Open Access Article. Published on 13 September 2023. Downloaded on 1/15/2026 4:24:40 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC
Sustainability

W) Check for updates ‘

Cite this: RSC Sustainability, 2023, 1,
1995

Received 14th June 2023
Accepted 13th September 2023

DOI: 10.1039/d3su00189j

rsc.li/rscsus

Sustainability spotlight

I ROYAL SOCIETY
PPN OF CHEMISTRY

Synthesis, physicochemical characterization and
aquatic toxicity studies of anionic surfactants
derived from amino and a-hydroxy acidst
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Surfactants are extremely versatile ubiquitous compounds with a wide range of applications. Traditional
surfactants are based on non-renewable sources, while the alternative surfactants from natural feedstock
remain underexplored. In our work, we synthesized and characterized a library of bioderived compounds
with different structural properties. Namely, amide and ester derivatives of C;9—C¢ fatty acids and amino
or a-hydroxy acids, including methionine, aspartic, glutamic, malic and citric acid. To further elucidate
the structure—property relationship, we also included iminodiacetic acid, a non-natural acid. The
surfactant molecular structures varied in the number of carboxylic groups (one to three), the length of
the hydrophobic chain and the type of linkage between the two parts of the molecule (ester, secondary
or tertiary amide). The structural differences had a pronounced impact on their foaming properties,
critical micelle concentration (CMC), and maximum tolerable concentration (MTC) in aquatic life, studied
using zebrafish as model animals. The compounds exhibited a broad range of foaming properties across
the whole pH range. Their respective CMC values spanned several orders of magnitude, and a linear
relationship between the logarithm of CMC and the hydrophobic chain length was observed. Several
compounds showed very high MTC values. The obtained results provide a basis for further development
of bioderived surfactants and their use in different domains.

Traditional fossil-fuel-derived surfactants generally bear inherent negative environmental impacts. As a more biocompatible alternative, recent research efforts

have shown increasing interest in surfactants derived from renewable feedstock that could improve the overall environmental performance. Nonetheless, the
bioderived surfactants should exhibit comparable surfactant properties to the state-of-the-art surfactants. Herein, we investigated the synthesis, foaming

properties, critical micelle concentration and potential aquatic toxicity of surfactants derived from natural products: amino, a-hydroxy and fatty acids. We have
elucidated their structure-property relationship to aid with the future design of bioderived surfactants. This work provides a basis for future research into the

use of these compounds in different industries (consumer products, pharmaceuticals, cosmetics). Moreover, the presence of chelating groups as the polar head
group of the surfactants enables research into their application in metal removal and recovery. Therefore, this work highlights the significance of UN

Sustainable Development Goals (SDGs): industry, innovation and infrastructure (SDG 9), responsible consumption and production (SDG 12), climate action

(SDG 13).

Introduction

surfactants can be based on amino acids,”™ peptides,** fatty
acids,” o-hydroxy acids," itaconic acid,"” furfural,’® iso-

Due to the inherent negative environmental impact of tradi- sorbide,” saccharides,'® taurine,** among many others.
tional, fossil-fuel-derived anionic surfactants on the However, the full potential of these surfactants remains
environment' and the increasingly stricter environmental underutilized for reasons most probably associated with the
regulations, interest in surfactants derived from natural, lack of elaboration on their physicochemical and toxicological
renewable feedstock has been growing in recent years.*® Such ~ properties.

Amino acid-based surfactants (AAS) are a growing research
field that uses amino acids as the hydrophilic, polar head of the
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blocks of proteins, that have a fundamental role in many bio-
logical processes. They consist of a carboxylic group (COOH), an
amino group (NH,) and a characteristic side chain bearing
different functional groups (alkyl, carboxylic, amine, amide,
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thiol, thioether, alcohol, aromatic etc.). Their structural diver-
sity allows for the synthesis of various surfactants, as different
moieties can be introduced at different molecular sites via
acylation, esterification, reductive amination or alkylation
reactions.”** The resulting derivatives can therefore be
anionic,**?” cationic, zwitterionic*' or even non-ionic
surfactants of wide structural variety and diverse physico-
chemical properties. This, in turn, leads to the potential for
applications of AAS in different fields, including
biomedicine,**” pharmaceuticals,*®*** gelators,”**® micellar
catalysis,*”*® cosmetics,* consumer products,” food additives
and supplements.*>*

On the other hand, a similar group of surfactants derived
from natural products, namely a-hydroxy-acid-based surfac-
tants (AHAS), have not been studied as extensively for their
surfactant properties. Tian et al investigated amphiphilic
polymers, derivatives of mucic acid, for drug encapsulation and
transport, while Jin et al studied alkyl glucoside citrate
monoesters in terms of their surface activity, wetting and
foaming ability.**

In addition to the properties and applications mentioned
above, amino and o-hydroxy acids act as chelating agents with
different binding modes.>*** This property makes AAS and
AHAS suitable for metal chelation and extraction, especially
when employed in hydrometallurgical processes such as ion
flotation. Ion flotation is a metal extraction technique based on
the adsorption of metal ions at the air-water interface of solu-
tions that contain a ligand and a surfactant. Common practice
is that diluted aqueous solutions of metal ions get treated with
a surfactant and a ligand as two separate entities.* Synthetic
and natural AAS have replaced this system acting as chelating
surfactants, where both the ligand and the surfactant are
combined in a single molecule.*»**** This not only reduces the
number of equilibria and the complexity of the metal-extraction
mechanism but also opens the door to the design of more
environmentally friendly ion flotation systems. These processes
have real-life applications such as valuable-metal recovery from
treated waste or removal of heavy metal pollutants from
drinking water.®*-%¢

