)
Leucine’ (1 eq.)

1 C1,0CH; (1 eq.)
2

3

4 Serine” (1 eq.)

5

6

C1,0CHj3; (1.2 eq.)
C1,0CH3; (1 eq.)
C1,0CH; (1 eq.)
C1,0CH; (1 eq.)
C1,0CHj3; (1.2 eq.)

Serine‘ (1 eq.)
Serine‘ (1 eq.)

Base (x eq.) Reaction time (min) Conversion? (%)
KO?Bu (1.5 eq.) 90 21

KO?Bu (1.5 eq.) 90 51

KO?Bu (2.5 eq.) 20 + 90 8

KO?Bu (1.5 eq.) 90 16

KO?Bu (2.5 eq.) 20 + 90 57

KO?Bu (2.5 eq.) 20 + 90 79

“Reaction conditions: planetary ball mill, 50 mL zirconia jar and 167 zirconia balls (5 mm diameter) at 650 rpm. ” Amino acid pre-treated with 1
eq. of NaOH. ° Serine basified with KOtBu for 20 min before the amidation reaction. ¢ Estimated by '"H NMR.

This journal is © The Royal Society of Chemistry 2026
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amidation of esters using KOtBu was selected for developing
silk lipopeptide surfactants due to its alignment with green
chemistry principles. As previously mentioned, silk sericin is
predominantly considered waste from the textile industry.
Therefore, its use as a raw material for the hydrophilic part of
lipopeptides fits within the green chemistry framework.

Developing sericin lipopeptides using a Schotten-Baumann
reaction or mechanochemical coupling with CDI activation
was previously described by our team.***° The Schotten-
Baumann reaction was carried out in an aqueous solution at
pH 9.0 for 3 hours, and sericin peptides were functionalized
with a fatty acid chloride. The resulting acylation rates varied
from 27% to 41%. The mechanochemical coupling with CDI
was carried out on two different sericin hydrolysates with an
acylation rate of 48-51% using three fatty acids with chain
lengths of 10, 12, and 14. The objective of the present work is
to produce similar sericin lipopeptides using the amidation
approach in solventless conditions with fatty esters and KO¢Bu
in the planetary ball mill (Scheme 2).

First, sericin peptides were produced through enzymatic
hydrolysis of the protein to constitute the hydrophilic part of
the lipopeptides. Sericin peptides with a DH of 66 + 2% were
used for lipopeptide synthesis. Sericin peptides can also be
characterized by a Peptide Chain Length (PCL) that corres-

KOtBu
Ball milling

i T N P N__coo
Fhooms » HN N
0 Ry O R,

Fatty ester Sericin peptides

=
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ponds to the average number of amino acids and is calculated
from the inverse of the DH.” In our peptide mixture, we were
able to estimate that the peptides produced had an average
peptide chain length (PCL) of 1.5 amino acids. Tsericin lipo-
peptides were then acylated in the optimal conditions
obtained on the model amino acids. In the planetary ball mill,
sericin peptides, fatty ester and KOtBu were added to the
milling jar at a molar ratio of 1:1:1.5, and the amidation reac-
tion was maintained for 90 min. After this period, the acyla-
tion rate (AR) of the sericin peptides was estimated with the
OPA dosage as the quantitative discrimination of peptides and
lipopeptides using NMR could not be carried out. It could only
be observed that fatty alkyl chains were present in the mixture
by visualizing the -CH, of the chain and the terminal -CHj;
(Fig. 2). It is important to note that even after further purifi-
cation to eliminate any unreacted fatty chain, the lipopeptide
mixture still exhibited these signals on the spectra.

