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Preface

Surfactants have broad applications in many areas. For example, they are used
either as essential additives or as processing aids in production and processing
of materials that surround us. Surfactants are major constituents of laundry
detergents, industrial cleaners, and cosmetics. Some surfactants are used as
wetting, emulsifying, defoaming, or solubilizing agents in the pharmaceutical,
textile, food, and petroleum industries.

In recent years, environmental concerns and regulatory pressure have pro-
vided the driving force to replace petrochemical-based surfactants partly with
those based on naturally occurring renewable sources. There is a growing
interest in the synthesis and formulation applications of surfactants from natu-
ral biopolymers. The notion that such surfactants would be biodegradable and/
or biocompatible has provided strong incentive for research pursuit in this
area. For the aforementioned reasons, surfactants such as protein-based surfac-
tants (PBS) have attracted research attention. However, scientific information
for this group of surfactants is scanty. This book intends to narrow the knowl-
edge gap by presenting recent developments in this area.

Protein-based surfactants are usually synthesized with amino acids/peptides
and fatty acids as building blocks. They are mainly of two types: peptide and
amino acid surfactants. Both are interesting compounds that contain an amino
or a peptide as the hydrophilic part and a long hydrocarbon chain as the hy-
drophobic portion. The hydrocarbon chain can be introduced through acyl,
ester, amide, alkyl, or ether linkage. Protein-based surfactants are usually con-
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sidered biodegradable, nontoxic, and nonirritating and, in some cases, they
have antimicrobial properties. Information on the preparation, structure, and
properties of PBS is found mostly in the patent literature. Relatively few com-
mercial PBS are available.

The lack of a book devoted to PBS emphasizes the timeliness of and pro-
vides impetus for this book. The potential benefits of PBS are enormous and
will be highlighted in this volume to stimulate more research in the area. The
book provides insights into how underutilized protein and oil sources can be
converted to new surfactants of potentially high value. It suggests potential
large-volume new applications for waste and/or underutilized proteins in the
surfactant and detergent industries. Furthermore, it presents viewpoints on
chemical and enzymatic approaches in the synthesis of PBS. In general, the
book examines synthesis approaches and the physical chemistry of PBS, appli-
cation potentials, and the overall state of knowledge in the subject area.

This volume is intended for chemists, formulation chemists, physical chem-
ists, biologists, food scientists, and research scientists involved in the synthe-
sis, technology, properties, and application of new surfactants. Also, it is ex-
pected to serve as a reference source for graduate students or researchers in
the fields of colloid and surface chemistry or chemical technology and engi-
neering.

The book brings together fundamental and applied aspects of PBS, drawing
perspectives from diversified researchers to provide comprehensive informa-
tion on the subject. It provides viewpoints on synthesis (chemical, enzymatic,
or chemoenzymatic processes), properties (safety, antimicrobial, biodegrad-
ability, etc.), and other special features of PBS. The first of the ten chapters
provides an overview of surfactant properties, technology, application, envi-
ronmental issues, and new concepts in the field. Chapter 2 takes a look at the
natural raw materials and agricultural by-products for PBS synthesis. Chapter
3 discusses protein interactions at interfaces, reviewing enzymatic reactions at
the interfaces and naturally occurring protein surfactants. Chapter 4 discusses
amino acid surfactants, their chemical synthesis and physicochemical proper-
ties. Chapters 5 and 6 discuss enzymatic approaches to synthesis of PBS.
Chapter 7 describes the preparation and properties of ionic and nonionic sur-
factants containing peptides or amino acids with perhydrogenated or perfluo-
rinated chains. Chapter 8 provides insights on potential interactions of PBS
with other compounds. Chapter 9 discusses potential applications of PBS in-
cluding formulation, detergency, emulsion, foaming, cosmetics, personal
cares, biotechnology, and other industrial applications. Chapter 10 examines
the current market development and trends. Extensive references are given at
the end of each chapter so that the reader can obtain further details elsewhere.
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It is hoped that this volume will stimulate the interest of more researchers
in the academic world and the surfactant industry to intensify work in the area
of PBS and to facilitate the rapid movement of developments from laboratory
to pilot level, to generate novel surfactants of unique properties.

Ifendu A. Nnanna
Jiding Xia
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An Overview of the Basis,
Technology, and Surface Phenomena
of Protein-Based Surfactants

JIDING XIA Wuxi University of Light Industry, Wuxi, China
IFENDU A. NNANNA Proliant, Inc., Ames, Iowa

. INTRODUCTION

Surfactants (short for surface-active agents) consist of a hydrophilic (water-
compatible) head group and a hydrophobic (water-repellent) hydrocarbon tail.
They affect all aspects of our daily life, either directly via household detergents
and personal care products or indirectly via the production and processing of
the materials that surround us. Generally, they are important industrial chemi-
cals widely used in the manufacture of household cleaning, personal care,
agricultural, and food products. Most commercial surfactants in the market
are synthesized by chemical process. Manufacturers of surfactants use a com-
bination of petrochemicals and natural feedstock. Cost, performance, and
availability considerations make the petrochemicals the raw materials of
choice among manufacturers. The petrochemicals used include paraffin, ben-
zene, olefin, fatty alcohol, fatty acid, fatty amine, ethanolamine, ethylene ox-
ide, propyl oxide, betaine, and imidazoline and their polymerized products.
However, some chemical intermediates from the preceding chemical groups
are used directly, for example, alkylbenzene from the condensation of paraffin
derivatives and benzene for manufacturing sulfonates through sulfonation with
SO; in a falling-film reactor. These are mainly anionic surfactants, such as
tetrapropylene benzene sulfonates.

Synthetic surfactants are usually produced in a series of strong and se-
vere conditions such as high pressure (hydrogenation for fatty alcohol
process), nitrogen protection (ethoxylation), and blended catalysts (alkyla-
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tion, oxidation, ethoxylation, condensation, and polymerization). Due to
their complex raw materials and a series of chemical treatments, synthetic
surfactants prepared from petrochemicals often lead to by-products or isomers
of the main products (e.g., ortho- or meta- in linear alkyl sulfonates, disulfo-
nates in petrosulfonates or in methyl ester sulfonates), causing some quality,
environmental, or ecological problems [1]. They may be examined easily
by component and life cycle analysis [2,3]. Also, some minor harmful pro-
ducts are known to occur during chemical synthesis of many of the petro-
chemical-based surfactants. For example, the cancer-promoting substance
dioxane is formed during sulfonation of polyoxyethylenated alcohol to
make alcohol ether sulfate (AES), sultone that occurs during the abnormal
oxidative bleaching of olefin sulfonates (optional), or sulfamine in the reac-
tion of ethanolamine-like compounds with sulfoxidation. These potential
environmental and biological problems associated with petrochemical-
based surfactants are prompting the surfactant industries to seek natural alter-
natives.

The trend is toward mild and biodegradable surfactant products. The biode-
gradability issue is expected to be a major consideration in new product and
market development in the 21st century. Companies are looking into new sci-
ence and chemistry for developing mild, low-cost, biodegradable, and multi-
functional surfactants.

The commercial prospects of protein-based surfactants (PBS) is expected
to be huge, especially at the more expensive end of the market, such as phar-
maceutical formulations and personal care products, where a broad range of
functionality (e.g., safety, mildness to skin, high surface activity, antimicrobial
activity, biodegradability) is desired.

According to Myers [4], biodegradability may be defined as the removal
or destruction of chemical compounds through the biological action of living
organisms. Such degradation may be divided into two stages: (1) primary deg-
radation, leading to modification of the chemical structure of the material suf-
ficient to eliminate any surface-active properties, and (2) ultimate degradation,
in which the material is essentially completely removed from the environment
as carbon dioxide, water, inorganic salts, or other materials that are the normal
waste by-products of biological activity [4].

In this chapter we provide an overview of the basis, technology, and surface
phenomena of PBS. It is hoped that this overview will stimulate interest in
exploring strategies to develop PBS with desirable ecological and toxicologi-
cal properties. It is expected that increased environmental awareness among
consumers will drive the development of biological methods for the manufac-
ture of industrial-scale PBS.
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II. PROTEINS AS A BASE FOR SURFACTANT
PREPARATION

Proteins are by nature amphipathic or amphiphilic molecules; that is, they
contain both a hydrophobic (nonpolar) and a hydrophilic (polar) moiety. How-
ever, natural proteins per se are not used as commercial surfactants. Rather,
proteins are modified by chemical or enzymatic means to products with sur-
face-active properties. The use of modified proteins based on casein, soybean,
albumen, collagen, or keratin is not new [5]. The Maywood Chemical Com-
pany introduced commercial protein-based surfactants (PBS) in the United
States in 1937. They were primarily condensation products of fatty acids with
hydrolyzed proteins [5]. Renewed interest in PBS has occurred not only as
products based on renewable raw materials (i.e., proteins and fatty acids), but
also as a solution to waste disposal for animal and vegetable protein by-
products [5]. Among the commercial PBS, the following trade names have
been active: Crotein, Lexein, Magpon Polypeptide, Protolate, Sol-U-Teins,
and Super Pro.

Proteins are highly specific polypeptide polymers with three-dimensional
structures that are formed by amino acids linked by peptide bonds in a set
arrangement. The 3-D structure results from crosslinkage or interaction de-
rived from amino acid sidechains and hydrogen bonds between peptides. Pro-
teins differ from synthetic polymers in two major ways. In proteins, the num-
ber and variety of monomer units are considerably greater than those used in
industrial polymer synthesis. Also, in a given protein species, the covalent
structure or monomer order is essentially the same, as is the total number of
monomer units. Thus, a given protein has a very narrow molecular weight
range. However, proteins are similar to synthetic surfactants, because they are
composed of both hydrophobic and hydrophilic amino acids that afford them
a certain degree of surface activity. The main molecular properties of proteins
responsible for their surface activity are size, charge, structural features, stabil-
ity, amphipathicity, and lipophilicity [6]. The balance of polar, nonpolar, and
charged amino acids determines the surface activity of proteins in a particular
system [6]. This amphipathic nature of protein molecule allows it to bind with
surfaces of different chemical nature [6].

Although various factors may affect the surface activity of proteins, a domi-
nant parameter is hydrophobicity [7]. It influences adsorption and orientation
of proteins at interfaces and correlates with surface activity in some instance
(see the references in Ref. 6). However, the contribution of amino acids to the
overall hydrophobicity of the protein is limited compared to the contribution of
a hydrophobic tail in classic surfactants, such as ethoxylated fatty acids [7].
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Hydrophobic modification of protein can be achieved either by chemical or
enzymatic process to enhance the surface activity. The starting material in
such processes may be a polypeptide, a peptide, or an amino acid as the hydro-
philic part and a long hydrocarbon chain as the hydrophobic portion. The
hydrocarbon can be introduced through acyl, ester, or alkyl linkage [8]. The
following is a brief description of acylation and enzymatic modification strate-
gies.

A. Acylation Modification

Acylation is not just a widespread process among natural proteins but also
the most important chemical means to modify protein functionality. Acylating
agents include acyl anhydrides, acyl chlorides, and N-hydroxysuccinimide es-
ter. All the acylating reagents can react with nucleophilic groups such as
amino, phenolic (tyrosine), aliphatic hydroxyl (serine and threonine), and im-
idazole (histidine) groups, but the reactivity of these groups and the stability
of their acyl derivatives differ respectively. Serine and threonine hydroxyl
groups, which are weak nucleophiles, are not easily acylated in aqueous solu-
tions, but succinyl derivatives are rather stable, whereas acylates of histidine
and cysteine residues are unstable [9]. In most cases, the main groups involved
are the - and €-NH,, and to a lesser extent, the —SH and —OH groups.
Essentially, the hydrophobicity and surface activity of the protein molecule
can thus be tailored by controlling the molar ratio of the acyl anhydrides to
proteins.

Acylated protein hydrolysates are known to be very mild surfactants. In the
formulation of surfactants, the addition of small amounts of acylated protein
hydrolysates to the more strongly irritating bulk surfactants results in a more
than proportional improvement in their compatibility with the skin [10].

B. Enzymatic Modification

Enzymatic techniques can be used to endow proteins with surface-active func-
tionality. An enzymatic technique that has shown promise in enhancing sur-
face properties of proteins is a modified version of the classical ‘‘plastein’’
reaction. The plastein reaction is known to be a protease-catalyzed reverse
process in which a peptide—peptide condensation reaction [11,12] proceeds
through the peptidyl-enzyme intermediate formation [13]. It is essentially a
two-step process: enzymatic hydrolysis of a protein and plastein formation
from the hydrolysate peptides. A novel one-step process was developed as a
modified type of the plastein reaction by Yamashita et al. [14,15], which
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allowed papain-catalyzed incorporation of L-methionine and other amino
acids directly into soy protein and flour. Although the novel one-step process
of amino acid attachment was first designed for nutritional improvement,
these researchers soon demonstrated its great potential for improving protein
amphiphilicity and functionality as well [16]. It was hypothesized that by
reacting a hydrophilic protein as the substrate with highly hydrophobic
amino acid ester as the nucleophile, a product with amphiphilic properties
would result from the localized regions of hydrophobicity [16]. To obtain
adequately hydrophilic proteins as substrates, succinylation could be used to
modify the proteins prior to their use as substrates for the one-step process
[16]. To obtain adequately hydrophobic nucleophiles, amino acid esters with
specific functional properties were produced [16]. For example, the application
of the papain-catalyzed one-step process for L-norleucine n-dodecyl ester at-
tachment to succinylate o-s;-casein yielded a surface-active 20-kDa product
with increased emulsifying activity compared to o.-s;-casein or succinylated
a-s-casein [17]. Other enzymatic approaches used in modifying protein’s sur-
face properties or in novel surfactant synthesis are discussed in subsequent
chapters.

lll. CLASSIFICATION OF PROTEIN-BASED
SURFACTANTS

Although this book is focused primarily on the synthesis and application of
PBS from renewable sources or waste products, some naturally occurring PBS
will also be discussed briefly. Some of these naturally occurring PBS have
found applications in the pharmaceutical and personal care industries. Also,
this book is primarily about amino acid— and peptide-based surfactants, two
types of PBS that are discussed in some detail in the following sections.

A. Amino Acid Surfactants

Amino acid—based surfactants are derived from simple amino acids or mixed
amino acids from synthesis or protein hydrolysates. They are composed
of amino acid as the hydrophilic part and a long hydrocarbon chain as the
hydrophobic part. The hydrophobic chain can be introduced through acyl, es-
ter, amide, or alkyl linkage. Interest in amino acid surfactants is not new, as
shown by early work in the area. In 1909, Bondi performed the first research on
the introduction of a hydrophobic group to obtain N-acylglycine and N-acyla-
lamine [18]. Subsequent work in this area focused on N-acylamino acids, as
reported by Funk [19], Izar [20], Karrer [21], Staudinger and Becker [22],
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Naudet [23], Tsubone [24], Heitmann [25], Kester [26], Fieser [27], Komatsu
[28], Takehara [29], Imanaka [30], Seguer [31], Hatsutori [32], Abramzon
[33], and others. Other derivatives of amino acids have also been prepared by
reacting epoxidized fatty acid with ammonium or amines [34].

Some properties and uses of amino acid surfactants have been reviewed
by Kariyoma [35]. A commercial amino acid surfactant, ‘‘Lamepon,’” derived
from leather hydrolysates and a fatty acid acyl group has been reported. It was
used as a mild detergent, an emulsifier, or dyeing additives. The surfactants of
long-chain N*-acyl amino acid derivatives from pure amino acids or protein
hydrolysates have also been studied by many authors [36,37]. N-Acylsarcosi-
nates (Medialan) is used extensively in the chemical industry as an intermedi-
ate in the Rapidogen series of fast cotton dyestuff [38]. N-Acyl sarcosinate
salts are suitable for cosmetics, toothpaste, wound cleaners, personal cares,
shampoo, bubble-bath pastes, aerosols and synthetic bars [39], flooding and
reducing agents [40], and corrosion inhibitors [41]. Long-chain N-acylgluta-
mates are surfactants derived from glutamic acid with less irritation on the
skin than other conventional surfactants, such as SDS and LAS [42]. Acylglu-
tamates generally showed weak acidity in an aqueous solution, the pH of
which was almost equal to that of the human skin. Triethanolamine acylgluta-
mates (AGTn) has shown strong stability to calcium ions and could be used
with water having a hardness of 200—300 ppm calculated as CaCO; [42]. Hiro-
fumi Yokota reported that the solubility of N®-acyllysine surfactant was
improved by the introduction of N*-methyl group [43]. Ajinomoto Company
(Japan) developed a series of amino acid emollients, including glycinates, glu-
tamates, DL-pyrrolidone carboxylic acid salt of N*-cocoyl-L-arginine ethyl es-
ter, N*-lauroyl-L-lysine, and polyaspartates (Amilite GCK-12, Amisoft, CAE,
Amihope, Aquadew SPA-30, and Eldew CL-301) [30]. A series of amphoteric
surfactants, glycinates, sodium salts of N-(2-hytroxyethyl)-N-(2-hydroxyal-
kyl)-B-alanines (Na-HAA) was prepared by adding methyl acrylate to N-(hy-
droxyalkyl)-ethanolamine and subsequent saponification [44]. Pure N-acyl
leucines of some structurally different and biologically active common fatty
acids were synthesized; the N-acyl leucines exhibited greater activity in acid
form than the methyl ester form and against gram positive bacteria than gram
negative bacteria [45]. Sodium salts of long-chain N-alkyl-B-alanines, includ-
ing N-(2-hydroxyalkyl-N-(2-hydroxyalkyl)-B-alanines, have been prepared
that showed a wide pH range activity and less toxicity and irritation to human
skin because of their structural similarity to amino acid [46—49]. Infante et
al. synthesized a series of long-chain N*-acyl-L-arginine, long-chain N*-acyl-
L-lysine, and a commercial cationic amino acid surfactant, N°-N°-N°t-trimethyl
N*-lauroyl-L-lysine methyl (LLM,) iodide [50].
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Amino acid esters and amides are known to display excellent emulsifying
characteristics and to possess strong antimicrobial properties [51-54], which
makes them attractive as food additives [54]. Recently, Xia et al. [53] prepared
and evaluated the structure—function relationships of acyl amino acid surfactants
and their surface activity and antimicrobial properties. The amino acid surfac-
tants had a general structure of o-amino-(N-acyl)-B-alkoxypropionate. A strong
correlation existed between the critical micelle concentration (cmc) of amino
acid surfactants and the chain length of the acyl group, as evident from Fig. 1,
and also with their minimum inhibitory concentration (MIC) against Esche-
richia coli, Pseudomonas aeruginosa, Aspergillus niger, and Pseudomonas cer-
evisiae (see Table 1). Using methyl p-hydroxybenzoate as a control, the amino
acid surfactants were shown to have 2—8, 64, and 4-8 times the activity against
gram-negative, gram-positive bacteria, and fungi, respectively [53].

The foregoing is an example of many kinds of amino acid—based surfac-
tants that are being produced either for investigative research or for commer-
cialization. They have potential wide application in the cosmetic, personal
care, food, and drug industries.

-1

y =-0.34x + 1.67
R*=0.9593
22 4
*
-3 .
*

-4 : . !