Surfactant biodegradability and biotoxicity (primarily
aquatic toxicity) are among the most significant driving forces
for the design of novel surfactants in recent years.”*% Using
surfactants from natural building blocks is a valid premise for
their benign environmental impact. Even though there are
relatively few reports on the biodegradation of AAS and AHAS,*®
the presence of amide or ester bonds as a linkage between the
polar surfactant head and the hydrophobic tail allows for
biodegradability and biocompatibility.*® Conventional fossil
fuel-derived, non-renewable surfactants still prevail over bio-
based surfactants due to their low cost and established perfor-
mance in different areas. For a paradigm shift to occur, it is
paramount to further investigate the structure-property rela-
tionship of surfactants derived from natural sources.

In the present paper, we report the synthesis of a library of N-
and O-acyl surfactants (Fig. 1), conjugates of C,,—C;¢ fatty acids
(capric, lauric, myristic and palmitic acid) and amino (methio-
nine, glutamic and aspartic acid) or o-hydroxy acids (malic and
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Fig. 1 Molecular structures of the prepared surfactants based on
amino, a-hydroxy and fatty acids. Met — methionine, Asp — aspartic
acid, Glu — glutamic acid, IDA — iminodiacetic acid, Mal — malic acid,
Cit — citric acid.

citric acid). Their structural diversity is manifested in the
number of carboxylic groups (one to three), the overall structure
of their hydrophilic head group, the length of the hydrophobic
chain and the type of bond between the two moieties (ester,
secondary or tertiary amide). We investigated the effect of the
different structural features of the prepared compounds on their
foaming properties, critical micelle concentration (CMC) and
potential toxicity towards aquatic life using zebrafish larvae. For
a better elucidation of the effect of the polar group structure on
the surfactant properties, we included a non-natural amino acid
(iminodiacetic acid, IDA) in the study as well.

Results and discussion
Synthesis of surfactants

Synthesis of amide derivatives of amino acids is well estab-
lished. It ranges from simple classical conditions, such as the
Schotten-Baumann reaction (using acid chlorides), to the use of
peptide coupling reagents and protecting groups and even
enzyme-catalyzed reactions.>”® Although enzymatic synthesis is
potentially more sustainable and may see more of an imple-
mentation in the future, currently, the classical chemical
synthesis routes offer a much more versatility and robustness,
albeit generating more waste. Nevertheless, even for simple
reactions such as the Schotten-Baumann reaction, conditions
must be tailored to the type of amino acid and the hydrophobic
group used. Factors such as temperature control, pH control by
the addition of a base and a suitable ratio of water and an
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Scheme 1 Synthesis of the bioderived surfactants.
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organic solvent are paramount for reaction success.”* For
example, in our study, when comparing the synthesis of dicar-
boxylic surfactants versus methionine (Scheme 1), using acetone
as a solvent provided better yields for the dicarboxylic surfac-
tants like aspartate, glutamate and IDA derivatives. At the same
time, the yield of methionine-derived surfactants using acetone
was inferior to THF. In some cases, the extraction step during
the work-up can be avoided by direct filtration of the formed
precipitate after acidification.” However, based on our experi-
ence, it can be rather cumbersome, with problems like gel
formation and pore-clogging hindering the process and leading
to products of lesser purity. The main side product of the
reaction - the fatty acid resulting from the hydrolysis of the acid
chloride is easily removed from the crude mixture by recrys-
tallization using either a EtOAc/petroleum ether or a diethyl
ether/petroleum ether system.

For the synthesis of AHAS, a solventless zinc(u) chloride-
catalyzed esterification has been described in the literature,
where ZnCl, acts as a Lewis-acid catalyst and an excess of acid
chloride is used instead of a solvent (Scheme 1).°*7¢ In the
subsequent aqueous work-up, the unreacted acid chloride and
the main side product of the reaction (acid anhydride)’” are
hydrolyzed, while the final recrystallization step is used to purify
the surfactant from the residual fatty acid impurity.

Structural variation amongst surfactants

Several research groups have investigated the effect of different
AAS polar head group structures and the hydrophobic chain
length on their surfactant, antimicrobial and biological
properties.**?¢47%787 Therefore, it has already been estab-
lished that the difference in the structure of a surfactant polar
head group leads to different adsorption and aggregation
properties as well as biological activity. Since carboxylic groups
are highly polar and acidic, they substantially increase the
hydrophilicity of the surfactant polar head and, in turn, have
a significant effect on the solubility and surface activity of
carboxylate surfactants. The overall hydrophilicity of surfac-
tants is also affected by the type of linkage between the hydro-
phobic and hydrophilic moiety (e.g. secondary amide, tertiary
amide or ester bond). The amide bond dipole moment is higher
than that of an ester bond, owing to the greater electronegativity
difference between the bonded atoms, so it contributes more to
the hydrophilicity of surfactants.