The structure of the sericin lipopeptides following the ami-
dation reaction was analyzed using FTIR spectroscopy of both
the lipopeptides and non-grafted peptides. As can be seen in
the results in Fig. 3, silk sericin exhibited characteristic
vibrational bands of proteins in IR spectra, in the range of
1630 to 1650 cm™' for amide I, 1540 cm™" to 1520 cm™" for
amide II and 1270 cm™" to 1230 cm™" for amide II1.*® These

{\i it § P N _coo
h E,JY W)ku)ﬁ( e + KOfBu + MeOH
O R O R

Sericin lipopeptides

Scheme 2 Mechanochemical synthesis of sericin lipopeptides using the amidation approach.
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Fig. 2 NMR spectra of sericin peptides (DH = 66 + 2%) and sericin lipopeptides mixtures LP-C14 carried out in HOD.
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Fig. 3 FTIR spectra of sericin peptides (blue) and the lipopeptide mixture LP-C14 (green).

specific vibration bands correspond to sericin proteins
reported previously.>® By analyzing the spectrum of the sericin
lipopeptides (Fig. 3), the same spectra shape was obtained
with additional bands that showed the formation of amide
bonds between the N-terminal and the carbonyl group of the
fatty ester. The band at 1560 cm™" was associated with the N-
H bending vibration combined with the partial contribution of
C-N stretching (amide II band). The band observed between
2850 and 3000 cm™' primarily corresponded to the C-H
stretching vibrations associated with the -CH; and -CH,
groups present in the long fatty chains.

To examine the influence of the size of the hydrophobic
part on the acylation reaction, three fatty esters of varying
chain lengths (10, 12 and 14) were grafted onto sericin pep-
tides. The AR of sericin lipopeptides obtained with the amida-
tion approach using mechanochemistry are presented in
Table 3.

An acylation rate of 40 + 1% was obtained with methyl
decanoate, while this rate reached 47 + 1% with methyl laurate
and 49 + 1% with methyl myristate. These results indicate a
slight increase in AR for the reaction with C;,-C;, fatty methyl
esters. This trend can be compared with previously reported
acylation rates for sericin peptides. Under conventional
Schotten-Baumann conditions in an aqueous medium, the AR
of sericin peptides (DH = 45%) remained similar for the three
corresponding fatty acyl chlorides (chain lengths of 10, 12 or

Table 3 The AR of sericin lipopeptides produced with the amidation
approach via mechanochemistry

Sample DH® (%) Carbon chain length of methyl ester ~ AR” (%)
LP-C10 66 +2 10 40+1
LP-C12 12 47 +£1
LP-C14 14 49+1

% Estimated using the OPA method based on UV analysis.

This journal is © The Royal Society of Chemistry 2026

14 carbons), ranging between 38 and 41%."° The moderate
improvement in AR achieved with the mechanochemical ami-
dation approach, compared to the Schotten-Baumann reac-
tion, could be related to the higher DH of the sericin peptides
used in the present study (66% vs. 45%). Even at a fixed
peptide -NH,/fatty acid ester molar ratio, the acylation reaction
proceeded more efficiently when a greater amount of terminal
-NH, functions was available for reaction with the fatty chain.
Additionally, during the Schotten-Baumann reaction in solu-
tion, a competing secondary reaction occurs, in which the acid
chloride hydrolyzes to form sodium alkanoate. On the other
hand, the silk sericin peptides (DH = 64%) produced with a
mechanochemical approach using a CDI pre-activation strat-
egy, led to an AR of about 47-51% for fatty acids with the same
chain length.** These findings demonstrate that both mechan-
ochemical procedures, direct amidation and CDI pre-acti-
vation, make comparable AR of sericin peptides possible,
which is highly promising for this type of molecule in the
absence of a solvent.

3.4 Characterizing lipopeptides

3.4.1 Surface tension measurements. Characterizing and
understanding the properties of lipopeptide surfactants is essen-
tial for applying them successfully. The physicochemical pro-
perties are critical in determining potential application domains,
such as cosmetics, detergents and pharmaceuticals. Lipopeptides
are particularly known for their emulsifying and foaming pro-
perties, self-assembly behavior, and high surface activity. The per-
formance of amphiphilic molecules is related to the minimum
amount required to reduce surface tension. The lower the
amount of surfactant needed in a system, the more efficient the
surfactant. The surface active properties such as the surface
tension of the sericin lipopeptides produced with mechanochem-
istry were studied to evaluate their efficiency.