10 12 14 16

Chain length of acyl group

FIG. 1 Relationship of acyl group chain length of amino acid surfactants to critical
micelle concentration (cmc). (From Ref. 53.)
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TABLE 1 Correlation Between Log MIC for Microorganisms and Log
CMC of Amino Acid Surfactants*

Correlation
Microorganism Regression® coefficient (R?)
Staphylococcus aureus Y = —14742 + 0.3611X 0.080
Escherichia coli Y = —11.843 — 3.1745X 0.878
Pseudomonas aeruginosa Y = 18777 + 1.9712X 0.876
Aspergillus niger Y = 0.6358 + 1.0917X 0.788
Saccharomyces cerevisiae Y = 14676 + 1.4123X 0.940

MIC = minimum inhibitory concentration; CMC = critical micelle concentration.

“ Amino acid surfactants of the general structure o.-amino-(N-acyl)-B-alkoypropionate.
bY = log MIC; X = log CMC.

Source: Ref. 53.

B. Peptide Surfactants

Peptide surfactants are derived from the condensation of dipeptides or tripep-
tides and hydrophobic chains such as fatty acids. Most in the literature have
been synthesized chemically, although some have been produced biosyntheti-
cally. A number of useful reports on peptide surfactants have appeared in the
literature. A few examples are cited here.

In a novel approach, Mhasker and Lakshminerayama [52] synthesized di-
ethanolamides (DEA) of N-lauroyl dipeptides of various molecular structures.
N-Lauroyl condensates of five amino acids were coupled with the correspond-
ing amino acid methyl esters, and the resulting products were condensed with
DEA in the presence of sodium methoxide to yield DEA of N-lauroyl dipep-
tides [52]. The physicochemical properties of the DEA-dipeptides showed that
C12-glutamic-glutamic-DEA derivatives had a CMC of 0.13 wt% and a sur-
face tension of 32.5 MN/m at 0.1 wt%; C12-glycine-glycine-DEA derivatives
possessed good surface properties; C12-proline-proline-DEA had good wet-
ting and emulsifying properties; C12-cysteine-cysteine-DEA was a good
foaming agent. Their work showed correlation of the N-lauroyl dipeptides
derivatives with surface activities and antimicrobial property [52]. For exam-
ple, the leucine derivative showed maximum inhibition against both gram-
positive and gram-negative bacteria. Also, whereas the DEA of glycine and
phenylalanine were active against both bacteria, the cyclic structure of proline
contributed to the activity only against gram-positive bacteria. The cysteine
derivative did not show any inhibition against both bacteria. The authors [52]
concluded that the thiol group in cysteine does not impart any antimicrobial
activity to the derivatives. They further stated that the activity of the isobutyl
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sidechain in leucine in inhibiting the bacteria was more pronounced than the
benzyl group in phenylalanine and the hydrogen atom of glycine [52]. The
DEA derivatives of N-lauroyl dipeptides were nonionic, mild to the skin, and
biodegradable surfactants.

Recently, Infante et al. [51] synthesized acidic and basic N*-lauroyl argi-
nine dipeptides, as methyl esters and free carboxylic acids, from pure amino
acids. They found that amphoteric N*-lauroyl-l-arginine dipeptide surfactants
containing glutamic acid or lysine had no antimicrobial activities. However,
the cationic versions of these peptides were antimicrobial, particularly the di-
peptide derivatives containing lysine [51].

Also of interest are amphoteric perfluoroalkylated homologues of N-(2-
hydroxy alkyl) amino acids prepared by the addition of 2-perfluoroalkyl-1,2-
epoxy ethane to a starting (L,D or L) amino acid (glycine, alanine, B-alanine,
serine, 2-amino butyric acid, norvaline, norleucine, methionne, sarcosine,
aspartic acid, or glutamic acid). The presence of perfluoroalkyl groups pro-
duces a much more rigid and stable system, which in turn can lead to higher
gel-to-liquid-crystal-phase transition temperatures [55,56]. Meanwhile, the
presence of polyfluoro-alkyl groups in peptide surfactants lowers the surface
tension markedly and could enhance the polarity of the compound [57]. Fluori-
nated peptide surfactants are described in more detail in a later chapter.

In addition to the preceding examples of protein-based surfactants, there are
numerous biosurfactants that are produced by microorganisms as metabolic
products. For example, surfactin is a lipopeptide-type biosurfactant produced
by various strains of Bacillus subtilis and is one of the most powerful biosur-
factant so far known [58]. Interest in biosurfactants is increasing, for two rea-
sons: their diversity and biodegradability. There are also peptide-based surfac-
tants that are of animal and plant origin. They are usually antimicrobial in
function and are typically cationic (i.e., contain excess lysine and arginine
residues) amphipathic molecules composed of 12-45 amino acid residues
[59]. These antimicrobial peptides are described as exhibiting an a-helical
structure or containing [-sheet elements with a a-helical domain, whereas
others are usually rich in proline, tryptophan, or histidine residue [59].

IV. SYNTHESIS OF PROTEIN-BASED SURFACTANTS

A. PBS Building Blocks—Hydrophobic and
Hydrophilic Groups
As indicated previously, as is the case with many surfactants, the molecules

of PBS have the hydrophobic groups, have hydrophilic portions, and connect
with intermediate linkage. The hydrophobic moieties may be a long hydrocar-
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bon chain (generally Cs—Cys) in a linear, branched, or cyclic state. The hydro-
phobicity depends on the degree of chain branching, chain length, and chain
distribution. Mostly the unsaturated or branched hydrocarbon chains have
weak hydrophobicity. Hydrophilic moieties are the short polar or ionic por-
tion, which can interact strongly with the water via dipole—dipole or ion—
dipole interaction, such as the atoms O, N, P, S, and the groups —COO",
—S0;-, —SO;H, —PO*, —N(CH;),0°, —N(CH;)," —S(NH,),",
—N(CH;),CH,CH,0~, —(CH,CH,0),H, —OH, —SH, —COOH, —NHCO—,
—NH,, —P=, and so on.

The intermediate linkages are used as the connecting portion between hy-
drophobic and hydrophilic groups if they are not connected to each other di-
rectly. By inserting the weak functional groups in hydrophobic groups, the
performance of surfactants may be improved and modified as a multifunctional
surfactant so that the hydrophobicity and hydrophilicity within a molecule can
be adjusted in a designed manner. Some practical intermediate linkages are
as follows: —CH,—, —CH,—CH,0—, —S—, —COO—, —CONH—,
—NHCONH—. For example,

RCO—N—CH,CH,COONa

CH;

—CON— and —CH,—CH,— are used as intermediate linkage between R
and —COONa groups to increase the calcium ion tolerance and moderate
mildness of RCOONa compound.

As has been indicated before in this chapter, it is possible to synthesize PBS
by enzymatic techniques. More will be discussed on this subject in subsequent
chapters. It is worth mentioning here selected work that has utilized the en-
zyme approach. Enzymatic acylation of the o-amino group of amino acid am-
ides, using free fatty acids or their methyl esters, has been reported [60,54].
A range of Nt-acyl amino acid amides was prepared with up to 50% yield
[54]. The products were quantitatively converted into N-acyl-amino acids by
means of a second enzyme, carboxypeptidase Y [54]. For more information
on similar enzymatic approach, see the review by Sarney and Vulfson [54].
More recently, Izumi et al. [61] demonstrated enzymatic synthesis of N-acyl-
amino acid homologous series in organic media. They performed enzymatic
amidation of 3-amino-propionitrile and B-alanine ethyl ester using methyl lau-
rate and immobilized lipase from Candida antarctica. This resulted in the
formation of N-lauroyl-B-alanine ethyl ester and 3-N-lauroyl amino propioni-
trile, respectively, with the best yield (82%) attained using dioxane as solvent
[61].
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FIG.2 Chemoenzymatic approach to the synthesis of 1-O-(L-aminoacyl)-3-O-myris-
toylglycerols. (From Ref. 62.)

Although both chemical and enzymatic synthetic methods have their
uniqueness and limitations, a combination of the two approaches in the synthe-
sis of PBS may be advantageous. The area of chemoenzymatic synthesis has
been studied only a little, so not enough information is available to discuss
its merits. Nevertheless, Rao et al. [62] described that glycerol-linked amino
acid fatty acid esters can be obtained by a chemoenzymatic synthesis, as shown
schematically in Fig. 2, with conversions of 50-90%.

V. SUMMARY AND CLOSING REMARKS

Several PBS have been studied, usually with amino acid/peptide and fatty
acids as building blocks. Some are used as emulsifying agents in the cosmetic
and pharmaceutical industries. They also play a role in biochemical research
as detergents for the isolation and purification of membrane proteins. Informa-
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tion on the preparation, structure, and properties of PBS is found mostly in the
patent literature. Protein-based proteins are usually considered biodegradable,
nontoxic, nonirritating components of detergents and, in some cases, have
antimicrobial properties.

Of the PBS, amino acid surfactants have been the subject of many studies,
primarily on their applications as pharmaceuticals, biomedicals, cosmetics,
household cleaners, and antimicrobial agents. On the other hand, except for
few fragmentary reports, experimental work on peptide surfactants is rela-
tively scanty. Both amino acid surfactants and peptide surfactants are interest-
ing biocompatible compounds that contain amino acid or dipeptide as the hy-
drophilic part and a long hydrocarbon chain as the hydrophobic part. The
hydrocarbon chain can be introduced through acyl, ester, amide, or alkyl
linkage.

It is important to note renewable resources such as natural oils and proteins,
especially those that are underutilized or ordinarily would go to waste, could
afford the basis of new surfactant molecules. Surfactants derived from natural
oils and proteins should be biodegradable and potentially of low toxicity.

The subsequent chapters will discuss the following areas in greater detail:
structure—function of proteins, with specific reference to their surface
property/interfacial behavior, amino acid surfactants, both chemically and en-
zymatically synthesized; peptide surfactants; and potential applications and
the market assessment of PBS.
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Natural Raw Materials and
Enzymatic Modification of
Agricultural By-Products

for Protein-Based Surfactants

XIAO-QING HAN Kraft Research and Development Center,
Glenview, Illinois

. PHYSICOCHEMICAL PROPERTIES OF PROTEINS

Because proteins play key roles in nearly all biological processes, their physi-
cochemical properties have attracted scientists worldwide and been the subject
of extensive study for decades. It is, therefore, impossible to cover all physico-
chemical properties of proteins in this section. Physicochemical properties that
govern a protein’s surface activity include: protein size, shape, amino acid
composition, net charge and charge distribution, amino acid sequence and their
higher structure, surface hydrophobicity or hydrophilicity, and molecular flex-
ibility and rigidity. All these properties are related to the amino acid composi-
tion and sequence of proteins. The structure and functions of proteins depend
on their amino acid sequences and the dynamic behavior of protein conforma-
tions.

A. Three-Dimensional Structure

Proteins are macromolecules consisting of 20 different amino acid residues
arranged in a highly sophisticated three-dimensional structure. The basic struc-
tural units of proteins are amino acids. All proteins are constructed from the
same set of 20 amino acids in different combinations. These 20 building blocks
differ in size, shape, polarity, charge, and chemical reactivity. Amino acids
are joined by peptide linkage between the o-carboxyl group of one amino acid
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and the o-amino group of the next one. The sequential linkage of amino acids
is the primary structure of proteins, which is absolutely crucial to a protein’s
identity. In addition, the amino acid sequence of proteins specifies their three-
dimensional structures, which are critical to their biological functions.

The secondary structure of proteins includes helices, sheet, turns, loops,
and random coil. The linear linkage of amino acids under certain sequences
can fold into regularly repeating structures that fall into two classes: helices
and sheet. Helices and sheet are termed ‘‘regular’’ structures because their
backbone N—N and C=0 groups are arranged in a periodic pattern of hydro-
gen bonding [1]. The a-helix, for example, is formed by the hydrogen bonding
of the backbone carbonyl oxygen of each residue to the backbone NH of the
fourth residue along. The backbone atoms pack closely and form favorable
van der Waals interactions, while the sidechains project out from the helix.
The amino acid residue, proline (without an NH group), interrupts the hydro-
gen bonding pattern and lead to a kink in a helix. B-Strands, ranging from
three to ten residues long, are associated side by side into parallel or antiparal-
lel sheets called B-sheet. Hydrogen bonds in B-sheet are formed between back-
bone CO and NH groups of adjacent strands.

For those ‘‘nonregular’ structures with nonrepeating backbone torsion
angles and, at most, one internal hydrogen bond (N—H—O=C), they are
classified as furns [2]. To make a spherical fold for globular proteins, the
residues between regular helices and strands need to make sharp turns. Turns,
also called reverse turns or B-turns, were first recognized by Venkatachalam
[3]. Glycine and proline residues are often involved in turns because of their
ability to adopt unusual backbone torsion angles. The remaining residues are
often classified as random coil, although they are neither random nor coil [4].
Recently, it has been found that most proteins consist of a class of structure
termed loop. A loop can be described as a continuous chain segment that
adopts a ‘‘loop-shaped’’ conformation in three-dimensional space, with a
small distance between its segment termini [5]. Loops are almost always situ-
ated at the molecular surface, which often implicate in molecular functions.

Although the well-known secondary structures are usually used for describ-
ing protein structure, no obligatory relationship to the functional domains has
appeared. To form a functional domain and express the functionality of pro-
teins, the secondary structures have to be further folded into higher-level struc-
tures, tertiary and/or quaternary structures. The tertiary structure of proteins
describes the pattern of folding of secondary structures into a compact, more
sophisticated molecule that can carry out biological functions. The tertiary-
structured proteins may further associate into a higher degree of structure—
quaternary structure. Quaternary structure refers to the noncovalent associa-
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tion of two or more subordinate entities, subunits, which may or may not be
identical.

B. Hydration

Protein—water interaction plays an important role in the determination and
maintenance of the three-dimensional structure of proteins. Water modified the
physicochemical properties of proteins. Therefore, protein—water interactions
have been the subject of intensive study and have provided significant ad-
vances in our understanding of the involvement of water in protein functional-
ity, stability, and dynamics [6]. The thermodynamics of protein—water inter-
action directly affects dispersibility, wettability, swelling, and solubility of
proteins. Surface-active properties of proteins are simply the result of the ther-
modynamically unfavorable interaction of exposed nonpolar patches of pro-
teins with solvent water.

Protein hydration is a process from the dry state of a protein sample to the
formation of solution state, which occurs over a very wide water activity range.
Water molecules bind to both polar and nonpolar groups in proteins via di-
pole—dipole, dipole-induced dipole, and charge—dipole interactions. The hy-
dration of a protein, therefore, is related to its amino acid composition and is
affected by solution conditions such as pH, temperature, and ionic strength.

Most work on protein hydration involved the use of protein powders that
are brought to the required hydration level by isopiestic equilibration with a
solution of a salt or sulfuric acid of known water activity [7]. Quite apart from
its fundamental importance and interest of proteins and their derivatives is
important in applications of surface-active proteins. For instance, lyophilized
protein stored in a vacuum desiccator over phosphorus pentoxide can only
reach the lowest hydration level down to about 0.01 g H,O per gram protein
(defined as ‘‘H’’), which represents about 8§ moles of water per mole of protein
[8]. Removal of the last few water molecules is extremely difficult and requires
high vacuum for several days. Consequently, the removal of the most tightly
bound water molecules could cause hysteresis during a solvation or absorption
process. That is, water sorption isotherms for highly dried proteins show
pronounced hysteresis, depending on the extent of prior dehydration of the
protein sample. Experimental evidence suggested that conformational changes
occur in the region of low hydration, indicating that adsorption hysteresis is
a molecular phenomenon related to conformational change in protein mole-
cules [9]. In practice, one should realize that a complete removal of water
molecules from dehydrated protein samples is very difficult and may not be
necessary.
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When the protein is dehydrated to a certain level, its conformational flexi-
bility decreases, in order to maintain a local free-energy minimum. Therefore,
the level of hydration significantly affects the biological properties (e.g., en-
zyme activity) of protein. A number of enzyme activities have been studied
as a function of hydration. In general, enzymes require only a small amount
of water to express their catalytic activity [10]. However, although much ex-
perimental evidence suggested that conformational changes could occur at
hydration levels below 0.2H, the extent of the structural changes is still a
matter of debate. Information from proton-exchange studies shows that effi-
cient exchange occurs in near-dry protein (0.08H) [11]. Therefore, in most
partially dried agricultural by-products, enzymatic reactions continue during
storage, although at a much reduced rate. Although most moisture has been
removed during the process of dehydration, most enzymes retain their activity
at a certain level, depending on their stability and other characteristics. Dehy-
dration alone can hardly eliminate the activity of enzymes.

C. Solubility

The solubility of proteins is an important property that affects and predicts
other functional properties. Therefore, the dispersion of protein molecules in
continuous phase is essential for expressing their surface activity. However,
the effect of solubility on the surface activity of proteins is complicated, and
there is no direct correlation between them. In general, a full dispersion of
proteins is necessary in order to form a stable protein film at the interface,
because insoluble proteins may precipitate at the interface.

The solubility of proteins is a thermodynamic manifestation of the equilib-
rium between protein—solvent and protein—protein interactions. Solubility is
an intrinsic property of proteins that depends on their amino acid composition
and sequence. The intrinsic factors that influence the solubility of proteins
include surface hydrophobicity, polarity, and net charges. Hydrophobic inter-
actions promote protein intermolecular interactions, resulting in decreased sol-
ubility. Polar and charged amino acid residues, on the other hand, promote
protein—water interactions, resulting in increased solubility. As a rule, proteins
containing more polar and charged groups, globular in shape, relatively small
in molecular weight, have better solubility. On the other hand, highly hy-
drophobic proteins, proteins with random structure, or highly aggregated pro-
tein polymers are generally insoluble or unstable in solution.

Many thermodynamic variables, such as temperature, pH, ionic strength,
and other compositions in the solution system, affect protein solubility and
compatibility with other macromolecule components of the system. At con-
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stant pH and ionic strength, the solubility of most proteins increases with tem-
perature in a certain range. Further increases of temperature may cause the
denaturation of proteins, resulting in decreased solubility. In addition, many
proteins form precipitates when completely heat-denatured.

While pH value affects the net charge of proteins, ionic strength affects the
solubility of proteins in two different ways, depending on the characteristics of
the protein surface. The ionic strength (1) of a salt solution is given as follows:

=053 Cz? (M

where C; is the concentration of an ion and Z; is its valance. Ionic strength
affects the { potential of the protein surface, causing salting-in and/or salting-
out reactions. Salts at a certain concentration usually cause an increase in
protein solubility (salting-in). A further increase in salt concentration, how-
ever, causes a reversed change of { potential, resulting in a precipitation of
proteins (salting-out).

The solubility of a protein in a system containing different proteins or dif-
ferent types of polymers (such as whey protein concentrate, WPC) possesses
complicated characteristics. Intermolecular interactions significantly affect the
overall solubility of the system, especially when protein concentration is high.
Processing equipment and stirring conditions also contribute to protein hydra-
tion and solubility. The added energy for stirring gives a high degree of defor-
mation of dispersed particles with a low (related to the dispersion medium)
viscosity in flow. In the shear field of a protein solution system, macromole-
cules may orient themselves, interact with each other more intensively, and
self-associate or dissociate frequently. A weak association of protein mole-
cules may break down in a shear field, thereby increasing the cosolubility of
proteins in a multicomponent solution system. The stirring effect on the solu-
tion structure, cosolubility, and phase state of multipolymer is of particular
interest in conjunction with the control of the functional properties of food
protein systems, even though it remains as yet little studied.