Additionally, planarity of the amide bond prevents its rota-
tion leading to more rigid structures and different mechanical
properties, which can affect foam formation and stability. The
difference between secondary and tertiary amides stems from
the fact that tertiary amides are not hydrogen bond (H-bond)
donors and can be more sterically hindered. That manifests
in lower solubility, compared to secondary amides, in water and
protic solvents. The formation of intermolecular H-bonds of
secondary amides can also affect self-assembly. Even though
self-assembly processes are mainly based on entropic contri-
butions, van der Waals interactions between the hydrophobic
moieties, the repulsion between the polar head groups, and the
type of amide bond can have a considerable effect as well.*®

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Within the scope of our work, these effects were evident
concerning aspartic and malic acid derivatives (Fig. 1). The
compounds are nearly isostructural, bar the difference in the
type of linkage to the hydrophobic group (ester versus amide).
Glutamic acid and aspartic acid differ only in the methylene
spacer on the amino-acid side chain. Iminodiacetic acid, the
only non-natural product in the series and a widely used
chelating agent, can be regarded as an isomer of aspartic acid
with the side chain transposed from the o-carbon to the
nitrogen, making it the only tertiary amide in the series. Reports
so far mainly focused on zwitterionic N-alkyl-IDA derivatives,
which have been extensively studied.®*® As regards its
biocompatibility, IDA and related imino- and amino acids were
shown to be biodegradable in river water.*® The influence of the
number of carboxylic groups on the surfactant properties was
warranted by including methionine and citric acid as a polar
head group for the monocarboxylic and tricarboxylic deriva-
tives, respectively.

Foaming properties

The foaming properties of surfactants are essential when it
comes to their application in flotation or consumer products
and can be determined by multiple means.*” Since the prepared
surfactants are acidic and hence form different surface-active
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Fig. 2 Overall foaming properties of the studied surfactants (40 mL
solutions, 0.1% w/v) across the studied pH range. Bars represent the pH
range in which compounds formed stable foam (>5 mL after 1 minute)
and the intensity of the green color represents their overall rating
relative to SDS. Determined by the Bartsch method at 21 °C. Further
details regarding the foaming properties are presented in Fig. S1in the
ESI¥
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species in solution depending on its pH,”>* the foaming
properties were investigated using the Bartsch shaking test in
avolumetric cylinder at multiple values over the whole pH range
(Fig. 2). We used SDS, one of the most used petroleum-derived
anionic surfactants, for comparison. As expected, SDS formed
ample stable foam across the investigated pH range, with no
sign of precipitate.

With C;(Met derivatives, no stable foam formation was
observed as the foam would dissipate right away. Conversely,
for Cy,-, C14- and Cye-derivatives, strong foaming power was
observed above pH = 7 as ample amounts of dense, stable foam
formed (Fig. S1aft). In all cases, acidifying the solution to pH < 7
resulted in the formation of a silky precipitate at first, which
would aggregate into gel-like globules.

In the series of dicarboxylic surfactants, aspartic acid deriv-
atives exhibited the best foaming properties, in line with what
has already been reported on N-dodecanoyl (C;,) surfactant
properties.> With the increase of the hydrophobic group from
Cjo to Cy, the pH range in which the surfactants formed stable
foam progressively extended into the basic pH range. Stable
foam formation of C;oAsp was observed in pH = 2-4 range.
C;,Asp formed ample stable foam from pH = 2 to pH = 7, while
Ci6Asp showed great foaming properties in the entire studied
pH range (Fig. S1bt).

An interesting effect was observed with the C,4Asp derivative
springing from the fact that anionic surfactants are not only pH-
sensitive but also affected by changes in the ionic strength of
the solution. When C,,Asp was directly dissolved in a slightly
basic solution (pH = 8), transient foam formation was observed.
However, after increasing the pH to 11, the formed foam was
stable. Then, after progressively acidifying the solution back to
pH = 8, stable foam formation was observed. The same effect
was noticed with C,,-derivatives of Glu, IDA and Cit. The reason
for this could lie in the fact that the surface charge of the
surfactant head group can be stabilized or neutralized by
counterions leading to decreased repulsion between the polar
head groups. This reinforces attractive interactions, increases
the surface rigidity and stabilizes the formed foam.*>*° After
repeating the experiment at constant ionic strength using 0.1 M
Nacl, stable foam formation was again observed throughout the
whole basic pH range. This further corroborated that the
observed foamability and foam stability in the mildly basic pH
range of Cy,-derivatives resulted from surface-charge stabiliza-
tion of deprotonated carboxylic groups by Na' ions. Interest-
ingly, the effect was not observed with malic acid derivatives as
they had rather poor foaming properties in basic conditions
overall (see below). It is important to note that alkali metals do
not form coordination complexes with carboxylic groups and
that the interactions are purely electrostatic.”*

Glutamic acid derivatives showed diverse foaming proper-
ties. C1oGlu formed stable foam in the pH = 2-4 range, similar
to Cy0Asp (Fig. Sict). At higher pH values, though, only a small
amount of transient foam formation was observed. In contrast,
longer alkyl chain derivatives did not foam in the low pH range
but formed a gel-like precipitate until completely precipitating
at very low pH values. The foaming properties of C;,Glu were
confined to the pH = 5-7 range. However, with C;,Glu, the same
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foam stabilizing ionic-strength effect was observed as with
C,4Asp, virtually extending the foaming range to the entire basic
pH range. C;,Glu showed good foaming properties at pH = 6—
12, with the most stable foam observed at neutral pH.