The results of surface tension measurements for sericin
peptides and the lipopeptides mixture LP-C14, LP-C12, LP-C10

Green Chem.
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Fig. 4 The equilibrium surface tension of the sericin peptides and lipopeptide mixtures LP-C14, LP-C12 and LP-C10 att = 1 h (pH = 10).

produced via the amidation approach are presented in Fig. 4.
It is important to note that the products obtained were mainly
composed of lipopeptides, but also contained non-functiona-
lized peptides and residual fatty chains. Aligning the process
with industry practices, the adsorption properties of these mix-
tures were analyzed without further purification. Based on the
results, acylation enhanced the amphiphilic nature of the
sericin peptides. The adsorption of the lipopeptides at the air/
water interface became more efficient resulting in lower
surface tension values. Increasing the lipopeptide concen-
tration from 1 to 5 g L™" accelerated the decrease in surface
tension and led to lower equilibrium values for all samples.
However, no significant change in surface tension values was
observed for the solutions at 5 and 10 g L™", which was due to
interface saturation and the formation of self-assembled lipo-
peptide structures in solution (data not shown). For instance,
the equilibrium surface tension of the LP-C14 lipopeptide
mixture was 41.5 + 1, 23.6 + 1 and 25 + 1 mN m™* for solutions
at 1, 5 and 10 g L™" respectively. The LP-C12 and LP-C10
samples were less efficient in reducing surface tension and
exhibited higher surface tension values, ranging from 59 to
35 mN m~" depending on concentration. It can be assumed
that the adsorption of sericin-derived lipopeptides was more
efficient with increasing hydrophobic chain length.

Our previous work on the acylation of sericin peptides
using the CDI pre-activation approach reported the surface
tension of lipopeptide solutions ranging from 25.9 to 35.5 mN
m™ " at 5 g L™".** variations in surface tension values compared
to the results of the present study are probably due to differ-
ences in the AR and the presence of synthesis byproducts
(imidazole) for CDI activation synthesis. Other studies have
also reported the surface properties of silk peptide-based sur-
factants. For example, silk lipopeptides with a C12 fatty chain
synthesized using a Schotten-Baumann reaction in a water/
acetone mixture achieved a surface tension of 36.4 mN m™" at
1.24 g L™".*° Similarly, Wu et al. produced lipopeptides derived

Green Chem.

from silkworm pupae, which exhibited a surface tension of
28.04 mN m™" at 2.57 g L™".%° All these findings indicate that
the silk sericin lipopeptide surfactants developed in the
present work showed promising surface activity compared
with other peptide- or silk-based surfactants. However, it is
essential to consider that all the constituents of the mixture
could participate in this reduction, including the lipopeptide,
the non-grafted peptides and the rest of the fatty chain.
Although it is difficult to identify the real individual contri-
bution or potential synergistic effects of each species, it
should be noted that the lipopeptide was the main component
of the mixture. Given these initial results, sericin-derived lipo-
peptides produced via the solvent-free amidation methodology
appear to be promising candidates for the potential replace-
ment of petroleum-based amphiphiles.

3.4.2 Zeta potential and aggregate size. Both the electro-
static charge of lipopeptides in aqueous media and the size of
the aggregates formed are important for their functional per-
formances. These properties affect the stability of colloidal
systems, effectiveness in active compound encapsulation or
interaction with other compounds in the formulation. A
thorough understanding of these parameters is therefore
crucial for rationalizing the behavior of amphiphilic mole-
cules, guiding their optimization, and ensuring robust formu-
lation performance.