D. Denaturation

Studies on the denaturation of proteins have attracted researchers of different
backgrounds for decades, for it provides information on the structure, proper-
ties, and functions of proteins. Consequently, denaturation of proteins has
meant different things to different people. Because proteins in living organ-
isms are believed to be at a unique state and conformation to carry out their
biological functions, native proteins can exist only in living organisms. With
respect to the overall structure of a native protein, any conformational changes
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could mean a certain degree of denaturation. Therefore, the term unfolding is
often used in place of denaturation. As biologically active macromolecules,
proteins respond to environmental changes through their conformational ad-
justment. However, during the processes of extraction and purification, the
changes from physiological environment to buffer conditions have caused
some irreversible conformational changes that can hardly be measured. There-
fore, all in vitro proteins are theoretically denatured by this definition. In addi-
tion, since a minute fraction of the protein conformation may undergo change
without affecting the functional property of the protein, it is difficult to decide
to what extent the conformational change of the protein molecule can be in-
cluded in the concept of denaturation. A more *‘restrictive’’ definition of dena-
turation, therefore, specifies the loss of the most characteristic properties of
the protein (e.g., enzyme activity, solubility), which depends on the objectives
of a research.

Theoretically, because proteins have to maintain their certain conformation
to perform their specific functions, any factor that can change the conformation
of proteins is a potential denaturation factor. Therefore, the denaturation of
proteins can be brought about in many ways, including thermal denaturation,
denaturation by changing pH, by high concentration of urea, by guanidinium
chloride and other guanidinium salts, by inorganic salts, by organic solvents
and solutes, and by detergents. Denaturation of proteins significantly changes
their functional properties, including surface activity. It is well known that,
when absorbed at an interface, proteins undergo conformational changes.
Therefore, conformational changes caused by the denaturation of proteins usu-
ally are a necessary step for proteins to be absorbed and distributed at the
interface.

Heat is the most common factor that causes denaturation of proteins. Heat
treatment of proteins increases thermal motion, leading to the rupture of vari-
ous intermolecular and intramolecular bonds stabilizing the native protein
structure. Protein solubility decreases when proteins (especially globular pro-
teins) are denatured. Therefore, precipitation of proteins has long been used
as one of the guidelines for protein denaturation. Although denaturation of
proteins usually results in precipitation, precipitation of proteins is not neces-
sarily caused by denaturation. For instance, most proteins are insoluble at their
isoelectric point, at which their net charge is zero, but they may not be dena-
tured, although their conformation may undergo certain changes during the
process of precipitation.

As a physicochemical process, protein denaturation can be reversible or
irreversible, depending on the process of denaturation and the conditions after
denaturation. Denatured proteins may refold back to their original structure
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and resume their biological functions. The process of protein folding, un-
folding, and refolding is still an attractive research area, although it has been
extensively studied for decades.

II. NATURALLY OCCURRING SURFACE-ACTIVE
PROTEINS

Proteins are highly complex polymers with sophisticated three-dimensional
structures. During the formation of a protein-stabilized emulsion, the protein
molecules must first reach the water/lipid interface and then unfold so that
their hydrophobic groups can contact the lipid phase. The primary reaction
during homogenization is a rapid binding of protein molecules to the newly
created fat surface. The initial binding of proteins is a diffusion-controlled
process. Once adsorbed, the protein molecules adopt the most favorable con-
formation through rearranging their structure. This phenomenon occurs be-
tween the hydrophobic sidechains of the protein molecules and the surface of
the nonaqueous material. Because all proteins contain both hydrophobic and
hydrophilic amino acid residues, all proteins should theoretically be surface
active. Therefore, proteins are natural polymeric surfactants. However, be-
cause the diffusion/adsorption of proteins on the interface is a complicated
physicochemical process affected by several factors, most native proteins dem-
onstrate very week surface activity due to their slow diffusion onto the inter-
face and their inability to adsorb there. Therefore, among thousands of proteins
that can be recovered from raw materials and agricultural by-products, only
a few are naturally surface active. Most naturally occurring surface-active pro-
teins contain nonprotein components covalently linked with protein molecules.
Although proteins can be synthesized only from the combination of the 20
different amino acids, some of the amino acid residues are designed to be
modified by the cytoplastic enzymes. The process of posttransitional modifi-
cation may produce protein complexes such as glycoproteins and lipoproteins,
which may possess excellent surface activity.

A. Native Proteins with Flexible Structure

Although a rapid adsorption of proteins is necessary to facilitate the reduction
in surface tension, it is not a rate-limiting step under dynamic flow conditions.
The rate of conformational rearrangement/reorientation of proteins at the in-
terface is a rate-limiting step in reducing the interfacial tension. Results from
the adsorption behavior of denatured and reduced proteins indicate that the
effectiveness of a protein film in reducing the interfacial energy is dependent
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on its conformational flexibility at the interface [12]. Therefore, the flexibility
of proteins has profound effects on their surface activity. If a protein molecule
possesses sufficient flexibility, then there is a greater chance that a maximum
number of its hydrophobic residues will project from the surface as loops or
tails. Therefore, flexible proteins will favor maximum hydrophobic interac-
tions between sidechains and the interface and have better surface activity.
Among thousands of native proteins, caseins are well-known examples that
possess excellent surface activity due to their molecular properties. The casein
molecules comprise a group of acidic, proline-rich phosphoproteins with an
intrinsic tendency to bind calcium ions. In solution, caseins have relatively
little regular secondary structure and are characterized by a large fraction of
random coil conformation [13]. For instance, the primary structure of B-casein
(consisting of about 35% of the total caseins in milk) exhibits the typical
characteristics of amphiphile. Among the 209 amino acids, the N-terminal
portion of B-casein is rich in polar and charged residues, and the C-terminal
consists of dominant nonpolar hydrophobic amino acids (Fig. 1). At pH 7.0
its net charge is about —12, and this net charge, originating from the ionization
of 6 glutamic acid and 4 phosphoserine residues, is completely confined within
the first 21 N-terminal residues; the rest of the molecule has zero net charge
[14]. On the other hand, the average hydrophobicity increases toward the C-
terminal end, from about 3.5 kJ to the extremely high figure of 8.3 kJ per
residue. This distribution suggests that the unfolded peptide chain should ex-
hibit soaplike characteristics. Therefore, B-casein is able to unfold and
rearrange/reorient as soon as it arrives at the interface. Neutron reflectance
studies of adsorbed B-casein revealed that the adsorbed protein anchors to the
interface with a relatively long tail of protein protruding into the solution [15].

B. Glycosylated Proteins

Glycoproteins contain carbohydrate units covalently attached to their amino
acid residues, mostly lysine or asparagine through N-glycosidic bonds (Fig.
2a). Less frequently is the attachment of sugars to serine and threonine side-

Signal |
MKVLILACLY ALALARELEE LNVPGEIVES LSSSEESITR INKKIEKIDS EEQQUTEDEL
CDRTHPFAQT QSLVYPFPGP IPNSLPONIP PLTQIPVVVP PFLOPEVMGV SKVREAMAPK
HKEMPFPKYP VEPFTESQSL, TLTDVENLHL PLPLIQSWMH QPHQOPLPPTV MFPPQSVLSL
SOSKVLPVEQ  KAVPYPORDM PIQAFLLYQE PVLGEVRGPF PIIV

FIG.1 Amino acid sequence of B-casein. 244 amino acids, including signal peptide
(15 residues). The bold letters are polar residues at the N-terminal. (Protein Data Base:
Swissport.)
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FIG. 2 Glycosidic linkage between sugar and asparagine residue in glycoproteins.
(a) N-glycosidic linkage. (b) O-glycosidic linkage.

chains through O-glycosidic bonds (Fig. 2b). Glycoproteins are particularly
widespread in nature and make up a large part of the membrane coating around
living cells. Collagen, a family of fibrous proteins that exists in all multicellu-
lar organisms and that is also the most abundant protein in mammals, contains
carbohydrate units covalently attached to its hydroxylysine residues.

Glycophorin A, for example, is a well-characterized transmembrane protein
in red-cell membrane, which consists of 16 oligosaccharide units (60% of
the mass of this glycoprotein) attached to a single polypeptide chain. Human
glycophorin A is an abundant erythrocyte membrane protein that is the first
membrane protein to be sequenced. The molecular structure of glycophorin
A consists of three domains: (1) an amino-terminal region containing all of
the carbohydrate units, which is located on the outer surface of the membrane;
(2) a hydrophobic middle region, which is buried within the hydrocarbon core
of the membrane; and (3) a carboxyl-terminal region rich in polar and ionized
sidechains, which are exposed to the inner surface of the red-cell membrane
[16]. Because sugars are highly hydrophilic, glycoproteins usually possess
excellent surface activity. The carbohydrate parts of glycoproteins are always
located on the external surface of plasma membrane. On cell surfaces, the
carbohydrates are also important in intercellular recognition.

C. Lipoproteins

Lipoproteins, in general, refer to those that contain a fatty acid moiety. Be-
cause lipoproteins contain highly hydrophobic lipid units, they are thermody-
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namically unfavorable in a single phase, and thus are usually distributed at
interfaces. Most lipoproteins, such as the well-known plasma lipoproteins,
however, are complexes of a hydrophobic lipid core surrounded by polar lipids
and then by a shell of apoproteins. The apoproteins, which are lipid-free pro-
teins, serve primarily as detergents to solubilize lipids. These complexes trans-
port cholesterol, cholesteryl esters, triglycerides, and phospholipids for bodily
functions [17].

A typical example of covalently linked lipoprotein is a small protein in the
outer membrane of gram-negative bacterial envelopes that contributes to the
mechanical stability of the cell envelope. This lipoprotein contains only 58
amino acid residues containing three covalently attached fatty acids, all joined
to the amino-terminal cysteine [18]. In the cell envelope, the amino group of
the carboxyl-terminal lysine is linked to a carboxyl group of peptidoglycan.
Thus, the lipoprotein ties the outer membrane to the peptidoglycan layer and
thereby contributes to the mechanical stability of the cell membrane.

In summary, although there are several native proteins that have excellent
surface activity, most proteins from agricultural by-products are not good sur-
factants. Proteins are designed and synthesized for their specific biological
functions, other than forming emulsions. Therefore, many proteins with good
foaming and emulsifying capacity often do not possess the ability of stabilizing
foams and emulsions. On the other hand, proteins with poor foaming and
emulsifying capacity often display the ability to stabilize the dispersed sys-
tems. Therefore, most proteins from agricultural by-products need to be modi-
fied in order to improve their functionality. The term modification here refers
to in vitro treatments of proteins through physical, chemical, physicochemical,
and biochemical approaches.

lll. MODIFICATION OF PROTEINS BY ENZYMATIC
HYDROLYSIS

Proteins can be modified by a group of peptide hydrolyses (peptidases) com-
monly called proteases (or proteinases). Based on their ability to hydrolyze
specific proteins, proteases are classified as collagenase, keratinase, elastase,
etc. On the basis of the pH range over which they are active, they are classified
as either acidic, neutral, or alkaline. However, according to their mechanism
of action, the Enzyme Commission classifies proteases into the four distinct
classes of serine, cysteine, aspartyl, and metalloproteases. Serine proteases,
for example, always contain serine residue at their catalytic center, which is
essential for the action of proteolysis.
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Proteolytic reactions have been studied scientifically for more than 200
years, beginning with observations on peptic digestion [19]. Therefore, prote-
olysis has been one of the most extensively investigated approaches to obtain
the improved functionality of proteins in recent decades. Proteolytic reaction
produces protein hydrolysate with smaller-molecular-weight polypeptides that
are generally very flexible in their structure. In addition, proteolysis with some
specific proteases may produce charged hydrolysates. Many investigators have
reported that well-controlled proteolysis to a certain degree can improve the
surface properties of some proteins. However, extensive hydrolysis of proteins
may produce protein hydrolysate with poor surface activity. A well-controlled
process of proteolysis with a specific enzyme is critical to a desired product.

A. Chemistry of Peptide Bond Cleavage

By definition, all proteinases catalyze the hydrolytic degradation of peptide
bonds of proteins (Fig. 3). In solution, the equilibrium lies so far to the right
that the degradation and not the synthesis to large molecules is thermodynami-
cally favored [20]. The shift toward hydrolysis can be attributed to the free-
energy contribution from the ionization of the carboxyl and amino groups.
The hydrolysis of peptide produces free carboxyl and free amino groups,
which can be ionized, depending on the pH of the hydrolysis system. At 25°C
the pK values of —COOH and "H;N- in peptides are in the range of 3.1-3.6
and 7.5-7.8, respectively [21]. Therefore, the carboxyl group will be fully
dissociated above pH 5.0, undissociated below pH 2.0, and partially dissoci-
ated at pH 2-5. On the other hand, the amino group will be fully protonated
below pH 6, unprotonated above pH 9.5, and partially protonated at pH 6—
9.5. This means that outside the region of about pH 5-6, in which the uptake
and release of protons cancel each other, the release or uptake of H* during
proteolysis will change pH. The change of pH during proteolysis, therefore,
can be used for monitoring the process of proteolysis under certain conditions.
If pH is kept constant during the process of proteolysis, the proteolytic
reaction will proceed under the consumption of a considerable amount of acid
or base groups. The relation between equivalent peptide bonds cleaved and

R, Q H o R 0 H O
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PN--C - ~C—N- C Cpy + HO - N cwc O+ N e P,
H N H R, HoN R,

FIG. 3 Proteolytic reaction catalyzed by protease. P, and P, refer to polypeptides 1
and 2, respectively. R, and R, refer to the amino acid residues of the protein.
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equivalent base consumed is proportional. The proportionality constant is sim-
ply the degree of dissociation, o, which is given as follows:

10(pH=PK)

B 1 + 10wH=PK @
where pK is the average of the o-NH, liberated during the hydrolysis, which
can be determined from a direct assay of the liberated amino groups. The pK
values change with temperature and peptide chain length.

B. Degree of Hydrolysis (DH)

Experimental evidence has shown that if the extent of proteolysis is limited,
it is possible to achieve an improvement in functionality. Therefore, a very
important factor that has to be well controlled during the production of protein
hydrolysate is the extent of the proteolytic degradation (the number of peptide
bonds cleaved during the proteolysis). Although several methods have been
developed for determining the extent of proteolysis, practical control of the
reaction is still a problem. The commonly used trichloroacetic acid (TCA)
solubility index, for instance, determines the percentage of nitrogen that is
soluble in TCA under certain conditions. This method has been used for char-
acterizing the molecular weight distribution of protein hydrolysates, for it pre-
cipitates all large protein molecules and some fractions of the peptides [22].
However, the popularity of using the TCA solubility index for following the
proteolytic reaction is undeserved. The solubility of protein hydrolysates does
not depend on their molecular weight only. The amino acid sequence of poly-
peptides also affects the solubility of protein hydrolysates in TCA solution.
Therefore, using the TCA index for characterizing the molecular weight distri-
bution of protein hydrolysates and comparing specific proteolytic activity of
different proteases is unreliable.

The degree of hydrolysis (DH) is defined as the percentage of peptide bonds
cleaved [23], which is the most commonly used approach for determining the
extent of proteolysis under certain conditions. The number of peptide bonds
cleaved during proteolysis is called the hydrolysis equivalents (h) and is ex-
pressed as equivalents per kilogram of protein (meqv/kg protein). By de-
termining the increase in free amino (or carboxyl) groups, the hydrolysis
equivalents can be assayed. The most widely accepted method for determining
the free amino acid groups is the reaction with trinitrobenzene-sulphonic acid
(TNBS) developed by Adler-Nissen [24]. Therefore, according to the defini-
tion, the degree of hydrolysis is:
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pH = % 100% 3)

tot

where h,, is the total number of peptide bonds in a given protein substrate,
which can be determined from the amino acid composition of the protein by
summing up of the moles of the individual amino acids per gram of protein.
Therefore, the determination of A, relies on the reliability of amino acid analy-
sis. Because the average molecular weight of amino acids in many proteins
is about 125, the &, per kilogram of protein (6.25 X N) can often be approxi-
mately 8.0.

Theoretically, the DH value can be used for calculating the average peptide
chain length (PCL) of protein hydrolysate. The PCL is the average number
of amino acid residues in the polypeptides, which is also commonly used for
describing the size of protein hydrolysate. If a protein has a polypeptide chain
length of PCL,, then the total number of peptide bonds in the protein is PCL,
— 1. When this protein is hydrolyzed into ‘‘n’’ peptides by the cleavage of
(n — 1) peptide bonds, the definition of DH as the percentage of peptide bonds

cleaved gives:
_ n—1_ X 100% 4)
PCL, — 1

The value of “‘n,”’ thus, can be obtained from the DH determined. The average
polypeptide chain length becomes:

_ PCL,
n

PCL o)
Because the size of polypeptides produced from proteolysis relate directly to
their functional properties, the application of DH is the most common ap-
proach to monitor the process of proteolysis. However, it should be pointed
out that the calculation of PCL from the DH is a theoretical concept only.
Although it has been widely used and documented in almost all of the litera-
ture, it cannot be used for comparing protein hydrolysates from different pro-
teolytic reaction systems. When a protein substrate is hydrolyzed by different
proteases, the differences in the specificity of enzymes may produce protein
hydrolysate with significantly different-size distributions, although they have
the same DH values.

C. Kinetics of Proteolysis

Proteolysis is the most important biochemical reaction in vivo and has been
extensively studied during recent decades. Historically, the reaction of proteol-
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ysis has been used as a model for studying the mechanism of enzyme reaction.
However, the kinetics of proteolytic reactions has not been fully understood. In
the most general case, the theoretical foundation for describing the hydrolysis
reaction still does not match practical situations. The hydrolysis of many pro-
teins, such as soy protein, occurs as a simultaneous hydrolysis of both soluble
and insoluble substrates in the native as well as the denatured form [23]. The
theoretical description of the kinetics of protein hydrolysis is still fairly rudi-
mentary. While almost all proteolytic reactions have been treated using steady-
state kinetics, the conditions of proteolysis commonly applied in studies do
not satisfy the basic assumptions of steady-state kinetics [25].

1. Basic Assumptions of Steady-State Kinetics

According to the model proposed by Michaelis and Menten to accommodate
the kinetics they observed:

E+Si—“+—:ESgE+P ©)
where k, = k is a turnover number and P refers to product, none of the
product reverts back to the substrate, and Ky, = k_,/k., is an equilibrium disso-
ciation constant for the first step [26]. The classical Briggs—Haldane treatment
of enzyme reaction systems removed the restrictive assumption that the en-
zyme-substrate complex is in equilibrium with free enzyme and substrate, and
supposed that the enzyme system is approximately in a steady state for most
of the time that it is working, though the substrate is in fact being progressively
used up [27]. Therefore, steady-state kinetics assumes the following.

1. There is not a significant fraction of the substrate bound to the enzyme
during the assay (it is not that the enzyme must be saturated with sub-
strate):

[So => [E,] @)

where [E(] is the total enzyme added and [S,] is the total substrate before
the reaction.

2. The total activity of the enzyme does not change during a valid assay,
which is also termed the enzyme conservation expression:

[Eo] = [E] + [ES] ®)

3. The enzyme system is approximately in a steady state. Because [S)] =
[Eol, the change of [ES] during the enzyme reaction should be small com-
pared to the rate of substrate utilization. That is,
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d[E] _ d[ES] _ 0 ©)

dt dt
4. The product [P] is insignificant at the beginning of enzymatic reaction:
[P] =0 (10)

Under this assumption, the [ES] depends solely on the [Ey] and [S].