IDA derivatives, the only tertiary amides in the series, dis-
played a similar trend as the other dicarboxylic surfactants
(Fig. S1dt). C;0IDA showed foaming properties only in very low
pH range (pH = 2-3). Cy,IDA performance was very much
comparable to C;,Asp and C;,Mal in terms of the pH range and
the amount of formed foam. At the same time, C,IDA showed
similar performance to the C;,Asp derivative, exhibiting the
foam-stabilizing effect of increased ionic strength. However,
C;6IDA showed good foaming properties in the acidic and
neutral range, while in the basic range, stable foam formed in
a very low amount (<5 mL), unlike the other dicarboxylic Cy¢-
derivatives.

On the other hand, C;oMal formed stable foam in the
broadest pH range (pH = 2-6) owing to the less polar ester
bond, compared to the amide bond of the other dicarboxylic
surfactants. Foam formation of almost all malic acid derivatives
was confined to the pH range of 2-6, except for C;¢Mal which
formed a minor amount of stable foam in the neutral and basic
pH (Fig. S1et). Additionally, with C;sMal an unusual decrease in
foaming power at around pH = 5 was observed, while at the
adjacent pH values (2, 3 and 7) the compound produced ample
stable foam.

The tricarboxylic surfactants of the series, citric acid deriv-
atives, showed similar properties to their dicarboxylic counter-
parts and are very much comparable to the aspartic acid
derivatives, for the most part. C;4- and C;,Cit formed an ample
amount of stable foam in the acidic pH range, with the foaming
range of the Cj,-derivative reaching neutral pH as well
(Fig. S1ff). C14Cit, much like the other C,, dicarboxylic surfac-
tants (apart from C,,Mal), foamed throughout the whole pH
range for the same reason. However, C,5Cit showed relatively
poor foaming properties with low amounts of stable foam
forming throughout the entire pH range, bar the very basic
conditions, akin to C;6IDA.

Interestingly, the solutions of C;y-derivatives became turbid
at lower pH values, compared to their counterparts with longer
hydrophobic chains, forming gel-like lumps and/or fine silky
precipitate in the process. The reason behind this most prob-
ably lies in the fact that the length of the alkyl chain affects the
pK, of the acid. Longer hydrophobic chains increase in pK,
values of the acidic groups due to premicellar aggregation and
the resulting interactions.”> Another reason for that occurrence
could be the lower solubility of the more hydrophobic
compounds that causes their monoprotonated species to
precipitate out of the solution already in mildly acidic condi-
tions. Nevertheless, although the solutions were turbid, most of
the compounds still formed ample stable foam (Fig. S17),
indicating that the monoprotonated derivatives are still surface-
active even when present at very low concentrations in solution.

Overall, an improvement of the foaming properties in the
basic range was observed with the increase of the hydrophobic
group length in most cases. This is because the improved
molecular interactions stabilize the surface film, increase its

© 2023 The Author(s). Published by the Royal Society of Chemistry
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viscosity and decrease the liquid drainage rate, ultimately
leading to overall foam stability. The only major discrepancies
were observed with C;6Cit and C;4IDA, which showed poorer
foaming properties than their respective derivatives with
shorter hydrophobic chains. This is most probably caused by
the relative size and structure of their polar head group and the
hydrophobic moiety, which leads to low packing ability of
surfactant molecules at the surface, affecting surface viscosity
and elasticity. As a result, the probability of hole formation in
the stretched lamellae increases and both foamability and foam
stability decrease.®**

It is worth noting that simply because surfactants foaming
properties are not satisfactory does not mean that they cannot
find their application in flotation processes. For chelating
surfactants with sub-par foaming properties, adding an auxil-
iary surfactant as a foaming agent can aid in overcoming that, if
they exhibit synergy. The extent of synergistic effects depends
on the type of interactions between the chelating and auxiliary
surfactants, springing from their charge type and factors such
as the polar head group structure or hydrophobic chain length.
The synergy between the two surfactants is also conditioned by
their relative concentrations respective CMC. Several research
papers deal with that topic in more detail.****

Critical micelle concentration and self assembly

CMC is a fundamental property of surfactant solutions that
bears considerable practical significance, as surfactant solu-
tions exhibit different properties at pre-micellar and post-
micellar concentrations as well as concentrations around
CMC. It can be determined by different techniques, depending
on the surfactant's chemical structure. For surfactants bearing
a net charge, electrical conductivity studies are often used since
the change in electrical conductance of the surfactant solution
is caused by different degrees of surfactant ionization below
and above the CMC. Above the CMC, the conductivity usually
decreases as the counterions get included within the micelles.
In principle, any technique that can detect a marked change in
the measured property in relation to the monomeric versus the
micellar state of surfactant solutions can be used. For data
processing and calculation of the actual CMC value, numerous
approaches have been suggested in the literature.*»”%-1