It is important to mention that lipopeptides consist of a
mixture. They mainly contain sericin lipopeptides, but also
unreacted peptides and residual fatty acids. Fig. 5A shows the
results of zeta potential measurements across a range pf pH
values for three sericin lipopeptides. At a neutral pH of 7, lipo-
peptides are predominantly negatively charged due to the
deprotonation of the terminal carboxylic group, as the pK, of
—-COOH function is lower than 7. Considering that silk sericin
is rich in serine, aspartic acid and glycine,”" the terminal
groups of peptides produced corresponded more frequently to
one of these amino acids. The non-acylated peptides at neutral

This journal is © The Royal Society of Chemistry 2026
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Fig. 5 A: Zeta potential of sericin lipopeptides as a function of pH, B: size distributions of aggregates formed by lipopeptides.

pH had a zwitterionic character, with a protonated amino ter-
minus (-NH;") and a deprotonated carboxylate group (-COO™),
in agreement with reported amino acid pkK, values.>” Free fatty
acids present in the mixture were likewise deprotonated and
contributed additional negative charges to the system. At pH
12, all lipopeptides showed negative values for zeta potential.
In these conditions, the acidic groups of the lipopeptides were
fully deprotonated (-COO™), non-acylated peptides displayed a
negative charge, featuring a carboxylate terminus (-COO™), an
unprotonated amine terminus (-NH,), and free fatty acids in
their deprotonated carboxylate form. Under acidic conditions,
the zeta potential shifted toward positive values for all lipopep-
tide mixtures because the acidic groups of lipopeptides, non-
acylated peptides, and fatty acids were protonated (-COOH)
and thus neutral, whereas the amine groups of the non-acy-
lated peptides were in their protonated form (-NH;"). Across
the entire pH range, sericin lipopeptides synthesized by
mechanochemistry displayed zeta potentials comparable to
those reported for sericin lipopeptides prepared using
Schotten-Baumann reactions in solution.*’

The aggregate size of the sericin lipopeptides was evaluated
using dynamic light scattering (DLS), and the resulting size
distributions are presented in Fig. 5B. The lipopeptide mix-
tures LP-C14, LP-C12 and LP-C10 formed aggregates of com-
parable size, with average diameters of 312 + 14 nm, 336 *
35 nm and 296 + 25 nm respectively. A second minor popu-
lation of smaller particles (~90 nm), likely corresponding to
monomers or small assemblies of lipopeptides, was detected
for the LPF-C12 sample. Similar results have been previously
reported for lipopeptides derived from cotton proteins.>® On
the other hand, common synthetic surfactants such as SDS
and CTAB form smaller micelles, with hydrodynamic dia-
meters between 2 and 10 nm.>* The ability of protein-derived
amphiphilic molecules to form larger aggregates arises from
their bulky hydrophilic peptide head groups, which make
possible additional intermolecular interactions such as hydro-
gen bonding. Variations in the length and composition of this

This journal is © The Royal Society of Chemistry 2026

peptide moiety led to less symmetric and more heterogeneous
assemblies. In contrast to low-molecular-weight surfactants,
which form uniform spherical micelles, lipopeptide assem-
blies are characterized by less regular hydrophobic cores and
hydrophilic coronas.*

3.5 Calculating green metrics

As an emerging technology, mechanochemistry aligns with the
principles of green chemistry by seeking to develop environ-
mentally friendly processes while adopting safer approaches,
without solvents, and with a minimum number of reagents.
Green chemistry metrics are essential for assessing the
environmental impact and efficiency of these processes.>® For
the lipopeptide synthesis protocol, green metrics made it poss-
ible to evaluate synthesis via a mechanochemical amidation
approach compared to the conventional Schotten-Baumann
synthesis in solution. The green chemistry metrics for the con-
ventional acylation reaction in aqueous solution and the novel
mechanochemical amidation reaction are summarized in
Table 4.