2. Proteolytic Reaction System Contains Mixed Chain
Reactions

Proteolytic reaction on a protein substrate is a mixed enzymatic reaction with

several pathways of chain reactions ended differently, depending on the nature

of an enzyme and the structure of the substrates (Fig. 4). At the moment that

enzyme and substrates are mixed together, the exact concentration of either

1 2 3
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FIG. 4 Possible proteolytic reactions on a protein substrate containing three poten-
tially sensitive bonds. The underlined polypeptide pieces are processing intermediates.
The circled polypeptide is final products. The k; (i = 1, 2, 3, N2, 2C, . . .) are kg
values for all potential substrates in the reaction system. (From Ref. 25.)
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substrate or product becomes variable. The breaking of peptide bonds results
either in a continuous degradation or in the formation of large fragments.
When such a multiple fragmentation occurs, the kinetic data show the build-
up of the fragment(s) of the first generation, followed by their decay, with the
simultaneous appearance of smaller fragments. Because of the characteristics
of chain reaction, the kinetics of proteolysis cannot fit the steady-state kinetic
model. Proteolytic reaction is not a single enzyme—substrate (S + E) reaction,
but reactions with mixed pathways (E + 3 S;) of chain reactions (E + X P)).
The same enzyme, in terms of its quantity, undergoes reactions with varying
substrates (2 S;) at different reaction rates, depending on their molecular size
and structure.

3. Steady State Does Not Exist in Proteolytic Reaction
Systems

As a consequence of the propagated chain reaction during proteolysis, the

enzyme molecules are distributed among all available substrates that are a

collection of unhydrolyzed substrate molecules and intermediate polypeptides

produced from proteolytic degradation:

[Eol = [E] + [ES] + X [EP] (1)

where the [EP;] are complexes of the enzyme and polypeptides produced from
the process of proteolysis, and are a function of time (), dissociation constant
(K,), and k. That is,

2[EP] = f(t, Ky kea) 12)

As long as those potential substrates produced during the reaction are present,
they will immediately build equilibrium with free enzymes. Because all newly
released potential substrates compete with free intact substrate [Sy] for binding
with free enzyme [E] to form enzyme-substrate complexes [EP;], the [ES]
may decrease dramatically with the ongoing proteolytic reaction. The competi-
tive binding limits the rebinding of released free enzymes to their original
substrate. In addition, the relative quality and quantity of [ES] and [EP;] are
dependent on the time (), the dissociation constant (K});, and the (k.,); of each
polypeptide with respect to the enzyme. Therefore, both the quality and the
quantity of substrates change dramatically in the proteolytic reaction system.
The concentrations of [Sy], [P;], [E], [EP,], and [ES] in the proteolytic reaction
system are all time dependent during the entire process of reaction:

d[E] _ 4{[E] — [ES] — X [EP]} 20
dt dt

(13)
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and

d[ES] _ d{[E] — [E] — ¥ [EP]} 4
dt dt

0 (14)

Therefore, a proteolytic reaction that is a mixed chain reaction system cannot
enter a steady-state phase. Therefore, steady state does not exist in proteolytic
reaction systems.

4. Initial Rate is a Sum of Proteolytic Reactions on
Different Peptide Bonds

Even at the very beginning of proteolytic reactions, there is more than one
reaction occurring in the system. Assuming, for instance, that a protein sub-
strate contains only three cutting sites for a specific protease, there will be
three possible pathways to begin the chain reactions, which contain 10 possible
reactions (Fig. 4). The kinetic data, therefore, should show the build-up of the
fragment(s) of the first generation, followed by their decay, with the simultane-
ous appearance of smaller fragments. The rate of each reaction, according to
the figure, will be:

_doS) _

S _ 4y + &y + k)(S) (15)
dt

% = 1(S) + ko(N2) + ks (N3) (16)

% — k(S) + hyn(N3) — ks (N2) (17)

The rate of proteolysis in the reaction system thus is:

= _dS _

- ae)
dt

gt (18)

t

5. Total Proteolytic Activity May Change During
Proteolysis

For an intact protein substrate, proteolysis extends its compact structure, so
more potential sensitive bonds become available. The breakdown of intact
proteins results in a more flexible structure of polypeptide intermediates. Be-
cause the secondary enzyme—substrate interactions involving substrate resi-
dues not involved in the sensitive bond significantly affect the rate of proteo-
lysis [28], the rate of proteolysis on the hydrolyzed intermediates may be
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significantly different from each other and from the intact protein substrate.
In addition, the newly released polypeptides cannot have the same reactivity
as either the intact protein substrate or their counterparts. Therefore, all k;
values in Fig. 4 are theoretically different, due to the different nature of their
sensitive peptide bond and the secondary binding during proteolysis (k; # k,
# ks # kici # kiey # kyo # ki3 # kw1 # kyzo # ko). The total proteolytic activity
is dependent on the distribution of enzyme substrates (X[ES,] + X[EP;]). Be-
cause the distribution of enzyme molecules in potential substrates is a function
of reaction time, dissociation constant, and turnover number, the total proteo-
Iytic activity changes during the entire process of reaction:

(Eol # [E] = [E] + flt, ka, kea) 19)

where [E,]' is the total proteolytic activity at time ¢. Therefore, during proteo-
lytic reaction, the sum of actual proteolytic activity may change. That is: the
assumption of enzyme conservation cannot be satisfied during the process of
proteolysis.

D. Preparation of Protein Hydrolysates

According to the definition, proteolytic reaction requires the presence of aque-
ous phase. Because substrate proteins always contain peptide bonds sensitive
to a protease, theoretically the proteolytic reaction will occur in any system
containing proteins and protease(s) in solution. However, because proteins
have a three-dimensional structure, those sensitive peptide bonds buried inside
a compact tertiary structure cannot be hydrolyzed. Even some peptide bonds
on the surface of a tertiary-structured protein may become buried if the protein
associates with other proteins to form quaternary structures (either mono- or
heteroassociates). Therefore, some proteins are highly resistant to certain pro-
teases, although they contain peptide bonds sensitive to the enzyme. The resis-
tance of native proteins to certain kinds of proteolysis is essential for them to
carry out biological functions.

Proteolytic reaction can be carried out isothermally in a well-stirred reactor
that is scale independent (Fig. 5). The reaction proceeds spontaneously, with
negligible changes in the density or enthalpy. The concentration of substrate
can be as high as it can be prepared. The ratio of enzyme to substrate is usually
in the range 0.1-1%, depending on the specific activity of the enzyme. Al-
though most proteolytic reactions are carried out in systems containing soluble
substrate proteins and enzyme, this does not mean that insoluble protein sub-
strates cannot be hydrolyzed. Azocoll, for instance, is an insoluble protein
substrate that is commonly used for determining the activity of proteases [29].
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FIG. 5 Preparation of protein hydrolysate. Protein powder can be blended directly
with water, while textured protein samples need to be homogenized before the adjust-
ment of pH.

Proteolytic reaction usually can solubilize insoluble substrate proteins. On the
other hand, soluble substrate proteins can also be hydrolyzed by insoluble
proteases. By passing soluble protein substrates through an insoluble matrix
containing immobilized proteases, the substrate can be hydrolyzed to a certain
DH [30]. In general, the viscosity of the reaction system decreases significantly
with the process of proteolysis.

The reaction temperature is usually set at the range of optimal reaction
temperature for the enzyme. Because the optimal reaction temperature for pro-
teases can be in the range of 25°C up to 65°C, depending on the source of
the enzyme, the property of protein substrate should also be considered. Most
proteolytic reactions are terminated by a rapid heat treatment to inactivate
enzymes. During the heat treatment process, proteolytic reactions proceed at
a very high rate due to the increasing reaction temperature. Therefore, proteo-
lysis during the heat treatment process needs to be considered, especially for
those reaction systems involving heat-stable proteases.

The reaction pH is usually adjusted according to the optimal reaction pH
of the enzyme. However, other factors, such as the method of monitoring the
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reaction, the solubility of the substrate, and the requirement of final product,
need to be considered. The adjustment of pH is also a common approach to
terminate proteolytic reactions. Most acidic proteases, for instance, are inac-
tive at alkaline pH. On the other hand, many alkaline proteases lose their
proteolytic activity at acidic pH. Termination of proteolytic reactions by pH
adjustment is mild and has little effect on final DH, although it brings addi-
tional salts in final products.

For the proteolysis of using alkaline protease, the pH-stat is a common
approach to monitor the reaction process and control the degree of hydrolysis.
The principle behind the pH-stat technique, that is, continuous monitoring of
the DH during proteolysis, is as follows: At pH values outside the range given
by the pK values of the amino and carboxyl groups, the proteolysis at constant
pH will liberate carboxyl or amino groups. If the reaction is unbuffered, the
drop or increase in pH can be several tenths of a pH unit in a few minutes.
The pH-stat overcomes this problem by intermittently adding small amounts
of base (or acid) to the reaction mixture to keep the pH constant. The signal
is the milliliters of titrant added, and this is usually continuously recorded to
give a curve of base (viz. acid) consumption versus time. The automatic pH-
stat was originally developed at the Carlsberg Laboratory [31].

In a pH-stat-controlled reaction system, the uptake of CO, from the atmo-
sphere is one of the error sources need to be considered. The degree of proteo-
lysis can be calculated from the assumption of base (B) during the reaction.
The number of peptide bonds cleaved is equal to the mols of base consumed.
That is:

p=BXNy 20)
MP X o

where N, is the normality of protein and o is the average degree of dissociation
of the a-NH, groups at a certain pH. Under the designed batch reaction, o,
MP, hyyy, and N, are all known. The degree of hydrolysis (DH), thus, can be
calculated from the assumption of the base (B). At very low value of o, the
determination of DH becomes much more uncertain. In addition, the ionization
of amino acid sidechains and the buffering capacity of polypeptides play a
role in the functioning of the pH-stat. Therefore, at extreme pH values (e.g.,
pH > 11 or pH < 3), the pH-stat is inoperable due to the relatively high
buffering capacity of proteins.

In the early 1970s, Puski carried out a systematic investigation on func-
tional soy protein hydrolysates. Puski hydrolyzed soy protein isolate with As-
pergillus oryzae protease at pH 7 for 3 hours with different levels of enzyme/
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substrate (E/S) at 50°C [32]. The enzyme was then inactivated by heat, fol-
lowed by lyophilization of the hydrolysate mixture. It was found that the solu-
bility of protein hydrolysates increased with an increasing extent of proteoly-
sis, whereas the effect on the other functionalities varied. Emulsifying capacity
increased, but the emulsion stability decreased. The work of Puski is an early
example of applying a limited hydrolysis for improving the functionalities of
proteins.

Adler-Nissen and Olsen hydrolyzed soy protein isolate with Alcalase at pH
8 and with Neutrase at pH 7. They found that by limited hydrolysis the emulsi-
fying capacity and foaming capacity were all increased. However, if the reac-
tion was continued to DH values higher than 5%, the emulsifying and foaming
capacities decreased again [24].

E. Surface Activity of Protein Hydrolysates

Proteolysis generates hydrolysates with flexible structure that can easily be
distributed and absorbed at the interface. Therefore, proteolysis under a certain
control should theoretically facilitate surface activity of proteins by increasing
their emulsifying capacity. Proteolysis produces flexible hydrolysates that
have more chance to be adsorbed at the interface. Assuming a proteolytic
reaction produces ‘‘n’” number of polypeptides, the interface may be occupied
by all the polypeptides instead of only one native protein molecule (Fig. 6).
Because hydrolyzed polypeptides are small in size and unfolded in their struc-
ture, they have many ways of inserting a hydrophobic group into a nonpolar
environment. The interaction/arrangement of hydrolysate at the interface can-
not be as tight as for an intact protein. The surface area (A) that can be covered
by protein hydrolysates (/) is:

A:Ahl+Ah2+Ah3+"'+AIm:zAhi 21
Partially unfolded protein Protein hydrolysates
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FIG. 6 Distribution of partially unfolded protein molecule and protein hydrolysates
at oil-water interface.



36 Han

where Ai is the individual hydrolysate segment produced from the proteolysis.
Compared with the area that can be covered by an intact protein molecule

(Ap),
z Ahi > Ap (22)

Therefore, proteolysis usually increases emulsifying capacity.

The surface activity (y) of each hydrolysate segment (%;) released from the
proteolysis may differ significantly, depending on their size and amino acid
sequence/structure. That is:

Whl # th # \'Ih3 # . F W}m (23)

The surface activity of protein hydrolysates, therefore, is a sum of all surface
activities from every individual segment in the system (2y"). Although the
quality and quantity of amino acids in the proteolytic reaction system do not
change, their surface activity changes significantly. That is:

2 Whi % Wp (24)

where " is the surface activity of the substrate proteins.

On the other hand, the stability of colloids may decrease due to the reduced
molecular size of proteins/polypeptides. There are two main mechanisms that
are widely used in considering the stability of colloids: the interactions be-
tween charged molecules, and steric stabilization. Extensive proteolysis usu-
ally gives peptides that are poor emulsifiers, presumably because there is a
limiting length below which the emulsifying property of the peptide is poor
[33]. The small size of short peptides cannot sufficiently project into the solu-
tion from the droplet surface, thus precluding steric stabilization of the emul-
sion system [34]. An increase in both emulsifying capacity and stability can
be obtained only through a well-controlled proteolysis, which should include
the selection of substrates and specific proteases, the degree of proteolysis,
and the condition of proteolytic reaction.

IV. ENZYMATIC CROSSLINKING OF PROTEINS

Another possibility for improving the surface activity of proteins is to form
covalently bonded protein conjugates through enzymatic reactions. Polymer-
ization of proteins may influence their surface properties. It is well recog-
nized that proteins with good foaming and emulsifying capacity often do
not possess the ability to stabilize foams and emulsions. On the other hand,
proteins with poor foaming and emulsifying capacity often display the ability
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to stabilize the dispersed systems. Therefore, if the preceding two proteins
can be covalently linked together to form heterogeneous conjugates, they
should logically combine both of the properties just mentioned. A well-known
enzyme that can catalyze the formation of protein conjugates is transglutami-
nase.

Transglutaminase can catalyze several reactions both in vivo and in vitro
[35], and therefore it has been extensively studied by biochemists. One of
the catalytic properties of transglutaminase is the acyl transfer reaction be-
tween protein-bound glutaminyl residues and a variety of primary amines. It
can also catalyze several reactions in addition to the crosslinkage of proteins,
which include: aminolysis of the carboxamide group of peptide-bound gluta-
mine residues; hydrolysis at the carboxamide group of peptide-bound gluta-
mine when the level of amine substrate is low or when amine substrate is
absent; hydrolysis and aminolysis of certain aliphatic amides of active esters
[35]. Extensive screening for transglutaminase-producing microorganisms
during the 1980s led to commercial production of the enzyme from microor-
ganisms [36].

A. Effects of Thermodynamic Compatibility
of Protein Substrates on Crosslinkage

A fundamental requirement for transglutaminase-catalyzed protein cross-
linkage is that glutamine and lysine residues have to be available in substrate
proteins. The reactivity of substrate proteins, thus, is dependent on their amino
acid sequence. Theoretically, any proteins with glutamine/lysine residues can
be crosslinked to form homogeneous and/or heterogeneous conjugates. In
practice, however, it is not so straightforward. Not all proteins with glutaminyl
and lysyl residues can be crosslinked to form protein conjugates.

In the early 1960s, it was believed that serum albumin as well as ovalbumin
did not serve as substrates for transglutaminase [37]. In the 1980s, protein
substrates for transglutaminase were classified into the following four groups:
(1) GIn type, in which only GlIn residues are available; (2) Lys type, in which
only Lys residues are available; 3) Gln-Lys type, in which both Gln and Lys
residues are available; and (4) nonreactive type, in which both Gln and Lys
residues are unavailable for crosslinking [38]. This classification was based
on the accessibility of lysine and/or glutamine residues on the protein surface
by the enzyme. According to this classification, it can be logically surmised
that a mixture of two Gln-Lys type of proteins should be able to form heteroge-
neous conjugates in a transglutaminase-catalyzed reaction. However, this does
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not occur in experiments with a majority of binary protein systems. For in-
stance, although both B-lactoglobulin and B-casein are the Gln-Lys type of
substrate for transglutaminase, they cannot form heterogeneous conjugates in
transglutaminase-catalyzed reactions [39]. Ikura et al. reported that native bo-
vine serum albumin (BSA) and ovalbumin did not form transglutaminase-
catalyzed protein—protein conjugates with maleylated ay-casein [38]. Similar
behavior can also be observed in many other binary system containing thermo-
dynamically incompatible proteins. Although the reaction of transglutaminase-
catalyzed crosslinking requires the presence of glutamine and lysine residues,
the presence of these residues does not necessarily guarantee the occurrence
of crosslinkage. The protein substrates must be oriented and in close proximity
to form a covalent bond at the active site of transglutaminase; that is, they
must be at least microenvironmentally and thermodynamically compatible
[39].

The thermodynamic compatibility of proteins is related to the nature and
intensity of the interaction between the two protein macromolecules as they
approach each other when dispersed in a continue phase. In most cases, when
two proteins (protein i and protein j) are mixed together, the interaction en-
ergy, AG;;, is usually positive. Therefore, proteins of different classes exhibit
limited thermodynamic compatibility in aqueous solution. Thermodynami-
cally incompatible native proteins, such as B-lactoglobulin and a-casein, can-
not form heterogeneous conjugates in transglutaminase-catalyzed reactions.
The thermodynamic incompatibility of proteins arises as a result of the repul-
sive interaction between polar and apolar surfaces. Therefore, two dissimilar
proteins will approach each other only up to a distance at which the free energy
of the interaction is zero. The inability to come close together at the enzyme’s
active center thus precludes the formation of heterogeneous conjugates in
transglutaminase-catalyzed reactions.

B. Preparation of Transglutaminase Crosslinked
Protein Conjugates

Simply incubating a protein solution with the enzyme at a certain temperature
can carry out the crosslinking of proteins by transglutaminase. The outcome,
however, depends on several factors, including the ratio of enzyme to substrate
(E/S), the reaction conditions, and the reactivity of protein substrates. As it
has already been mentioned, some proteins can hardly be crosslinked by trans-
glutaminase, although they contain both glutamine and lysine residues. There-
fore, the reactivity of the protein substrate is the most important factor that
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determines what reaction condition should be applied and the outcomes of the
reaction. This is especially significant in reaction systems containing different
substrate proteins.

Transglutaminase crosslinking requires a relatively high ratio of enzyme
to substrate (E/S). When the formation of covalent crosslinkage between two
macromolecules occurs, the viscosity of the reaction system increases. The
increasing viscosity in the reaction system decreases the rate of diffusion of
all molecules in the system, resulting in a decreased rate of reaction. Conse-
quently, the concentration of enzyme has to be relatively high in order to
compensate for the limited dynamic movement of reactants and the catalyst.
Generally, E/S ratio must be in the range of 2—10 units per gram of substrate
proteins.

The most common method used for determining transglutaminase activity
is the calorimetric hydroxamate assay method described by Folk and Cole
[40]. The reaction mixture contains 0.1 M Tris-acetate buffer, pH 6.0, 100
mM CBZ-L-glutaminylglycine, 100 mM hydroxylamine. The enzyme solution
is added to the reaction mixture and incubated at 37°C for a certain period
(5-30 min). The reaction is stopped by the addition of ferric chloride—trichlo-
roacetic acid reagent. After removing the precipitate formed by centrifugation,
the resulting red color is measured at 525 nm. L-Glutamic acid-c-monohydrox-
amic acid can be used as a standard for the calibration. One unit of TG activity
is defined as the amount of enzyme that catalyzes the formation of 1 micromole
of hydroxamic acid per minute in the test.