In our work, the poor solubility of the mono-deprotonated
species made their CMC determination very difficult. None-
theless, significant foaming was still observed below neutral
pH, indicating that these species are still surface active despite
their low solubility. An attempt to measure the CMC of mono-
deprotonated amino acids resulted in precipitate formation
after dissolution by heating and letting it cool down to room
temperature. In the case of disodium salts, precipitate forma-
tion was also observed upon standing. This was most probably
caused by hydrolysis of the fully deprotonated surfactants and
precipitation of their mono-deprotonated species, adding more
to the fact that even mono-deprotonated species of dicarboxylic
surfactants were not that well soluble in water. Such properties
limit their application in some fields at higher concentrations
and low pH. In reference literature, the CMC is almost

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Sustainability

exclusively described for the fully deprotonated sodium (or
other alkali metal) salts for already investigated compounds.””®

The CMC of ionic surfactants is highly affected by the pH
and ionic strength of the solution. In an attempt to use buffers
for pH control, the buffer capacity (borate, phosphate) was not
strong enough to maintain the set pH at lower concentrations
(10 mM). At higher concentrations, the effect of the added
buffer contributing to the ionic strength of the solution would
have introduced too much discrepancy between the measured
and real CMC.'*>'** Additionally, the dissolved surfactants form
an intrinsic buffered solution themselves since they are deriv-
atives of weak acids, so neutralization by base was not an option
either. These issues were circumvented by converting the
compounds into fully deprotonated sodium salts.

As expected, a decreasing trend in the CMC values of the
studied surfactants was observed with the increase in hydro-
phobic group size. Interestingly, the secondary amide deriva-
tives of the dicarboxylic surfactants (Asp, Glu, Mal) exhibited
a similar trend with only a minor distinguishable difference
between the more apolar malate derivatives versus glutamates
and aspartates (Table 1). Conversely, IDA derivatives not only
had a lower CMC compared to the other dicarboxylic surfac-
tants but a more steadily decreasing trend with the increase in
surfactant hydrophobicity. This indicates that the increase in
the hydrophobic chain length has less of an effect on IDA than
the other dicarboxylic surfactants. An increase in hydropho-
bicity followed by a decrease in CMC of tertiary vs. secondary
amide surfactants has already been reported.®>'** The relative
differences are more prominent when log CMC is plotted
against the number of carbon atoms in the hydrophobic moiety
(Fig. S21). A linear dependence is clearly observed for all
surfactants. In the case of the monocarboxylic methionine
derivatives, the CMC is lower by an order of magnitude
compared to the rest of the studied surfactants. Likewise, the
kink in the conductivity vs. concentration curve is much more
pronounced (Fig. S3-S87) owing to the relatively higher hydro-
phobicity and surfactant aggregation number in micelles.

The CMC of the tricarboxylic citrate derivatives could not be
determined in the case of C;y- and C,,-derivatives due to their
inherent hydrophilicity and relative sizes of the polar head

Table 1 Critical micelle concentration (CMC, in mM) of the studied
surfactants as determined by electric conductivity studies at 21 °C*

Hydrophobic group size

Polar head

group Cio Ciz Cia Cis

MetNa 20.7 + 0.8 6.15 £+ 0.06 1.71 £ 0.05 0.4 + 0.1
AspNa, 2257 82.4 £ 0.4 28.9 + 0.3 10.8 £ 0.1
GluNa, 209” 71.9 £ 0.9 26.3 + 0.3 8.79 £+ 0.08
IDANa, 51° 34 +9 20+ 3 14.21 £ 0.08
MalNa, 161° 66.6 + 0.9 25+ 3 10.8 £ 0.1
CitNay n.d. n.d. n.d. n.d.

¢ Determined by the method of Carpena et al.; errors expressed as the
standard deviation of the fit; n.d. - not determined. ? Values
extrapolated from a linear fit of log CMC dependence on the number
of carbon atoms in the hydrophobic moiety (Fig. S2).
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group and hydrophobic moiety, leading to a low aggregation
number and a negligible effect of the inclusion of counterions
within micelles. Experimentally, that is evident from the
absence of a prominent kink in the concentration vs. conduc-
tance curve (Fig. S81).* In the case of the Cy4- and C;CitNag,
precipitation was observed shortly after the salt had been dis-
solved and was allowed to cool down to room temperature,
rendering the determination of CMC of those derivatives
impossible. This observation is in line with the fact that the
citrate ion (Citr*”) is a stronger conjugate base than glutamate
(Glu*") or aspartate (Asp®>~) and, therefore, hydrolyzes more
easily.

The same effect as with C;,- and C,,Cit was observed with
the dicarboxylic C;, derivatives. Their CMC could not be
determined due to their low aggregation number and low
curvature in the conductivity vs. concentration plot. Nonethe-
less, we have extrapolated a theoretical value based on the linear
relation of log CMC and the size of the hydrophobic group
(Fig. S27). These values could potentially be measured by other
techniques less dependent on the surfactant aggregation
number, such as spectrophotometrically by dye solubilization
or fluorescence spectroscopy. Surface tension experiments,
however, might prove cumbersome as they require a large
amount of material per measurement since large solutions are
usually handled.