The atom economy (AE) assesses the efficiency of the syn-
thesis and determines the number of atoms incorporated into
the final product of interest. The closer the AE value is to
100%, the better the process is. The AE for Schotten-Baumann
acylation in solution is 78.4%, compared to 68.9% and 66.6%
for the CDI activation and mechanochemical amidation
approaches respectively. This difference could be attributed to
the use of CDI (1 equivalent, My, = 162.2 g mol™ ') or KOtBu
(1.5 equivalent, My, = 1122 g mol ") for the mechanochemical
reaction, while NaOH (My, = 40 g mol ") was used for pH regu-
lation in the aqueous solution during conventional acylation.
Furthermore, the E-factor is an important parameter for esti-
mating the amount of waste generated at the end of the syn-
thesis reaction. In contract to the AE where 100% is the
optimal reaction yield, the E-factor considers the chemical
yield. The optimal E-factor is zero, reflecting a reaction that
generates no waste. The results show a significant reduction in
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Table 4 Comparison of green chemistry metrics for conventional solution acylation and mechanochemical amidation reaction in the synthesis of

silk sericin lipopeptide LP-C14 using a planetary ball mill

Green metrics & energy Ideal Conventional CDI pre-activation by Amidation reaction
consumption value acylation reaction*’ mechanochemistry®* by mechanochemistry
AR (%) — 41+3 48 +1 49+1

E-Factor 0 54.9 1.2 1.6

PMI 1 56.0 2.3 2.6

AE (%) 100 78.4 68.9 66.6

Time reaction — 180 35 90

Energy consumption (kWh) — 3.0 0.73 1.88

the E-factor to 1.2 for the CDI activation approach and 1.6 for
the amidation reaction, compared to 54.9 for the conventional
reaction in solution respectively. This significant enhancement
is due to the elimination of the solvent (water) from the syn-
thesis process, made possible by the solventless methods.
Although both mechanochemical strategies exhibit similar
E-factor values, they differ in the nature of the coproduct
formed, with an imidazolium salt for the CDI-based approach
and base for the amidation method. Process mass intensity
(PMI) is another environmental process waste metric that we
also considered to compare the greenness of the lipopeptide
synthesis process. The main source of waste in chemical reac-
tions comes from solvent losses. Conducting solvent-free reac-
tions helps address this issue and reduces the environmental
impact. Therefore, PMI was significantly decreased from 56.0
for the reaction in solvent to 2.3 and 2.6 for the mechano-
chemical reactions. These metrics indicate that the mechano-
chemical reaction generates less waste and the solvent-free
reaction is greener than the synthesis in solution. An improve-
ment in reaction time was achieved in this study, reducing it
by half, from 180 minutes for acylation in aqueous solution to
90 minutes for amidation using mechanochemistry, while pro-
ducing the same product of interest. Finally, the estimated
energy consumption shows that both mechanochemical
approaches require less energy for the production of lipopep-
tides than conventional solution-phase synthesis. All these
parameters demonstrate that the amidation reaction via
mechanochemistry has a high potential for replacing conven-
tional synthesis, as it is effective and generates no waste,
adhering to the principles of green chemistry.

4 Conclusions

This work demonstrated an efficient new method for the ami-
dation of amino acids and silk peptides in solventless basic
conditions for the development of lipoamino acids and lipo-
peptides. The experimental conditions for amidation were
optimized on model amino acids. The molecular structure of
the lipoamino acids synthesized was characterized using FTIR
and "H NMR, confirming the efficient conversion. The highest
conversion rate of 99% was obtained for glycine in excess of
the fatty ester and base. The reaction developed was then used
to produce silk lipopeptides. A series of sericin-derived lipo-

Green Chem.

peptides was developed in three steps: sericin extraction,
sericin enzymatic hydrolysis to produce peptides, and grafting
of the hydrophobic part through acylation with fatty esters of
varying carbon chain lengths. The acylation rates of 40-49%
were comparable to the results obtained for the acylation of
sericin peptides using the conventional Schotten-Baumann
reaction in aqueous solution® or mechanochemical acylation
using CDIL.** The surface activity of sericin-derived lipopep-
tides was evaluated using the pendant drop method. A signifi-
cant decrease in surface tension of up to 24 mN m™' was
observed for long hydrophobic chain of 14 carbons. The
approach proposed makes it possible to recover the sericin
protein, a waste by-product of the silk industry, as a source of
renewable peptides. This solventless methodology is a valuable
reference for research on lipoamino acids and the develop-
ment of similar surfactants, and could be extended to synthe-
sizing amino acid surfactants from other protein sources.
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