Transglutaminase-catalyzed protein crosslinkage can occur over a wide
range of pH and temperature, although both of them significantly affect the
reaction rate and products formed. Transglutaminase is active at an acidic pH
range and also at alkaline conditions, as long as the status of glutamine and
lysine residue dose not change. However, pH affects the reactivity of the sub-
strate proteins and the physicochemical properties of the protein conjugates
formed. Therefore, the selection of the reaction pH depends on the reactivity
of the substrate proteins.

As with all other enzymatic reactions, increasing reaction temperature ac-
celerates the rate of polymerization. More importantly, because the polymer-
ized products are macromolecules, the temperature applied throughout the en-
tire reaction will change the structure of the protein conjugates. An increased
reaction temperature at a certain level can cause a partial unfolding (or confor-
mational changes) of substrate proteins, resulting in a more flexible substrate
structure and more exposed glutamine and lysine residues. Because the avail-
ability of substrate glutaminyl and lysinyl residues are mostly dependent on
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their conformation under certain conditions, changes in the reaction tempera-
ture may change the reactivity of the substrate proteins.

The most common approach to terminate the reaction of crosslinking is
heat treatment. The inactivation of transglutaminase requires an increase in
the temperature of the reaction system to 75—80°C for several minutes. How-
ever, while heat treatment denatures the enzyme, it also denatures other pro-
teins in the system. Heat treatment significantly affects the functionality of
protein conjugates.

Figure 7 shows the SDS-PAGE profile of protein conjugates produced by
transglutaminase-catalyzed crosslinking. Lanes 1 and 2 indicate that caseins
(both a-casein and B-casein) are good substrates for transglutaminase. Almost

FIG. 7 SDS-PAGE profile of transglutaminase-catalyzed polymerization. Gradient
gel (5-20% T). The conditions for crosslinking: 1% (w/v) of protein substrate in 0.1
M Tris-HCl buffer containing 5 mM CaCl, at pH 7.5; 10 units of transglutaminase per
gram of substrate proteins; incubation at 37°C for 1 hour. The reactions were termi-
nated by adding SDS-PAGE buffer directly to the reaction mixture. Lane 1: mixture
of o-casein and B-casein; Lane 2: o-casein and -casein treated with the enzyme; Lane
3: o-casein and o-lactoalbumin treated with TG; Lane 4: a-casein and o-lactoalbumin
control; Lane 5: o-lactoalbumin treated with TG; Lane 6: o-lactoalbumin control; Lane
7: a-lactoalbumin and BSA treated with TG; Lane 8: a-lactoalbumin and BSA control;
Lane 9: protein markers.
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all protein substrates were crosslinked to form conjugates/polymers (Lane 2).
When B-casein and o-lactalbumin were treated with transglutaminase, [3-
casein was much more reactive compared with the o-lactalbumin substrate
(Lanes 3 and 4). While most of the B-casein substrate was consumed, very
little o-lactalbumin was crosslinked by the enzyme (Lane 3). However, in the
system that contained only a-lactalbumin as a substrate, it formed dimmer and
other conjugates (Lanes 5 and 6). Lane 7 shows that very nice heterogeneous
conjugates formed between o-lactalbumin and bovine serum albumin (BSA).
The protein profiles presented on the SDS-PAGE gel suggest that the charac-
teristics of protein substrates significantly affect the outcome of crosslinking
reactions.

C. Surface Activity of Transglutaminase Crosslinked
Protein Conjugates

A known fact of transglutaminase crosslinking is that it produces protein con-
jugates with large molecular size. This suggests that the steric effects of trans-
glutaminase crosslinked protein conjugates on emulsion systems are likely to
be predominant. Figure 8 shows an increased stability of B-casein polymer-
stabilized emulsions. The stability of emulsion systems increased with the
increasing degree of polymerization by transglutaminase. The emulsion sys-
tem made with 20-min crosslinked -casein conjugates was less stable. How-
ever, those samples stabilized by B-casein conjugates crosslinking in reaction
periods longer than 40 min were much more stable than the B-casein control
[41].

The stability of an emulsion depends on the physical and chemical proper-
ties of the adsorbed surfactant layer and its ability to prevent the flocculation
and coalescence of oil droplets. The molecular factors, such as molecular
weight, chain length, hydrophilicity/hydrophobicity, solubility, and conforma-
tion of proteins, will greatly affect its emulsifying properties. Although f3-
casein is highly surface active due to its flexible molecular structure, it gives
a poorly cohesive film and relatively unstable emulsions. The surface viscosity
of casein at the oil-water interface was found to be very low [42]. Because
[B-casein lacks the ability to form a strong surface film, emulsions stabilized
by it do not possess the additional stability that can be conferred by the forma-
tion of rigid films. The increased emulsifying stability of -casein polymers
produced by transglutaminase, therefore, may possibly be due to increas-
ing the mechanical/viscoelasitic properties of the interfacial film. The real
mechanisms involved in the changes of surface activity of transglutaminase-
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FIG. 8 Variation of 1n (Ny/N,) as a function of crosslinking time for emulsions stabi-
lized by 0.05% [-casein polymers crosslinked by transglutaminase. N, is the concentra-
tion of droplets at time ¢, N, is the initial concentration of droplets at time 0. The ratio
of Ny/N, was calculated from the turbidity measurement. The smaller the ratio change,
the more stable the emulsion is. A typical crosslinking reaction system contained 1%
B-casein in 0.1 M tris-HCI buffer, pH 7.5, at the ratio of enzyme to substrate of 4.25
units/g protein. The reaction mixtures were incubated at 37°C for the period shown
in the figure, and the reaction was terminated at various time intervals by heating up
to 85°C for 5 min. (From Ref. 41.)

catalyzed crosslinking of proteins are unclear, because the mechanism of trans-
glutaminase-mediated crosslinking of proteins is still unclear.

A Surface area

a Degree of dissociation

C; Concentration of an ion

C, Molar concentration of salt

[EO] Total enzyme added
AG; Interaction energy between substrates i and j

H Hydration level, defined as grams of H,O per gram of protein
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h Hydrolysis equivalents (meqv/kg)
h,  The total number of peptide bonds in a given protein
k..  Turnover number
K, Dissociation constant of enzyme-substrate intermediate [EP;]
K,  Michaelis—Menten constant
K Salting-out constant
N,  Normality of protein
4 Surface activity
[So] Substrate concentration before the reaction
u Ionic strength
v Rate of proteolysis at time ¢
Z; Ion valance
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Protein Interaction at Interfaces

YASUKI MATSUMURA Kyoto University, Kyoto, Japan

. INTRODUCTION

There are several types of surfaces or interfaces that are of great practical
importance and attracting fundamental interest. These general classifications
include liquid—gas, liquid-liquid, liquid—solid, solid—gas, and solid—solid in-
terfaces. Many examples of interfaces of natural and technological importance
are available, for instance, oil—water interfaces in emulsions, air—water inter-
faces in foams, solid—gas interfaces in gas chromatography, and solid—water
interfaces in cleaning systems [1].

Proteins, naturally occurring macromolecular surfactants with amphiphilic
nature, are adsorbed onto interfaces, thereby affecting the physical states of
interfaces. Many enzymes are involved in catalytic reaction at interfaces. For
enzymatic reaction at interfaces, different from the reaction in homogeneous
systems, interfacial contact and subsequent conformational change of enzymes
are important events determining their catalytic activity. In this chapter, I will
describe the conformation of proteins and their interaction (protein—protein
and protein—surfactant) at interfaces (mainly liquid-liquid interfaces). The
characteristics of enzymatic reaction at liquid—liquid and solid—liquid inter-
faces, especially lipase reaction, will also be described.

. CONFORMATION OF ADSORBED PROTEINS

Proteins are highly complex polymers made up of combinations of 20 different
amino acids with varying hydrophilic (or hydrophobic) properties. During ad-
sorption, the exposure of hydrophobic residues from the interior to the molecu-
lar surface occurs that leads to the conformational rearrangement of protein
molecules at the interfaces. The conformation of adsorbed proteins plays an
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important role in determining the nature of adsorbed layers at the interfaces,
thereby influencing the physical properties of interfaces. Therefore, special
attention has been given to understanding the conformation of adsorbed pro-
teins at interfaces.

Caseins are typical surface-active proteins with a flexible structure [2], and
their adsorption behavior is different from that of globular proteins with a com-
pact rigid structure. The structure of adsorbed layers of B-casein (the main com-
ponent of casein fraction) at interfaces has been investigated theoretically using
self-consistent-fields theory [3] and experimentally by the techniques of ellip-
sometry [4], small-angle x-ray scattering [5], dynamic light scattering [6], neu-
tron reflectivity [7], and proteolysis [8]. A schematic representation of the possi-
ble adsorbed conformation of B-casein is shown in Fig. 1a [9]. The conformation
of B-casein can be explained by the ‘‘train-loop-tail’’ model, which was devised
for the synthetic flexible homopolymers and copolymers.

About three-quarters of the [3-casein molecule is close to the interface in
trains and small loops, whereby the rest, consisting of N-terminal 40—50 resi-
dues, is in a tail dangling well into the bulk aqueous phase (Fig. 1a). The tail
length, corresponding to the thickness of the adsorbed layer of B-casein, has
been shown to be in the range of 10—15 nm, varying according to the pH in
the aqueous phase [7]. The region of trains and small loops is rich in hydropho-
bic amino acid residues, whereas the N-terminal tail region is highly charged.
The high charge of the N-terminal tail is due to the high content of phospho-
rylserine residue. Dephosphorylation caused a decrease of about 25% in film
thickness of B-casein at the air—water and oil-water interfaces [10]. This
means that the N-terminal tail containing serine residues attached by phospho-

b,

(a) (b)

FIG. 1 Sketches of representative adsorbed configurations of (a) B-casein and (b)
B-lactoglobulin. (From Ref. 9.)
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ryl residues changed to a more compact structure when dephosphorylated.
Furthermore, stability toward the coalescence of oil droplets in emulsions was
substantially reduced when dephosphorylated B-casein was used as an emulsi-
fier instead of native [-casein [10]. This is either as a direct result of charge
repulsion between 3-casein N-terminal regions or more probably as an indirect
result of the reduced N-terminal charge, permitting dephosphorylated B-casein
to adopt a different, more compact conformation and resulting in a loss or
reduction of a steric barrier.

Conformations of adsorbed globular proteins are quite different from those
of caseins. Experimental evidence by neutron reflectivity indicates that the 3-
lactoglobulin (the main component of milk whey proteins) monolayer thick-
ness is 2-3 nm and substantially less than the B-casein layer thickness (Fig.
1b) [7]. Similar results have been obtained for other globular proteins, such
as bovine serum albumin [11]. These results with other available data suggest
that rigid compact conformations of globular proteins are not unfolded exten-
sively; i.e., much of the secondary structure is retained after adsorption. There-
fore, it is not appropriate to describe the adsorbed state of globular protein in
terms of trains, loops, and tails. It is more realistic to regard an adsorbed
monolayer of globular protein molecules as a two-dimensional system of inter-
acting deformable particles that are not very different in structure from the
native protein molecules in solution (Fig. 1b).

However, partial unfolding, at least at the level of tertiary structure, should
be caused by adsorption of globular proteins. Dickinson and Matsumura [12]
demonstrated the exposure of a reactive SH group originally embedded in
the interior of the B-lactoglobulin molecule to the molecular surface by the
adsorption of the protein at the oil-water interface. The increases in suscepti-
bility to the enzyme-catalyzed reaction of adsorbed proteins also suggest that
the native rigid conformation is partially lost and that reactive sites become
available to enzymes during adsorption [13,14]. Moreover, structural analysis
of adsorbed B-lactoglobulin using monoclonal antibodies clearly indicates the
unfolding of local structure corresponding epitope region [15]. These exam-
ples are consistent with the speculation that the partially unfolded conforma-
tion of adsorbed globular proteins is similar to the molten globule state, which
is defined as a protein configurational state with a nativelike secondary struc-
ture and a disordered tertiary structure [16]. In addition to biochemical ap-
proaches, direct measurements of secondary and tertiary structures using vari-
ous spectroscopic techniques would confirm the partial unfolding of adsorbed
proteins, although these techniques are applicable mainly for analysis at solid—
liquid interfaces.
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lll. PROTEIN INTERACTION

Adsorbed protein molecules interact at the interfaces to form viscoelastic
films. The viscoelastic properties of protein films adsorbed at fluid interfaces
in food emulsions and foams are important in relation to the stability of such
systems with respect to film rupture and coalescence. Interfacial rheology tech-
niques are very sensitive methods to measure the viscoelastic properties of
proteins, thereby evaluating the protein—protein or protein—surfactant interac-
tions at the interfaces. There was an excellent review about the principal and
methods of interfacial rheology [17].

The adsorption process is normally monitored by the decrease of interfacial
tension (the increase of interfacial pressure). Steady-state values of interfacial
tension are reached in several hours, even in the case of proteins with low
surface activity, such as lysozyme and ovalbumin [18]. However, the situation
is different for parameters of interfacial rheology, such as interfacial viscosity.
Measurements with a variety of proteins have shown that a steady-state interfa-
cial viscosity is never reached over the normal experimental time scale (several
days) [17]. The reason for the larger time scale in interfacial rheology is that
this method reflects intermolecular interactions as well as intramolecular re-
arrangements of adsorbed proteins.

The value of interfacial viscosity for adsorbed (-casein film at the oil-
water interface was very low, i.e., less than 1 mNsm™!, even after 24 h [17].
However, interfacial viscosity for adsorbed -lactoglobulin reached 1.2 X 10?
mNsm ™! under the same condition [17]. Similar results were obtained for other
globular proteins. The high values of interfacial viscosity for globular proteins
can be attributed to the high packing density of globular protein molecules in
the adsorbed layer, as compared with the rather loose packing for disordered
[B-caseins. As shown in Fig. 1b, a conformation such as a deformable particle
of globular protein may be advantageous for strong interaction among adsorbed
molecules and dense packing within two-dimensional film. In contrast, a highly
charged tail dangling into the aqueous phase (Fig. 1a) may prevent dense pack-
ing among adsorbed B-caseins. However, a transglutaminase-catalyzed cross-
linking reaction was found to increase the viscoelasticity of adsorbed B-casein
film substantially [19]. This means that the incorporation of covalent bonding
can modify the mechanical properties of adsorbed protein films.

The interactions between proteins and low-molecular-weight surfactants at
interfaces have crucial effects on physical states of interfaces, such as inter-
facial energy, interfacial rheological properties,  potential, and thickness of
adsorbed layer. The competitive displacement of globular proteins by surfac-
tants at liquid interfaces (normally, oil-water interfaces) has been extensively
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studied by several groups, particularly the group at Leeds University. A sys-
tematic approach by the Leeds group has shown the more efficient displace-
ment of proteins by water-soluble surfactants (i.e., surfactants with high HLB)
rather than by oil-soluble surfactants, such as monoglycerides, phospholipids,
and synthetic surfactants with low HLB [20-22]. Figure 2 shows the result
for the case of a simple combination of a protein and a water-soluble surfac-
tant, i.e., the competitive adsorption of B-lactoglobulin and Tween 20 (poly-
oxyethylene (20) sorbitan monolaurate) at the n-tetradecane—water interface
[20,23]. B-Lactoglobulin was almost completely displaced from the emulsion
droplet surface by Tween 20 at R (Tween 20/B-lactoglobulin molar ratio) >
8. It is generally accepted that the displacement of proteins by the excess
amounts of surfactants is caused by the decrease in interfacial tension to a
much lower level than that attained by the adsorption of proteins. Despite no
or negligible displacement of B-lactoglobulin at R = 1 (and a little decrease
in interfacial tension), the interfacial viscosity of the protein at the planar
interface dramatically decreased in the range 0 = R = 1 [20,23]. Fluorescence
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FIG.2 Competitive adsorption of B-lactoglobulin + Tween 20 at the oil-water inter-
face. R is the Tween 20/-lactoglobulin molar ratio. I" (triangles), concentration of 3-
lactoglobulin on the surface of oil droplets in the emulsion (0.45 wt% protein, 10 wt%
n-tetradecane, pH 7); n (circles), apparent surface shear viscosity after 5 h adsorption
from a 107 wt% aqueous protein solution (pH 7, 25°C). (From Ref. 23.)
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recovery after a photobleaching (FRAP) experiment showed that the diffusion
coefficient of B-lactoglobulin at the interfaces increased sharply at R = 1.0,
indicating an increase in the molecular mobility of the protein in the adsorbed
layer [24]. These results suggest that Tween 20 breaks the interaction among
adsorbed B-lactoglobulin molecules, thereby decreasing the cohesive nature
of adsorbed film. Dickinson et al. also pointed out that the coalescence of
droplets in B-lactoglobulin-stabilized emulsions was remarkably enhanced at
R = 1.0 when the emulsions were sheared continuously after the addition of
various amounts of Tween 20 [23]. This means that the orthokinetic instability,
i.e., enhanced coalescence of B-lactoglobulin-coated emulsion droplets by low
concentrations of Tween 20, should be due to a loosening of the protein film
structure by the breakage of protein—protein interaction. Similar results were
obtained for other proteins with respect to the relation of the protein—nonionic
surfactant interaction and the instability of emulsions or foams [25]. In the
case of ionic surfactants capable of binding to proteins, the competitive ad-
sorption is more complicated than that of the nonionic surfactants [26].
Competitive adsorption among proteins is discussed elsewhere [27]. In fact,
the protein already adsorbed can be displaced by another protein with more
surface activity at the oil-water interface as well as the solid—water interface.
It should be emphasized, however, that the displacement among proteins is
possible only at relatively high temperatures, that is, above 40°C [27,28].

IV. ENZYMATIC REACTION AT INTERFACES
A. Lipase Reactions at Lipid—Water Interfaces

The most important and typical enzymes that function at lipid—water interfaces
in micelles, liposomes, emulsions, etc., are lipases. Lipases are carboxylic es-
ter hydrolases and have been termed glycerol ester hydrolases (EC3.1.1.3) in
the international system of classification. They differ greatly as regards both
their origins (bacterial, fungal, plant, mammalian, etc.) and their properties,
and they can catalyze the synthesis as well as the hydrolysis of a wide range
of different carboxylic esters. Numerous reports have appeared about the struc-
ture and function of pancreatic lipases, because they are ubiquitous in mamma-
lian species and play important roles in dietary fat absorption [29,30]. In this
part, I will describe a structural feature and its relation to catalytic mechanism
at the interfaces of lipases, particularly pancreatic lipases.

The most unique characteristic of lipases is the ‘interfacial activation’
phenomenon. This means that the activity of lipases is enhanced on insoluble
substrates (aggregates such as emulsions) as compared to the same substrate
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in monomeric solutions [31]. The mechanism of interfacial activation had been
an enigma for researchers involved in studies of lipases. The resolution of the
three-dimensional structure of human pancreatic lipase (HPL) in the absence
or presence of colipase and lipid micelles (corresponding to interfaces in emul-
sion systems) is a breakthrough in solving such an enigma [32-34].