Biological properties

Since surfactants find numerous applications in different fields,
they may be discharged in wastewater and end up in surface
waters, soil or sediment after use.'®>'°® Therefore, aquatic
toxicity and biodegradability are important factors that must be
addressed. Even though there are relatively few reports on
biodegradation and aquatic toxicity of surfactants based on
amino acids, fatty acids and a-hydroxy acids, the available
literature highly suggests low aquatic toxicity and a high rate of
biodegradation owing to the presence of amide or ester bonds
as a linker between the polar head group and the hydrophobic
moiety.®® Such bonds are highly susceptible to enzymatic
cleavage. In our work, we investigated a worst-case scenario
where no biodegradation would occur in order to gain further
insights into their environmental compatibility.

Surfactant toxicity springs from their affinity for interfaces.
Consequently, they accumulate at the cell membrane/water
interface, disrupting the membrane integrity through
hydrophobic/ionic adsorption phenomena. Even though the
responses of different organisms to surfactants depend on
various factors, in general, anionic surfactants are less toxic
than cationic surfactants due to the net negative charge of most
biosolids in the aquatic environment.'*”**® Arginine-based
cationic AAS, however, have been investigated in recent years
for their antibacterial properties and aquatic toxicity, reporting
lower acute toxicity compared to conventional cationic
surfactants.'®

Based on the research of Perinelli et al., N-decanoyl (C,,)
derivatives of different monocarboxylic amino acids show
favorable toxicological profiles regarding cytotoxicity to
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different human cell lines.** In similar, when comparing C;, to
C;6 N-acyl derivatives of alanine and serine, it was reported that
the hydrophobic chain length had a pronounced effect both on
surface properties and cytotoxicity, while the polar head of the
respective amino acids affected only the latter.>® ECs;, value
decreased with the increase in hydrocarbon chain length and
was dependent on the concentration of the respective surfactant
relative to its CMC. Nevertheless, the cytotoxicity of these
compounds was still lower than what was reported for SDS.**
The reports of Infante et al. pointed out that the increased
hydrophobicity was a negative parameter in terms of biode-
gradability and toxicity in the case of N-acylated arginine
methyl-ester cationic surfactants.”* When it comes to anionic
surfactants, however, the increase in hydrophobic chain length
has less impact on their biodegradability. Sivasamy et al.
investigated stearoyl (C,g) derivatives of numerous amino acids,
including glutamic and aspartic acid, and deemed them readily
biodegradable, in addition to their good antimicrobial activity.®®

Previous studies have investigated the safety and toxicity of
various surfactants on different organisms.">*** However, few
studies have examined the effects of anionic surfactants on
aquatic animals."™ In our study, we have used zebrafish as they
are a commonly used model organism due to their homology
with the human genome, high fecundity and short development
cycle. Zebrafish larvae develop different behavioral character-
istics already at 4-5 days post-fertilization (dpf).**>*'

A select number of surfactants were investigated based on
their foaming properties, CMC values and degree of novelty.
Even though C;,Cit exhibited better foaming properties than
C;,Cit, due to the issues with precipitation of C,;,Cit observed
during the CMC-determination experiments, C;,Cit was
selected for the toxicity studies instead. SDS was included in the
study for comparison. Our toxicological evaluation experiments
yielded different concentrations of surfactant tolerance in
zebrafish, affected both by the hydrophobic-group size and the
type of the polar head group (Table 2).

We have noticed the impact of different hydrophobic chain
lengths on aquatic toxicity when C;,Asp and C;cAsp were con-
cerned. No changes in the zebrafish were observed at concen-
trations below the MTC of C,4Asp (50 uM). However, a sudden

Table 2 Maximum tolerable concentration (MTC) of the studied
surfactants in zebrafish larvae®

MTC

Surfactant c/uM y/mg L~*
SDS 100 28.8
Cy4AspNa, 50 18.0
C16AspNa, 7.5 2.9
C,,GluNa, 100 40.1
C,,IDANa, 100 35.9
C,,MetNa 500 191
Ci6MalNa, 500 208
C,,CitNa, 500 220

¢ 4 dpf larvae, incubated for 18 h at 28 °C.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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spike in toxic effects occurred in a relatively narrow concen-
tration range, already at 75 pM. The MTC of C;cAsp was
significantly lower (7.5 uM) depicting the negative effect of
increased hydrophobicity on the aquatic toxicity of the aspartate
derivatives. On the other hand, the differences in the surfactant
polar head group were evident from the fact that C;cMal was
one of the least toxic surfactants, together with C,,Cit and
Ci4Met, with an MTC of 500 uM. C,,4IDA and C,,Glu were placed
in the medium toxicity bracket, relative to the others studied
herein, with an MTC of 100 uM. Based on this, it can be ex-
pected that less hydrophobic derivatives of these compounds
would be even less toxic. We have also observed that all
surfactants, except Cq4- and C;¢Asp, have shown equal or lower
toxicity than SDS, which had an MTC of 100 uM. However, it
should be stressed that these concentrations are not found in
the environment even in the case of the commonly used
consumer surfactants such as linear alkylbenzenesulfonates
(LAS), alkyl ethoxysulfates (AES) or polyethoxylates (PEO).>1%¢