Figure 3 shows the structure of the HPL-colipase complex [30,34]. Human
pancreatic lipase consists of 449 amino acid residues and has 85% homology
with that of porcine pancreatic lipase. Two distinct domain exists in HPL, that
is, a larger N-terminal domain (N-domain) comprising 1-335 residues and a
smaller C-terminal domain (C-domain). Of these domains, the N-domain con-

Water

FIG. 3 Structure of human pancreatic lipase-colipase complex in the closed confor-
mation (E), and structure of the complex in the open conformation (E*S). These two
figures show the conformational changes in the lid, the 35-loop, and the colipase during
““interfacial activation.”” (From Ref. 30.)
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tains the active site with a catalytic triad formed by Ser152, Aspl176, and
His263. The catalytic triad of these three amino acid residues is conserved
widely, not only in lipases with various origins and but also in serine proteases.
Ser152 is the nucleophilic residue essential for catalysis, which is also sup-
ported by the results of chemical modification [35]. The C-domain has the
binding site for colipase, which is a small protein with the *‘three-finger”’
structure common to snake toxins topologically. Colipase functions as the co-
factor of lipase; that is, it binds to the lipid surface and enhances the affinity
of the lipase for the lipid surface [36].

The most interesting observation in Fig. 3 is the presence of a “‘lid”’ cov-
ering the active site of the HPL. The lid corresponds to the region between
Cys237 and Cys261. In the closed conformation *‘E’’ (in solutions), Trp252,
which is located in the short o-helix (residues 248-255) of the lid domain,
is embedded directly over Ser152, active site. Furthermore, the B5-loop makes
van der Walls contact exclusively with the lid. Therefore, the active site is
completely inaccessible to solvent or substrate in the closed conformation.

However, the approach of HPL to the lipid surface gives rise to the substan-
tial changes in the conformation of the lid domain and the B5-loop (in the
open conformation, ‘‘E*’”) [30,34]. The o-helix (residues 248-255) partially
unwinds, and the new helices are formed (residues 241-246 and 251-259).
The conformational change in the lid results in a maximal main-chain move-
ment of 2.9 nm for [le248. According to such a conformational change of lid
domain, the interaction of the 5-loop to the lid is also broken and the B5-
loop is lifted back onto the core of the molecule. The substrate now becomes
accessible to the active site. In the open conformation, colipase also binds to
the lid domain. As the results of all these conformational changes, the open lid
and the colipase form a continuous hydrophobic plateau, extending over 5.0
nm. This surface might be able to interact strongly with a lipid/water interface.
The overall process of conformational change of HPL described here, which
results in the opening of the lid domain and subsequent exposure of the active
site to substrate lipids, is the machinery of *‘interfacial activation.”

The importance of the lid domain in interfacial activation was confirmed
by the experiments using deletion mutants of HPL [37]. Two mutants were
created in the region of the lid domain. One, the 240-260 deletion mutant,
removed virtually all of the lid domain to test the importance of the domain
in lipase function. The second mutation, the 247-258 deletion mutant, was
designed to remove the a-helix covering the active site and to minimize dis-
ruption of the remaining lid domain residues. Interfacial activation of wild
and mutant HPLs was determined by measuring the activity over a range of
tributyrin concentrations in the presence of colipase (Fig. 4). The activity of
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FIG. 4 Absent interfacial activation in the lid deletion mutants. Activity was deter-
mined against tributyrin by the pH-STAT technique. Colipase was included to prevent
interfacial inactivation of the lipases. The solid arrow shows the tributyrin saturation
point determined by turbidity measurements. Open circles, wild human pancreatic li-
pase; closed circles, 248—257 deletion mutant; triangles, 240-260 deletion mutant.
(From Ref. 37.)

wild HPL increased sharply when tributyrin reached its saturation point (i.e.,
the point changing from monomeric form to aggregate or emulsion form),
demonstrating interfacial activation. However, both mutants reached maximal
activity at tributyrin concentrations below the saturation point, indicating that
they hydrolyzed monomeric substrate and did not require an interface for acti-
vation. These findings are consistent with the participation of the lid domain
in interfacial activation.

The common three-dimensional structure of Fig. 3 has been found for lipo-
protein lipase [38] and hepatic lipase [39]. Interestingly, a similar lid domain
is found in the structure of a lipase from fungi, Rhyzomucor miehei [40], and
interfacial activation is also demonstrated in this enzyme. Recently, new types
of lipases have been found, such as pancreatic lipase from coypu and lipases
from Pseudomonas glumae, Candida antarctica B, etc., which have a lid cov-
ering the active site but show no interfacial activation [30].

Since interfacial activation is essential for the catalytic activity of pancre-
atic lipases or Rhizopus lipases, the activity of lipases at interfaces can be
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inhibited by a number of other surface-active molecules via a competitive
adsorption mechanism. Verger et al. showed that proteins such as bovine se-
rum albumin and B-lactoglobulin inhibited the action of lipases from the pan-
creas and from Rhizopus dolman [41]. Using monolayer systems, they clearly
demonstrated that the inhibition of lipases by proteins was due to the protein
coverage over the lipid surface and was not caused by direct protein—enzyme
interaction in the aqueous phase. The proteins were also able to cause dissocia-
tion of the lipases from the interface when added afterwards. Bile salts can
also inhibit lipase reaction by displacing the enzyme at the interface in the
absence of colipase [29,36].

We have recently shown that lipoxygenases from plants can act on substrate
lipids emulsified by proteins or bile salts [42]. This means that the interfacial
activation is not essential for lipoxygenase reaction in emulsion systems. The
data of the three-dimensional structure of lipoxygenases have shown the ab-
sence of a “‘lid’’ but the presence of the ‘‘cavity’’ functioning as a path for
a substrate lipid from the exterior of the enzyme molecule to the catalytic site
[43]. It is thought that lipoxygenase uses this cavity for the uptake of substrate
lipid from the oil droplet surface into the interior catalytic site without substan-
tial conformational change, i.e., interfacial activation.

B. Surfactant-Coated Enzymes in Organic Solvents
or Supercritical Fluids

Proteins including enzymes normally lose their native conformations and ac-
tivity in organic solvent media. Therefore, in principle it is thought that an
enzymatic reaction in organic media is impossible or difficult. Nevertheless,
considerable efforts have been made to mimic the catalytic action of enzymes
in organic solvents, especially for lipase reaction in which both substrates and
products are lipophilic substances soluble in organic solvents. Several methods
have been shown to be useful for enzymatic reaction in organic media: (1)
the method of direct dispersion of powdered enzymes in organic solvents [44],
(2) the use of immobilized enzymes [45], (3) the water-in-oil microemulsion
or the reversed micellar system in which enzymes are solubilized in the inner
aqueous phase [46], (4) the use of enzymes modified with polyethylene glycol
(PEG) [47]. However, there are disadvantages for these methods, as discussed
later.

The Okahata group has recently developed a new method to use surfactant-
coated enzymes, which are freely soluble in organic solvents and show high
catalytic activity in organic media. The surfactant-coated enzymes are pre-
pared by the following very simple procedure [48]. Typically, the enzyme
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aqueous solution is mixed with an aqueous dispersion of surfactants at 4°C
and then kept, under stirring, for 20 h at 4°C. The resultant precipitates are
collected by centrifugation at 4°C and lyophilized. The obtained powder is a
surfactant-coated enzyme.

Various types of surfactants have been tested with respect to yield and
enzymatic activity. Although cationic and anionic amphiphiles produced the
complexes of surfactants and enzymes in a fair yield, their enzyme activities
were very low. Probably, the strong electrostatic interaction between the ionic
head groups of amphiphiles and the charged amino acid residues on the surface
of enzymes caused the denaturation of enzymes. On the other hand, the non-
ionic glycolipid, didodecyl N-D-glucono-L-glutamate (Fig. 5) gave the com-
plex in a good yield, and the obtained complex showed a high enzymatic
activity in organic solvents [48]. Since N-D-glucono-L-glutamate was shown
to be suitable for the formation of surfactant-coated enzymes, the mode of
interaction between the surfactant and enzymes was analyzed. The example
of N-D-glucono-L-glutamate-coated lipase D (from Rhizopus delemar) will be
shown. Based on the results of gel permeation chromatography in organic
solvent (dichloromethane), the molecular weight of the surfactant-coated li-
pase was ca. 13 X 10* Since the molecular weight of a native lipase D and
the glycolipid are ca. 3.3 X 10° and 661, respectively, it can be calculated
that the surfactant-coated lipase contain ca. 150 surfactant (glycolipid) mole-
cules per one lipase. Estimating roughly from the molecular area of the surfac-
tant (0.45 nm?) and lipase (diameter: ca. 3 nm), 150 surfactant molecules prob-
ably covers the surface of a lipase as a monolayer. "H-NMR spectra of the
surfactant-coated lipase D were compared with those of the free surfactant.
The chemical shift of only hydrophilic OH groups of the surfactant in the
complex moves to the down field (from 3.7 to 4.1 ppm) relative to that of the

Surfactant
Didodecyl N~D-glucono-L-glutamate

OH

N ONH——COO(CHy)11CHs
Zcoo ,)11CH3

FIG. 5 Schematic illustration of a surfactant-coated enzyme. (From Ref. 48.)
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free surfactant. This indicates that the hydroxyl head groups of N-D-glucono-
L-glutamate interact with the hydrophilic surface of lipase through hydrogen
bonds and lipophilic tails of lipids are thought to solubilize the complex in
hydrophobic organic solvents, as shown in Fig. 5.

The superiority of N-D-glucono-L-glutamate-coated enzyme system over
other systems is shown in Fig. 6 [48]. In this figure, lipase B (from Pseudomo-
nas fragi 22-39B) was used as an enzyme. Di- and trilaurin syntheses from
1-monolaurin and lauric acid were carried out in the dry benzene with molecu-
lar sieves in the presence of the same amount (1 mg of protein) of the surfac-
tant-coated lipase B, PEG-grafted lipase B, lipase B in water-in-oil emulsion,
and powdered lipase B. When the surfactant-coated lipase B was used, the con-
version from 1-monolaurin to di- and trilaurin was completed within 7 h [initial
rate: vy = 12.2 mM min~! (mg of protein)~']. However, powdered lipase B
showed a very slow reaction rate (one hundredth) compared with that of the
surfactant-coated lipase. In the dispersion method, the specific surface area
accessible to substrate is low and a high amount of enzymes may be required to
get a high reaction rate. In other words, the homogeneously soluble surfactant-
coated lipase has much higher activity than the dispersed lipase when the same
amount of enzyme is used. In the water-in-oil system, the rate of ester synthe-
ses was very slow [vy < 0.1 mM min~! (mg of protein) '] and decreased with

10050 = === mmm e e oo

added molecular sieves here

Dy

Conversion of Dilaurin and Trilaurin / %
(8]
(@]

0 20 40

Reaction time/h

FIG. 6 Comparison of catalytic activities for di- and trilaurin syntheses of (A) the
surfactant-coated lipase B, (B) PEG-grafted lipase B, (C) Lipase B in W/O emulsion,
and (D) dispersion of lipase B powder, in benzene solution at 40°C. (From Ref. 48.)
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increasing reaction time. This may be due to the existence of a small amount
of water in the w/o emulsion system, causing the reverse hydrolysis reaction.

When PEG-grafted lipase B was employed, the esterification proceeded at
a fair rate [v, = 6.0 mM min~' (mg of protein)~']. However, the conversion
reached a plateau at 70% after 40—80 h. The further addition of molecular
sieves could not improve the conversion. This indicates that the PEG lipase
can keep the produced water near the amphiphilic PEG-grafted chains so that
the water molecules may not be removed by the addition of molecular sieves.
The water solubilized near the lipase surface inhibits the ester synthesis in
organic solvents. In contrast, the hydrophobic surfactant-coated lipase cannot
solubilize the produced water, and the glyceride synthesis can proceed com-
pletely when molecular sieves from the solution remove the produced water.

Therefore, it was proved that the surfactant-coated lipase could catalyze
effectively and completely the glyceride synthesis in dry organic solvents, as
compared with other enzyme systems, such as water-in-oil emulsion, enzyme
dispersion, and PEG-grafted enzyme.

In addition to the synthesis of triglycerides, the surfactant-coated lipase can
be employed as an enantioselective catalyst for the esterification of racemic
alcohols with aliphatic acids in homogeneous dry isooctane [49]. Moreover,
Okahata’s group reported that phospholipases [50] and glycosidases [51]
coated by the same glycolipids (N-D-glucono-L-glutamate) are soluble in or-
ganic solvents and can catalyze reverse hydrolysis reactions such as esterifica-
tion and transglycosylation in homogeneous organic media. In the case of the
surfactant-coated B-D-galactosidase, first transgalactosylation to alcohols from
p-nitorophenyl B-p-galactopyranoside (Gal-pNP) was performed in dry iso-
propyl ether [51]. However, this system could not be applied for a large-scale
synthesis because of the low solubility of the galactosyl donor (Gal-pNP) in
hydrophobic organic media. To overcome this problem and explore the more
practical method, Mori et al. [52] used a new transgalactosylation system with
the same surfactant-coated B-p-galactosidase in a two-phase aqueous-organic
system in which both the surfactant-coated enzyme and hydrophobic acceptor
alcohols existed in the organic phase and an excess amount of lactose as galac-
tose donor was present in the aqueous phase. A schematic illustration of the
transgalactosylation in two phases are shown in Fig. 7 [52].

Figure 8 shows a typical time course of transgalactosylation from the 10-
fold excess of lactose as a galactosyl donor to 5-phenyl-1-pentanol (PhCsOH)
as a galactosyl acceptor in two phases of isopropyl ether and phosphate buffer
(10 mM, pH 5.1) at 30°C [52]. In the case of the surfactant-coated B-D-galac-
tosidase, the transglycosylated product (5-phenyl-1-pentyl B-D-galactopyrano-
side, Gal-O-C;Ph) was obtained in 66% yield after 8 days, and hydrolyzed
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FIG.7 Schematic illustration of transgalactosylation catalyzed by a surfactant-coated
B-p-galactosidase in aqueous-organic two phases. (From Ref. 52.)

product (galactose) was not detected during 8 days. In contrast, the use of
unmodified B-p-galactosidase resulted in no conversion, indicating the dena-
turation of the enzyme at the interface between aqueous phase and isopropyl
ether. Therefore, it was demonstrated that the surfactant-B-p-galactosidase is
applicable to the transglycosylation between water-soluble sugars and organic
solvent-soluble alcohols in the aqueous-organic two phases. They also dis-
cussed the effects of chemical structures of acceptor alcohols on the trans-
galactosylation [52].

Recently, it has been reported that surfactant (N-D-glucono-L-glutamate)-
coated enzymes (lipase D and B-D-galactosidase) are soluble and act as more
efficient catalysts in supercritical carbon dioxide (scCO,) than in conventional
organic solvents [53,54]. Figure 9 shows typical time courses of the transgalac-
tosylation from Gal-pNP to PhCsOH catalyzed by the surfactant-coated [-
D-galactosidase at 40°C both in scCO, at 150 atm and in isopropyl ether at
atmospheric pressure [53]. In scCO,, the transglycosylated product (Gal-O-
C;sPh) was obtained in 72% yield after 3 h. The conversion reaction reached
a plateau at 6 h. The surfactant-coated B-D-galactosidase could catalyze the
transgalactosylation in isopropyl ether, but the conversion rate was very low
compared with the reaction in scCO,. That is, the transgalactosylation rate
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FIG. 8 Typical time courses of transgalactosylation from lactose (10 mM) to 5-phe-
nyl-1-pentanol (PhCs;OH, 1.0 mM) catalyzed by (a) the surfactant-coated -p-galactosi-
dase and (b) a native B-D-galactosidase from E. Coli, in an isopropyl ether-aqueous
buffer two-phase system: 30°C, 10 ml of isopropyl ether and 10 ml of buffer solution
(0.01 M phosphate, pH 5.1), and [Enzyme] = 0.1 mg of protein. (From Ref. 52.)

in scCO, was 15-fold higher than that in isopropyl ether. Unmodified B-p-
galactosidase could not catalyze the transglycosylation in scCO,. This may be
due to the insolubility and instability of unmodified enzyme in scCO,. Mori
et al. also found that the surfactant-coated lipase D catalyzed triglyceride syn-
thesis 10-fold faster in scCO, than in atmospheric isooctane [54].

These results indicate that scCO, is a good media for the catalytic reaction
by the surfactant-coated enzymes, although several studies have reported no
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FIG.9 Time courses of transgalactosylation from 1-O-p-nitrophenyl-3-p-galactopyr-
anoside (0.1 mM) to 5-phenylpentan-1-pentanol (1 mM) at 40°C catalyzed by B-p-
galactosidase (1 mg of protein) in 10 ml: (a) the surfactant-coated enzyme in scCO,
with 150 atm, (b) the surfactant-coated enzyme in isopropyl ether, and (c) a native
enzyme in scCO, with 150 atm. (From Ref. 53.)

improvement in the reactivity of enzymes in scCO, when unmodified and im-
mobilized enzymes are used. Therefore, the combination of the surfactant-
coated enzymes and scCO, reaction media should be a promising system for
production of useful materials. The advantages of this system are summarized
as follows: (1) the activity of the surfactant-coated enzyme was 5—10 times
higher than that in conventional organic media, (2) the reaction can be
switched on and off very simply by adjusting the pressure or temperature
of CO,, (3) scCO, media is nontoxic and easily removed by decompression,
compared with organic solvents, and suitable for the biotransformation of food
products and pharmaceuticals.

C. Activity of Inmobilized Enzymes (Reaction at
Solid-Liquid Interfaces)

Enzymes immobilized microporous matrices, such as organic polymer beads,
silica particles, and ceramic carriers, have been widely used for the production
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of various useful substances [55]. Immobilization of an enzyme facilitates its
recovery for possible reuse and continuous application, and improves its stabil-
ity as well. In addition, the interactions between the support and the enzyme
may favorably alter the chemical or physical properties of the enzyme, and
often a new property is generated that can be exploited for industrial purposes.
The use of immobilized enzymes is advantageous, particularly in organic me-
dia, in which the stability of the enzymes is dramatically reduced. Of various
physicochemical parameters of solvents, water activity is thought to be the
most important one affecting the activity of immobilized enzyme [56]. Sup-
ports (carriers) and solvents modify the hydration states of immobilized en-
zymes, thereby affecting enzymatic activity and stability. There have been
only a few reports dealing with the stability of immobilized enzymes in or-
ganic solvents in combination with water activity, although stability is the
most important factor for the construction of a bioreactor [57].

Using the reverse of the hydrolytic reaction, proteases are capable of cata-
lyzing the formation of peptide bonds. Thermolysin is a powerful enzyme in
catalyzing the synthesis of various useful oligopeptides, either in a free form
or in an immobilized form in organic solvent media [58]. Recently, the system-
atic study about the stability of immobilized thermolysin has been reported
[59]. In this study, the authors described the mechanism and kinetics for the
inactivation of immobilized thermolysin with respect to the effects of organic
solvents, kinds of support, water content, and so on. The strategy and results
of their approach are discussed next.

The immobilized thermolysin was prepared by adsorption of the enzyme
onto the supports, polyacrylic ester resins (Amberlite series) and pore glass
particles (CPG series), followed by crosslinking with glutaraldehyde in aque-
ous solutions. The activity of the immobilized enzyme was assayed by measur-
ing the initial synthetic rate of N-(benzyloxycarbonyl)-L-phenylalanyl-L-
phynylalanine methyl ester in the biphasic reaction system.

First, the effects of the kinds of organic solvents on the stability of ther-
molysin immobilized onto Amberlite XAD-7 were investigated. Table 1
shows the relative remaining activity of thermolysin immobilized onto XAD-7
after 5 h of incubation at 70°C in water-immiscible and water-micsible organic
solvents [59]. The water content in the bulk organic solvent phase was usually
adjusted to 4% using 2-(N-morpholino) ethanesulfonic acid (MES) buffer. For
tert-amyl alcohol, the results for the water content of 12% is also shown. In
methyl alcohol, the stability of the immobilized enzymes was extremely low.
The remaining activity increased with the increase of the carbon chain number
up to 5, but decreased again in n-hexyl and n-heptyl alcohols. In alcohols
having the same number of the carbon chain, the immobilized enzyme was
more stable in tertiary alcohols than in normal alcohols. In particular, the im-
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TABLE 1 Effect of Organic Solvents on Relative Remaining Activity of
Thermolysin Immobilized onto XAD-7 and Solubility of Water

Relative
remaining Solubility of water”
No. Organic solvent activity (%) (g water/100 mL sol;)
1 Methyl alcohol 7 Miscible”
2 Ethyl alcohol 63 Miscible®
3 n-Propyl alcohol 84 Miscible?
4 n-Butyl alcohol 88 17.2
5 tert-Butyl alcohol 93 Miscible’
6 n-Amyl alcohol 83 10.0
7 tert-Amyl alcohol 98 12.8
8 tert-Amyl alcohol 42 —
9 n-Hexyl alcohol 70 6.1
10 n-Heptyl alcohol 56 4.7
11 Ethyl acetate 38 39
12 Acetonitrile 72 Miscible?

The immobilized enzyme was incubated for 5 h at 70°C in various organic solvents containing
4% of water (50 mM MES-NaOH buffer, pH 6.0, containing 5 mM CaCl,), except tert-amyl
alcohol, for which the organic solvent contained 12% water.

“ The solubility of MES buffer at 70°C.

b Water-miscible organic solvent.

Source: Ref. 59.

mobilized enzyme was quite stable in ferf-amyl alcohol including 4% of water,
but the elevating water content up to 12% dramatically reduced the stability.
In ethyl acetate, which is often used for enzymatic synthesis of oligopeptide
precursors because of its ability to show high activity, the stability was low.

The relationship between the remaining activity and the amount of enzyme
immobilized onto the support (Amberlite XAD-7) was investigated to learn the
inactivation mechanism of immobilized enzyme in organic solvents (Fig. 10)
[59]. In water-miscible organic solvents, the amount of enzyme immobilized
was only slightly decreased by incubation, despite the changes in the relative
remaining activity of enzyme according to solvents. During incubation, any
appreciable protein and peptide fragments were not liberated. These results sug-
gest that the immobilized enzyme was inactivated, mainly suffering from irre-
versible thermal denaturation, without the leakage of the enzyme from the sup-
port, caused probably either by physical desorption or by autolysis.

On the other hand, in water-immiscible organic solvents, there was a posi-
tive correlation between the relative remaining activity and remaining amount
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FIG. 10 Relationship between relative remaining activity and relative remaining
amount of enzyme after 5 h of incubation in various organic solvents at 70°C. Closed
circles, in water-miscible organic solvents; open circles, in water-immiscible organic
solvents; open squares, data from time course during incubation in ethyl acetate con-
taining 4% water. The numbers in the figure correspond to the kinds of organic solvents
shown in Table 1. (From Ref. 59.)

of enzyme (Fig. 10), indicating that inactivation of the immobilized enzyme
arose from the loss of the amount of enzyme during incubation. In these sol-
vents, various peptide fragments were liberated during incubation. Therefore,
it is thought that autolysis of thermolysin inside the support is responsible for
the inactivation in the case of reaction in water-immiscible organic solvents.
The involvement of autolysis was confirmed by the addition of phosporami-
don, a specific inhibitor for thermolysin, into the reaction mixture, which could
prevent the leakage of the enzyme from the support. It is very interesting that
the inactivation process of immobilized thermolysin differs according to the
miscibility of solvent with water.

Kinetic analyses were performed for the inactivation of the immobilized
enzyme onto Amberlite XAD-7 in ethyl acetate and fert-amyl alcohol at 70°C,
varying the water content in the bulk organic solvent phase. The results are
shown in Table 2 [59]. The kinetic parameter k,* reflects the effect of the
conformational change of enzyme, that is, a change from the active to inactive
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TABLE 2 Kinetic Parameters for Inactivation of Enzymes
Immobilized onto Amberlite XAD-7 at Different Water Contents at
70°C

Solvent Water content‘[%] k¥[E,] [min™!]

Ethyl acetate 1.0 0.8 X 1073
2.0 1.0 X 1073
3.5 2.0 %X 107
4.0 8.2 X 1073
8.0¢ 17.0 X 1073

tert-Amyl alcohol 2.0 b
4.0 02 X 107?
8.0 12 X 1073
12.0 3.8 X 1073

“ Water content in the bulk organic solvents.

®No decrease in activity was detected after 5-h incubation at 70°C.

¢ The bulk organic solvent phase was separated into organic and water phases.
Source: Ref. 59.

form as well as that of a proteolytic reaction. [E¢] means the initial concentra-
tion of total enzyme. The k,*[E,] values determined for the immobilized en-
zyme in tert-amyl alcohol were much lower than those in ethyl acetate at each
water content. For instance, at 4% water content, the k,*[E] value in ethyl
acetate was 40-fold higher than that in tert-amyl alcohol. Figure 11 [61] shows
that, at 4% water content in the bulk organic solvent, the water content inside
the enzyme immobilized onto Amberlite XAD-7 was around 7% in ethyl ace-
tate and 4.2% in tert-amyl alcohol, respectively. The solubility of water in
ethyl acetate was only 3.9% (Table 1). Therefore, in the case of ethyl acetate,
the phase inside the support might be separated into aqueous and organic
phases. Probably, the enzymes are concentrated in this aqueous phase, and as
a result autolysis was accelerated.

With an increase in the water content in the bulk organic solvent, the k,*[Eo]
value appreciably increased, as shown in Table 2. The increased k,*[E,] values
with an increase in the water content in the bulk organic solvent might be
ascribed to the increased fraction of the aqueous phase in which the enzyme
aggregates exist, which promoted autolysis. To test this speculation, the rela-
tive remaining activity after 5-h incubation at 70°C at 4% water content in
the bulk organic solvent was plotted against the water content inside the sup-
port, for enzyme immobilized onto various supports in addition to Amberlite
XAD-7 in ethyl acetate and in fert-amyl alcohol (Fig. 12) [59]. The values of
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FIG. 11 Adsorption isotherms of water for thermolysin immobilized onto Amberlite
XAD-7 in ethyl acetate (open circles) and in zert-amyl alcohol (closed circles) at 70°C.
(From Ref. 59.)

the relative remaining activity tended to decrease with an increase in the water
content inside the support, irrespective of the supports, although the tendency
was different in ethyl acetate and in ferf-amyl alcohol. Therefore, for immisci-
ble organic solvents, it can be concluded that the stability of the thermolysin
immobilized in the different supports is closely related to the water content
inside the immobilized enzyme. This suggests that the excess water in the
supports causes the separation of the solvent phase and the water phase, in
which the concentrated enzymes become susceptible to autolysis.

For water-miscible solvents, the correlation of the stability of immobilized
enzyme with physicochemical parameters of organic solvent was investigated.
Two parameters, log P (the partition coefficient between the n-octanol-water
phases, i.e., reflecting the hydrophobicity of organic solvents) and E; (30) (the
polarity of organic solvents), were chosen. As shown in Fig. 13 [59], either
the log P or Er (30) value was found to be applicable to correlate the stability
of the immobilized enzyme in the water-miscible organic solvents. Therefore,
the inactivation of the immobilized enzyme in water-miscible organic solvents
was affected by the extent to which they remove water from the surface of
the enzyme molecule.
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FIG. 13 Correlation of the relative remaining activity of the enzyme immobilized
onto Amberlite XAD-7 with log P and E; [30] values for water-miscible organic sol-
vents. The numbers in the figure correspond to the kinds of organic solvents shown
in Table 1. All the organic solvents contained 4% water. (From Ref. 59.)
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V. EXAMPLES OF BIOLOGICALLY IMPORTANT
NONENZYME PROTEINS WITH INTERFACIAL
FUNCTIONS

There are a lot of nonenzymatic proteins that exist and function at interfaces
in biological systems. Before closing this chapter, I will refer to several exam-
ples of such naturally occurring protein surfactants of biological and/or indus-
trial importance that exist in mammalian tissues, microorganism, and plants.

Plasma lipoproteins (LPs) are soluble aggregates of lipids and proteins
that deliver hydrophobic, water-insoluble lipids (triglycerides and cholesteryl
esters) from the liver and intestine to other tissues in the body for storage or
utilization as an energy source [60]. All LP particles have a common structure
of a neutral lipid core surrounded by a surface monolayer of amphipathic lipids
(phospholipids and unesterified cholesterol) and some specific apoproteins
(Fig. 14). The LPs are usually classified according to density, from very low-
density lipoprotein (VLDL) to high-density lipoprotein (HDL). The size of
LPs varies from 5-12 nm for HDL to 30—-80 nm for VLDL.

A common structural feature of most apolipoproteins is the presence of
amphipathic helical structures, which are thought to be responsible for binding
apoproteins to lipids of the surface monolayer [60]. Each o-helix contains a
hydrophilic and a hydrophobic face; the hydrophilic face is exposed to water,
whereas the hydrophobic face associates with lipids of the monolayer. Such
amphiphilic structure enables apolipoproteins to function as natural surfactants

Protein
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FIG.14 Structure of a lipoprotein particle. PL: phospholipid, FC: unesterified choles-
terol, CE: cholesteryl ester, TG: triglyceride.
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stabilizing lipid particles in water. Additionally, apolipoproteins demonstrate
specialized functions at the surface LP particles, such as ligand for cell surface
receptors, cofactors for plasma lipases, and competitive inhibitors of endocyto-
sis or metabolism [61].

Another important natural protein surfactant in mammalian are lung surfac-
tants, which are secreted by type II pneumocytes and reduce surface tension
at the air—water interface of distal airways and the alveoli of lungs, thereby
decreasing the work of breathing and the tendency for alveoli to collapse at
low lung volumes. The components of lung surfactants as well as the structure
and functions of surfactant proteins have been precisely reviewed recently
[62].

A wide variety of microorganisms also produce many kinds of surface-
active lipoproteins or lipopeptides [63]. Mostly they exhibit the typical amphi-
philic character and are generally extracellular. Representative of such surface-
active lipopeptides is surfactin produced by Bacillus subtilis. It is composed
of a heptapeptide cycle closed by a Cy,_;5 B-hydroxy fatty acid that forms a
lactone ring system (Fig. 15) [64]. This structure resembles those of iturins,
another class of lipopeptides also produced by Bacillus subtilis [65].

Surfactin is a biosurfactant with a high industrial and commercial potential
because of its superb surface and interfacial activity and because it has a diver-
sity of bioactive properties. Surfactin forms large micelles at a very low con-
centration and the cmc is of the order of 107> M [66]. The bioactivities of
surfactin include: inhibition of blood clotting [67], hemolytic activity [68],
channel formation in membranes [69], synergistic antifungal activity when
combined with iturins, antibiotic activity [70], antitumor [71], and anti-HIV
effects [72].

Many other surface-active lipopeptides, such as rhamnolipids and viscosin
from Pseudomonas species, have been found [73]. More surface-active lipo-
peptide, arthrofactin, the cmc of which is extremely less than that of surfactin,
has been purified from Arthrobacter species [74]. These lipopeptides, includ-
ing surfactin, have great industrial potential for pharmatheuticals, cleaning
detergents, cosmetics, foods, and so on, because of their superior surface activ-
ity and antimicrobial effects.

CH;

CHJ/CH(CHZ)QCHCHZCO—L-Glu —L-Leu—D-Leu—L-Val —L-Asp—D-Leu—L-Leu

0

FIG. 15 Structure of surfactin from Bacillus subtilis. (From Ref. 64.)
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Finally, I introduce the naturally occurring protein surfactant originated
from plants, called oleosin [75,76]. In plant seeds, oils are stored in discrete
organelles called oil bodies. Oil bodies are small spherical particles approxi-
mately 1 um in diameter. Notice in Fig. 14 the difference in size between
plant oil bodies and mammalian lipoproteins (from approximately 10 nm to
80 nm in diameter) despite the similarity in structure. Each oil body has a
core of triglycerides surrounded by a layer of phospholipids (Fig. 16) [76].
Oil bodies inside the cells of mature seeds or in isolated preparations are re-
markably stable and do not aggregate or coalesce. This stability cannot be
attained by only a layer of phospholipids. Seed oil bodies are stable because,
in addition to the phospholipid layer, a layer of unique proteins, termed oleosin
shields their surface.

Oleosins from many plant species have molecular weights ranging from
15 to 26 KD [75-76]. The structure of maize oleosin is also shown in Fig.
16 [76]. Each oleosin molecule from various species has a highly conserved
central hydrophobic domain of 72 amino acid residues. This domain is likely
organized into an antiparallel B-structure and embedded in the hydrophobic
acyl moieties of phospholipids and triglyceride matrix. The other two domains,
the N and C regions, are much less conserved in their sequence homologies.
The N-terminal domain is usually about 50-70 residues and may form an
amphipathic o-helix. The C-terminal region may have a similar structure but
is more variable in length (55—-98 residues). It has been suggested that these
terminal domains lie at or on the surface of an oil body, with the positively
charged residues orientated toward the lumen of the organelle and the nega-
tively charged residues facing the cytosol. Such charged surfaces and steric
hindrance effects may prevent the coalescence of the oil body. In addition to
playing this structural role, oleosins (particularly, the C-terminal domain) may
also serve as recognition signals on the surface of oil bodies for the binding
of newly synthesized lipase during germination [77].

Oleosins are expressed at high levels in seeds and are specifically targeted
to oil bodies. Based on these properties, van Rooijen and Moloney attempted
to use oleosins as carrier proteins for high-value peptides and proteins [78].
It was demonstrated that an oleosin-f-glucuronidase fusion protein under the
control of an Arabidopsis oleosin promoter was correctly targeted to the oil
body membrane. The same group succeeded in the expression and targeting
to oil bodies of other recombinant protein [79]. Since oil bodies are isolated
by the simple procedure, the recovery of desired proteins is very easy using
an endoprotease and further purified. Alternatively, a fusion protein, which is
enzymatically active and resides on the oil bodies, can be used directly in
heterogeneous catalysis. Therefore, this oleosin carrier system should be a
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2 nm

matrix TAG

Q
cytosol @
1 21 51 123 153 171 187

FIG. 16 Model of a maize oleosin on the surface of an oil body. The shaded area
represents the phospholipid layer, with head groups facing the cytosol. Amino acid
residues are highlighted according to their decreasing hydrophobicity: square, dia-
mond, circle, and no enclosure. The molecular can be divided into four portions: the
amphipathic N-terminus (residues 1-50), the central antiparallel -strands (residues
51-122), the carboxylic o-helix (residues 123—-170), and the C-terminal extension (res-
idues 171-187). Arrows indicate where folding of the antiparallel strands could occur.
The inset shows a model of an oil body, with a quarter-cut open. Mushrooms, dark
spheres attached to two lines, and shaded spheres attached to three lines represent
oleosins, phospholipids, and triglycerides, respectively. (From Ref. 76.)
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promising method of production and purification of recombinant proteins or
peptides that are biologically and pharmaceutically active, such as enzymes,
and opioid peptides in plants. The low cost of seed production and the compati-
bility with existing agricultural processing procedures make it an attractive
alternative to conventional bacterial and yeast fermentation systems.
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KAZUTAMI SAKAMOTO Ajinomoto Company, Inc., Kanagawa, Japan

. INTRODUCTION

Every living system on earth has universal structures organized as molecular
assemblies in aqueous medium, and amphiphilic molecules play a crucial role
in sustaining such organized structures. Many of the various types of naturally
occurring amphiphilic molecules, that is, natural surfactants, have amino acid—
based structures. Most of these natural surfactants have N-acylamino acids
structures, with fatty acid residue as a hydrophobic moiety connected to the
amino group of the amino acid.

Amino acid surfactants (AAS), both natural and synthetic types, have been
the subject of many studies, due mostly to their huge potential application in
pharmaceutical, cosmetic, household, and food products. The AAS are derived
from acidic, basic, or neutral amino acids. Amino acids such as glutamic acid,
glycine, alanine, arginine, aspartic acid, leucine, serine, proline, and protein
hydrolysates have been used as starting materials to synthesize AAS commer-
cially and experimentally. Methods of preparation include chemical, enzy-
matic, and chemoenzymic processes, although chemical processes have been
prevalent due to their relatively low cost of production. In recent years, more
research papers have focused on the use of enzymatic methods to synthesize
AAS. It is our opinion that the enzymatic approach would be more attractive
to manufacturers in the near future.

This chapter will discuss the state of knowledge of AAS, also known as lipoa-
mino acids, with an emphasis on the types with N-acylamino acid structures.

75
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Il. BRIEF HISTORY OF AMINO ACID SURFACTANTS

Macfarelane [1] defined lipoamino acid as a single amino acid combined with
a lipid, excluding lipopeptide and lipoprotein. It has long been known that
there are some lipids that contain amino acid in their structures that are insepa-
rable by physical methods [2—4]; such substances are called lipoamino acids
or lipopeptides. These natural lipoamino acids are found to exist widely in
animals, plants, and microorganisms. The general structures and origins of
these lipoamino acids are shown in Table 1, but the exact structures and func-
tions of these lipoamino acids are yet to be investigated. Various acylamino
acids have been synthesized and their properties studied as model molecules
of lipoamino acid.

Bondi reported the first research on N-acylamino acid in 1909 [5], in it he
synthesized lipoamino acid from glycine and alanine as a form of N-lauroyl-
amino acid. In that research, Bondi speculated that the necrosis of fat in the
cell should be attributed to the decomposition of acylamino acid to amino
acid and fatty acid. To elucidate this theory, he studied the biodegradation of
synthesized acylamino acids. Since then, research into acylamino acids has
appeared periodically in the journals, with two aspects of interest: one is the
investigation of natural existence, and the other is to explore the functionality
of such molecules.

Kameda and Toyoura [6] and Utino et al. [7] studied the natural existence
of acylamino acids and found them to be degraded by some sorts of micro-
organisms. Later, Nagai [8] and Hazama et al. [9,10] conducted a biodegrada-
tion study of acylamino acids with enzymes obtained from microorganisms
and kidney of animals. These research efforts provided the evidence that acyl-
amino acids are widely existing in living systems, from microorganisms to
animals. Fukui and Axelrod [11] indicated the possible natural existence of
N-acylamino acids by converting phenylalanine and oleic acid or palmitic
acid to corresponding N-acylamino acid with an enzyme from rat liver. Cart-
wright identified N-(D-3-hydroxydecanoyl)-L-serine, extracted and purified it
from a microorganism strain of Serratia in 1955, and named it saratamic acid
[12,13]. This is the first confirmation of the natural existence of a lipoamino
acid.