The different toxicity of the studied compounds is related to
their structural features that affect their ability to penetrate the
cell membrane. Apart from the hydrophobic-chain size previ-
ously discussed, the overall charge of the molecule and the
presence of different functional groups (i.e. sulfate, carboxylate,
amide, ester, thioether) influence the extent of their adsorption
at the cell surface.* Likewise, they contribute to various elec-
trostatic interactions with the constituents of cell membranes,
affecting the ease of membrane penetration for each
compound.** It has already been reported that SDS can form
specific electrostatic interactions (e.g. H-bonds) with membrane
proteins via the sulfate head group.'”'*® In the case of the
studied bioderived surfactants, distinctly larger, more complex
and more hydrophilic head groups might prevent a simple
insertion into the cell membrane. However, the aspartate
derivatives deviate from this rationale. Still, as observed from
their foaming properties, they exhibited better surface-
adsorption ability than the rest of the compounds, which
would justify their increased toxicity. The lower toxicity of the
AHAS (C;¢Mal and C;,Cit) might also be supported by the fact
that the ester linkage is more easily cleaved enzymatically, as
already reported for lysine derivatives and carbohydrate-based
surfactants.""****° This would also warrant better biodegrad-
ability of AHAS.

According to the Organization for Economic Co-operation
and Development (OECD) environmentally benign surfactants
should exhibit an LCs, value of 10 mg L™ toxicity for fish.*" It
should be noted that, in practice, the LCs, value is almost
always higher than the MTC. From the surfactants that have
been tested, we can conclude that none would cause significant
damage to aquatic life if they ended up in the wastewater, apart
from C;6Asp. They can therefore be classified as environmen-
tally benign. The same could be assumed for other derivatives
bearing smaller hydrophobic groups (C;, and C;,) and some
C,4-derivatives such as C;,Mal. It is important to reiterate that
this concerns a worst-case scenario without prior biodegrada-
tion. Nonetheless, more detailed studies are advised and
required if the surfactants are to reach a higher level of indus-
trial application.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Experimental
Synthesis of the bioderived surfactants

Synthesis of the bioderived surfactants is reported below. The
full characterization data can be found in the ESL{

Monocarboxylic amino-acid-derived surfactants. Methionine
(1.00 g, 6.70 mmol) and NaOH (0.73 g, 18.2 mmol, 2.7 equiv.)
were dissolved in water (14 mL) in a round-bottomed flask
equipped with a stirring bar, THF (20 mL) was added, and the
mixture was cooled to 0 °C. The fatty-acid chloride (1.1 equiv.)
was added dropwise at a rate of 0.4 mL min~ . The reaction was
run for 2 h at 0 °C under vigorous stirring, after which THF was
evaporated in vacuo. The residue was acidified to pH = 1 using
6 M aqueous HCI. EtOAc (100 mL) was added to the mixture and
the two phases were separated. The organic layer was washed
with brine, dried over MgSO, and the mixture was concentrated
in vacuo to a tenth of the initial volume. To the residue, petro-
leum ether was added allowing crystallization overnight. The
crystals were filtered, washed twice with petroleum ether and
dried under vacuum.

Dicarboxylic amino-acid-derived surfactants. The amino
acid (1.00 g) and NaOH (2.0 equiv.) were dissolved in water (4.8
mL) in a round-bottomed flask equipped with a stirring bar.
Acetone (3.4 mL) was added and the mixture was cooled to 0 °C.
The fatty-acid chloride (1.15 equiv.) and aqueous NaOH solu-
tion (1.5 equiv.) of equal volume were added dropwise at a rate
of 0.4 mL min~". The reaction was run for 2 h at 0 °C under
vigorous stirring, after which it was acidified to pH = 1 using
6 M aqueous HCI. EtOAc (100 mL) was added to the mixture and
the phases were separated. The organic layer was washed with
brine, dried over MgSO, and concentrated in vacuo to a tenth of
the initial volume. To the residue, petroleum ether was added
allowing crystallization overnight. The crystals were filtered,
washed twice with petroleum ether and dried under vacuum.

a-Hydroxy-acid-derived surfactants. The synthesis of the a-
hydroxy-acid surfactants was done according to a modification of
a procedure described in literature.” To an oven-dried reaction
tube, a-hydroxy-acid (1.00 g), ZnCl, (0.1 equiv.) and the fatty-acid
chloride (2.0 equiv.) were added. The flask was purged with
nitrogen and a nitrogen-filled balloon was put on top. The reac-
tion mixture was heated to 90 °C and run for 24 h. The mixture
was allowed to cool to room temperature after which it was dis-
solved in diethyl ether (50 mL), transferred to a flask with ice-cold
water (30 mL) and stirred in an ice bath for 30 min. The reaction
mixture was further diluted with 50 mL of diethyl ether and the
layers were separated in an extraction funnel. The organic layer
was then washed with brine (4 x 20 mL), or until neutral pH,
dried over MgSO, and concentrated in vacuo to a tenth of the
initial volume. Addition of petroleum ether to the residue allowed
crystallization overnight. The crystals were filtered, washed twice
with petroleum ether and dried under vacuum.

Foaming properties

Foamability and foam stability were determined by the Bartsch
method at 21 °C.**”* 40 mL aqueous solutions (0.1% w/v) of the
prepared surfactants were prepared and poured carefully into
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a 100 mL measuring cylinder with a ground glass joint to avoid
foam formation. The cylinder was capped and turned upside
down at a rate of 10 times in 20 seconds. The volume of the
formed foam (in mL) was measured immediately after turning
the cylinder and after 1 minute. These two values indicated the
foamability and foam stability, respectively. pH adjustment was
done by adding 1 M aqueous solutions of NaOH or HCI. Sodium
dodecyl sulfate (SDS) was used for comparison.

Critical micelle concentration determination

The conductivity of surfactant solutions was measured using
a Mettler Toledo SevenCompact conductivity meter and InLab®
731-ISM conductivity probe. 12.88 mS cm " and 1413 pS cm™"
standard solutions (Mettler Toledo) were used for calibration for
high-conductivity and low-conductivity studies, respectively.
9 mL of surfactant solution in Milli-Q water was transferred into
a glass vial equipped with a stirring bar. The solution was diluted
by the addition of water until 15 mL after which the dilution-
extraction method was used.”” Conductivity was measured
under constant stirring (500 rpm) at 21 °C and the solutions were
allowed to equilibrate after each addition. Due to solubility issues
with protonated species of surfactants, the compounds were
dissolved in EtOH, after which the exact number of equivalents of
ethanolic solution of NaOH (¢ = 2 M), depending on the number
of surfactant’s carboxylic groups, was added. The precipitate was
filtered, washed with EtOH twice and dried in vacuo. Measured
datasets were processed and analyzed using Origin 2018 software
package (OriginLab, US), where the CMC values of the
compounds were determined as a parameter of the regression
fitting according to the method of Carpena and co-workers.”*

pH measurements

The pH of the solutions was measured at 21 °C using a Mettler-
Toledo SevenCompact S220 pH meter. Standard buffer solu-
tions of pH 1, 4, 7, and 12 were used for calibration.

Experimental animals

Embryos were obtained via natural spawning and were kept in
Petri dishes (92 x 16 mm, Sarstedt, Niimbrecht, Germany) at 28 °C
in Danieau's medium in a Peltier-cooled incubator (IPP 260,
Memmert, Schwabach, Germany). The larvae were used for studies
at 4 days post fertilization (dpf). Zebrafish embryos and larvae in
the EU are legally not considered an animal during the first 5 dpf.

Aquatic toxicity studies

A stock solution of each compound (in a sodium-salt form) was
prepared in Milli-Q water (¢ = 4 mM) which was diluted to
specific concentrations using Danieau's solution. The toxicity of
compounds was evaluated by determining the maximum toler-
able concentration (MTC) in zebrafish, ie. the highest concen-
tration at which no signs of locomotor impairment, loss of
posture, body malformation, weak response upon a light touch
of the tail with a fine needle, or death occurred after an 18 h
incubation period. To that end, five zebrafish larvae (4 dpf) per
well in 6-well plates were incubated with different concentrations
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of the surfactants at 28 °C and, after incubation, the larvae were
individually investigated for signs of toxicity under the micro-
scope. Danieau's solution was used for the control group.

Conclusions

In this work, we have successfully prepared a library of surfactants
derived from natural products, namely N- and O-acyl derivatives of
amino acids and a-hydroxy acids using fatty acids as the hydro-
phobic moiety. For better elucidation of their physicochemical
properties, we have prepared derivatives of a non-natural amino
acid - iminodiacetic acid (IDA). The structural diversity of the
prepared compounds is exhibited in different features in their
molecular structure, such as the number of carboxylic groups (one
to three), type of bond between the polar head group and the
hydrophobic moiety (secondary or tertiary amide, ester) and the
size of the hydrophobic group (C;p-Ci¢). A diverse range of
foaming properties was observed, from compounds whose
foamability and foam stability was confined to acidic, basic or
even neutral pH, to compounds whose foaming ability spanned
throughout the investigated pH range (2-12). In general, the
increase in length of the hydrophobic chain led to an extension of
the foaming properties from acidic to basic pH. However, this was
not the case with C;6IDA and C;¢Cit which displayed worse
foaming properties than the other derivatives of the same
hydrophobic-group size. This was most probably caused by their
low packing ability at the surface due to the repulsion of their
polar heads relative to the size and interactions of the hydro-
phobic groups. A pronounced foam stabilizing effect by increased
ionic strength was observed with di- and tricarboxylic C,,-deriva-
tives, virtually extending their foaming properties from only acidic
and neutral pH to the whole pH range. The self-assembly prop-
erties in bulk showed an increasing trend with the increase in the
number of carboxylic groups and a decreasing trend with the
increase in hydrophobic chain size. Due to a small aggregation
number, the CMC of most C,-derivatives and C,,Cit could not be
determined. The prepared compounds are expected to be fully
biodegradable due to the ease of enzymatic cleavage of amide or
ester bonds and the fact that all compounds, but the IDA deriv-
atives, are fully bioderived. Still, a select number of compounds
were investigated on their biocompatibility. Their potential
aquatic toxicity using zebrafish larvae as experimental animals
yielded different MTC values, with the effect of increased hydro-
phobicity manifesting in different toxicity of C;4Asp vs. Cy6ASp.
Among the studied compounds, C;,Cit, C;;Met and C;¢Mal
exhibited very high MTCs of 500 uM. Apart from C;4- and C;6Asp,
all compounds had the same or higher MTC than SDS, showing
that they were equally or less toxic. Additionally, all compounds
subjected to toxicity studies, besides C,cAsp, can be classified as
environmentally benign. The results reported herein serve as
a basis for further, more detailed studies of surfactants derived
from natural products and their employment in different fields.
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