Since then, many lipoamino acids and lipopeptides have been found in
various microorganisms [14-20], plants [21], digestive juices of invertebrates
[22,23], chicken oviduct [24], and human skin [25,26]. The lipoamino acids
found in microorganisms often contain 3-hydroxy fatty acid, as shown in Table
1. Furthermore, such lipoamino acids (except seratamic acid) are derivatives
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of lysine and ornithine with acylamino acid ester structure. These lipoamino
acids, with the two hydrophobic chains similar to phospholipids, are found
localized in the cell membrane, which indicates their role to regulate mem-
brane function.

Lipoamino acids found in the digestive juices of invertebrates have taurine
or cysteine, amino acids with a sulfur atom, favorable to be surface active at
low pH (4-5). Thus these lipoamino acids are considered to be counterparts
of colic acids in vertebrates that emulsify and disperse fatty materials to be
digested and absorbed as nutrients. Research on the structure and role of lipo-
amino acids in vertebrates has yet to be put forward, though some have specu-
lated that lipoamino acids found in human skin might have a role in controlling
the barrier function of skin.

As already indicated, research on naturally existing lipoamino acids has
not extended to their properties as surface-active molecules or roles and
potential applications. On the other hand, many acylamino acids have been
synthesized and their properties studied. Hentrich et al. [27] initiated series
of investigations and first patented an application of acylsarcosinate and
acylaspartate as surfactants for detergent, shampoo, and toothpaste in 1930.
Since then, Staudinger and Becer [28] and many other researchers [29-31]
have studied the synthesis and physicochemistry of acylamino acids. These
studies have confirmed that acylamino acids were potent surfactants with
desirable surface activities and safety and mildness features. Takehara
et al., led by Yoshida, established an economical process for synthesizing
acylglutamate from monosodium glutamate and fatty acid chloride [32],
both of which are abundant sources for the production of commercial surfac-
tants.

Takehara et al. also investigated the physicochemical properties of acyl-
amino acid and found them to have superior surface activities at the weakly
acidic pH around 5-6, similar to skin pH, even its anionic character [33,34].
Further, they developed various application formulas, such as solid cleansers,
shampoo, and creamy or paste-type facial cleansers for acylglutamate [35].
These various research efforts led to the commercialization of acylglutamate
in 1972; less than a decade later, a new market was established in Japan for
mild cleansers [36]. This is the first commercial application of acylamino acid
to have a significant impact on the personal care industry. Since then, many
amino acid derivatives, such as acylsarcosinate and acylmethytaurate, have
been utilized for personal care products. The applications of acylglutamate
have been further extended to almost all types of personal care applications
due to the mildness features that the market demands.



TABLE 1 Types of Lipoamino Acids

8.

Class Structure Lipid moiety Amino acid moiety Location
N-Acylamino acid CH,0OH —3—Hydroxydecanoic acid  Ser Microorganism
(Serratia)
R’CONHCH,COOH
R\
R’ CO (NHCHCO),OH  5-Hydroxydodecanoic acid Taurine Digestive fluid of
etc. Sarcosyltaurine invertebrate
Hydroxyprolyltaurine
Hydroxyprolylcysteic acid
(CH{)3NH + RCHCH,COOH Orn Microorganism
R’ CONHCHO00— Ornityltaurine
(6]
R”CHCO
OH
R: CHy—
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CH,
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Ala
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organism

Source: K. Sakamoto and M. Takehara. Fragrance. J.

31:60 (1978).
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lll. STRUCTURAL SCHEMES AND METHODS
FOR THE PREPARATION OF AMINO ACID
SURFACTANTS

Amino acids have two functional groups, the carboxylic group and the amino
group, which can be converted to surfactant with a reactive molecule bearing
a hydrophobic chain. Amino acids with reactive sidechains, such as lysine,
arginine, aspartic acid, and glutamic acid, offer opportunities for the molecular
design of AAS.

Structurally, amino acid—based surfactants may be depicted as shown
nearby. The fundamental structures may be considered as (1) N-acylated
amino acid, which is essentially an anionic surfactant, or modified as in (b),
where the carboxylic group is converted to ester or amide, as seen in cationic
surfactants. The structures in (c) and (d) represent those of amphoteric sur-
factants, in which both amino and carboxyl groups represent hydrophilic
moieties.

R
|
[C————""1 CONH - CH - COO' N-substituted  (a)
R
l
[——1 -NHCO - CH - NH;" C-substituted (b)
or R

|
C——————-0CO-CH-NH;"

C————— -CH-COO C-substituted (c)

l
NH;'

R

- |
C———1 -NH,-CH- COO N-substituted  (d)
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There are various synthetic routes to introduce hydrocarbon long chains
into amino acid—based surfactants. For example, a long-chain fatty acyl group
is introduced on the amino part of amino acids by using an acid chloride. To
obtain amino acid esters or amides, the carbonyl parts of amino acids are
reacted with fatty alcohol or amines, respectively. For example, C-alkylation
of an amino acid is obtained by the reaction of o-bromo fatty acid with ammo-
nia or by a transmission reaction of the amino part of the amino ester with a
stable Schiff base followed by deprotonation with a strong base. This is fol-
lowed by alkylation with an alkyl halide. N-Alkylation of an amino acid is
generally obtained by the reaction of fatty amines with monochloroacetic acid,
methyl acrylate, or maleic acid or by the addition of 1,2-epoxy alkane to amino
acids.

A schematic of routes for the synthesis of amino acid surfactants is shown
in Fig. la; representative structures are illustrated in Fig. 1b. The Schotten—
Baumann method is a typical and useful way to synthesize N-acylamino acid.

*HsN

COOR
Y /K/‘L HaN coo”
| R Y
1
ROH / B
N4

+ + . o

HaN CONHR H3N [ofe]0]

e
Ry RNH2 Ry
/ RCOCI
RCOHN coo” R20H RCOHN COOR,
Y Y
Ry F‘1
EO R2NH2
RCOHN,
\r COO(CH,CH,0)nH RCOHNY CONHR,
R
1 R,

(a)

FIG. 1 (a) Schematic of routes for the synthesis of amino acid surfactants.



82 Xia et al.
Amino acid Structure Amino acid Structure
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Continued. (b) Representative structures of amino acid surfactants. R: Long

chain alkyl radical; R": Amino acid’s sidechain; R* Alkyl radical, etc.
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This method consists of condensing amino acid with fatty acid chloride under
higher pH, around 11-12. Neutral amino acids are relatively easy to convert
to N-acylamino acid in good yield by this method. Additional considerations
are required for the amino acids with a reactive hydrophilic group, such as
—OH, —SH, —COOH, or —NH, in sidechain [37]. Acylation of glutamic
acid was first reported by Kester [38], and Jungerman explained that the low
yield of the Schotten—Baumann method should be attributed to the production
of acid anhydride as a by-product [39]. Since then, several procedures have
been reported to synthesize N-acylglutamic acid efficiently (Fig. 2). Ueda et
al. [40] and Weiss [41] used glutamic acid esters for acylation in the organic
solvent and then converted to acylglutamate by hydrolysis. Yoshida applied
fatty acid and sulfur trioxide to make acylglutamic acid through fatty acid—
sulfonic acid mixed anhydride [42]. None of these methods can satisfactorily
produce acylglutamic acid commercially. Takehara et al. [34] found an innova-
tive method utilizing a mixture of water-soluble organic solvents such as ace-
tone, ethyl alcohol, and dioxane with water for the Schotten—Baumann acyla-
tion to achieve stoichiometric yield. The optimum reaction condition differs,
depending on the length of the fatty acid, as shown in Fig. 3. This modified

(a) HOOC-CH, -CH-cooH ~ RCOCL  NaOH
| B
NH,
HC!

HOOC-CH, - CH, - CH-COOH

NH-COR

(b) HOOC-CH;-CH,-CH-coon _ C:HsOH-HCL 0 poogc cn,-cu, -cH-co0C,Hs

'

NH. NHRHCI
RCOCI NaOH
- C,Hs00C -CH; - CH; - CH-COOC, Hs
= |
NH-COR
NaOH

HOOC -CH; - CH; -CH-COOH
!
NH-COR

FIG. 2 Preparation of N-acylamino acid.
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FIG. 3 Preparation of N-acyglutamic acid by an improved Schotten—Baumann
method, between the yield of N-acyl-L-glutamic acid and solvent composition. (From
Ref. 32.)
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FIG. 4 Preparation of N-acyllysine through fatty acid salt of lysine. Yield for lysine
and lauric acid: N*-lauryllysine (II), 63%; N-lauroyl-o.-amino-g-caprolactum (IV), 10%.
(From Ref. 45.)

Schotten—Baumann method can generally be applied for the acylation of neu-
tral amino acid to improve the reaction yield.

Paquet reported the acylation of methionine, lysine, threonine, and trypto-
phan as difficult amino acids to get high yield and selectivity via the Scotten—
Baumann method, by the utilization of succinimidyl esters of fatty acid [43].
Although he achieved improved results, this method is still not satisfactory
enough for commercial-scale production. Acylation of lysine with fatty acid
chloride gives mixtures of diacyl, unselective monoacyl for its o and € amino
groups because of the similar reactivity of each amino group to fatty acid
chloride [39,44]. To have selective acylation for either the o or the € amino
group in lysine, one of the amino groups must be protected. Sakamoto et al.
found a novel method for synthesizing the € amino group by the thermal dehy-
dration of the fatty acid salt of lysine [45] (Fig. 4). Because of the lower
reactivity of fatty acid compared to acid hydrochloride, neutralization occurs
selectively with the e amino group, whose basicity is higher than its o counter-
part; i.e., pKa is 10.3 for € and 8.9 for a (Fig. 5).

H;N*-(CH,),- F, H-COOH
N*H,
— H,N*-(CH,),-CH-COO~
pky=2.20 N+Hs
=— H,N*-(CH,),~-CH-COO~
pk,=8.90 I\IIHz
—= H,N-(CH,) 4“ICH—COO“

ky=10.28
DXy NH,

FIG. 5 Tonic species of lysine. (From Ref. 45.)
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IV. PHYSICOCHEMICAL PROPERTIES OF SELECTED
GROUPS OF SURFACTANTS

A. N-Acylamino Acids: General Overview

The history of the physicochemical properties of N-acylamino acid started
from the patent by Hentrich et al. [27]. Since then, Staudinger and Becer re-
ported the solubility and viscosity of N-acylsarcosinate [28]; Naudet measured
the surface tension and interfacial tension of aqueous solutions of N-acylseri-
nate and N-acylleusinate [46]. Tsubone measured the surface tension and criti-
cal micelle concentration (cmc) of various N-acylamino acids and investigated
the effect of structural differences of amino acids and length of fatty acid
residue on these surface activities [29]. Heitmann [30] further investigated the
cmc of N-acyl cysteine, serine, and glycine and indicated that the—SH in cyste-
ine stabilized the micelle structure with its hydrophobic nature. Ooki reported
the surface activities of N-acylsarcosinate [47].

Research on the physicochemical properties of N-acylamino acids has
been periodic, except for the effort at Ajinimoto Company, lead primarily by
Yoshida, Takehara, and Sakamoto. As a result, there are few systematic studies
on the structure and property relationship of N-acylamino acids. Sakamoto
introduced the hydrophobicity of amino acid as a measure of such structure
and activity relationship [48,49]. The hydrophobicity of each amino acid is
proposed by Tanford as a free-energy change from ethyl alcohol to water and
normalized to Gly, as shown by the Eq. (1) [50] (Table 2).

A, Ala = AG, Ala — AG, Gly
—3900 — (—4630) = 730 (cal/mol) (1)

where

AG, Ala = Free-energy change for Ala from ethyl alcohol to water

AG, Gly = Free-energy change for Gly from ethyl alcohol to water

Ag, Ala = Normalized hydrophobicity of Ala
Figure 6 shows the linear relationship between log cmc of sodium salt of N-
lauroylamino acids and their Ag, values. The following equation, obtained

from Fig. 6, shows that the hydrophobicity of the sidechain of amino acid
contributes partly to the micelle formation:

log cmec = 1.1 — 2.0 X 107 Ag, )

The surface tension of the sodium salt of N-lauroylamino acids increased
with the increase of hydrophobicity of amino acid, as shown in Fig. 7. There
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TABLE 2 Free-Energy Change of Each Amino Acid from Ethyl
Alcohol (cal/mol, 25°C)

AG,, Whole Ag,, Sidechain
molecule contribution

Nonpolar sidechains

Glycine —4630 0
Alanine —3900 +730
Valine —2940 +1690
Leucine —2210 +2420
Isoleucine —1690 +2970 (20°)
Phenylalanine —1980 +2650
Proline —2060 +2600 (19°)

Other sidechains
Methionine —3330 +1300
Tyrosine —-930 +2870 (95% EtOH)
Threonine —4190 +440
Serine —4590 +40
Asparagine —4540 —10
Glutamine —4730 —-100
Aspartic acid —4090 +540
Glutamic acid —4080 +550

Contribution of

a CH, group

Ethane +3020 —
Methane +2260 —
Ethane-methane — +760
Alanine-glycine — +730
Leucine-valine — +730

Source: Ref. 50.

is a reverse linear correlation between surface tension and cmc, as shown Fig.
8. Figure 8 reveals two fundamental surface phenomena. It shows that amino
acids with a large sidechain and a high hydrophobicity contribute effectively
to the formation of micelles. It also reveals that the larger sidechain interferes
with close packing at the air/water interface and increases the unit surface
area, as reflected in the higher surface tension. Takahashi et al. [S1] reported
supporting data for this speculation.

Other physicochemical properties of N-lauroylamino acid that correlate
with the hydrophobicity of each amino acid are shown in Fig. 9-12 [48,49].
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FIG. 6 Relationship between hydrophobicity and log cmc of sodium salt of N-
lauroyl-L-amino acids: 40°C by electroconductivity method. (From Ref. 49.)
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FIG. 7 Relationship between the hydrophobicity and the surface tension of the so-
dium salt of N-lauroyl-L-amino acids: 0.25%, 40°C by Du Nouy method. (From Ref.
49.)
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FIG. 8 Relationship between the cmc and the surface tension of the sodium salt of
N-lauroyl-L-amino acids: 40°C from Fig. 6 and 7. (From Ref. 49.)
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FIG. 9 Relationship between the hydrophobicity and the wetting ability (sinking
time) of the sodium salt of N-lauroyl-L-amino acids: 0.25%, 40°C by semimicro-disk
method. (From Ref. 49.)
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FIG. 10 Relationship between the hydrophobicity and the detergency of the sodium
salt of N-lauroyl-L-amino acids: 0.25%, 40°C by Tergo-o-tometer. (From Ref. 49.)
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FIG. 11 Relationship between the hydrophobicity and the foaming power of the so-

dium salt of N-lauroyl-L-amino acids: 0.25%, 40°C by Ross and Miles method. (From

Ref. 49.)
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FIG. 12 Relationship between the hydrophobicity and the emulsifying power of the
sodium salt of N-lauroyl-L-amino acids: 0.25%, 40°C by test tube method. (From Ref.
49.)

In terms of the neutral amino acid series, wetting ability and detergency in-
creased with the increase in hydrophobicity (Figs. 9 and 10, respectively),
whereas the relationship between foaming power and emulsifying power and
hydrophobicity was rather erratic (Figs. 11 and 12, respectively). For acidic
amino acid, as in N-acylglutamate, its ability to change surface tension de-
pended on the degree of neutralization. Surface tension increased gradually
over monoequivalent neutralization [52], which followed a steep increase at
1.6° of neutralization and then reached saturation at 2.0, as shown in Fig. 13.
Foaming power reached a maximum at a degree of neutralization of about
1.6, whereas emulsification power decreased with the increase in neutraliza-
tion degree, as shown in Figs. 14 and 15, respectively. Analysis by *C-NMR
showed that the o-carboxylic group was preferentially neutralized then the y-
carboxylic group followed successively (Fig. 16). By the fluorescence probe
method, one can see that the micropolarity and aggregation number increased
rapidly when the degree of neutralization exceeded 1.6 (Fig. 17). These results
suggest that the intermolecular hydrogen bond between amide hydrogen in
the acyl group and carbonyl in the o-carboxylic group contribute to the forma-
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FIG. 13 Relationship between the surface tension and the degree of neutralization
of sodium N-lauroyl-L-glutamate: 10%, 40°C.
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FIG. 14 Relationship between the foaming power and the degree of neutralization
of triethanolammonium N-lauroyl-L-glutamate: 10%, 40°C.
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FIG. 15 Relationship between the emulsification power and the degree of neutraliza-
tion of triethanolammonium N-lauroyl-L-glutamate: 10%, 40°C.

tion of closely packed small micelle when the neutralization degree is less
than 1.6. Further neutralization beyond 1.6 would lead to the ionization of the
a-carboxylic group to carboxylate, thereby changing the micelle structure to
a loosely packed large aggregate [53].

N-Acylamino acids with basic amino acids such as lysine and arginine have
an amphoteric structure. However, the solubility of the salt of these molecules
is too poor to utilize them as a practical surfactant. Several modifications are
applied to improve their solubility. Sakamoto et al. [45] reacted N¢-acyllysine
with ethylene oxide to introduce the polyoxyethylene group, whereas Sagawa
et al. introduced additional the N-methyl group. Both methods led to lysine
derivatives with surface activities that were pH dependent (Fig. 18 and 19)
because of their amphoteric structures [54—57].

Sagawa et al. reported on a N*-lauroyllysine as a solid surface-active agent
[58,59]. Inorganic powders treated with N®-lauroyllysine became hydrophobic
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FIG. 16 (a) Chemical shift for each carbonyl group of triethanolammonium N-
lauroyl-L-glutamate. (b) Relationship between the chemical shift of the carboxylic
group and the degree of neutralization of triethanolammonium N-lauroyl-L-glutamate.
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FIG. 17 Change of aggregation number of micelles of triethanolammonium N-
lauroyl-L-glutamate by the fluorescence probe method.

because of the strong chelating effect of the amino acid residue to coat hydro-
philic surfaces with the Nf-acyl group as a hydrophobic chain. The friction
coefficient and contact angle are good measures for this surface modification,
as shown in Figs. 20 and 21, respectively. Conversion of N-acylarginine to
esters leads to cationic surfactants, because the guanidyl group at the y-position
of arginine is a strong base. Yoshida et al. reported surface activities (Table
3) and antimicrobial properties (Table 4) of such cationic surfactant deriva-
tives [60]. Infante et al. [61,62] have reported further studies on these types
of cationic surfactants.

Xia et al. [63] developed new acyl AAS having the general structure o-
amino-(N-acyl)-B-alkoxypropionate. The structure—function relationship of
the anionic amino-alkoxypropionates was evaluated, with an emphasis on their
antimicrobial properties. The anionic amino-alkoxypropionate was synthe-
sized, starting from propionic acid methyl ester, through alkoxylation with
fatty alcohol, bromination, saponification, amidation, acylation with R’OCI
(acyl chloride), and saponification to obtain the final product. For the detailed
procedure, see Xia et al. [63].
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FIG. 18 Relationship between the pH and the surface tension of EO adducts of N*-
lauroyllysine; 0.25%, 40°C. (From Ref. 48.)

Table 5 shows the surface tension, cmc, and Krafft point of the final prod-
uct. As expected, the Krafft point of this amino surfactants solution increased
with an increase in acyl chain length, and increases in acyl chain length (from
C,o to C,,) resulted in a linear reduction in surface tension. Also, dramatic
decreases in cmc occurred as the acyl chain length increased from C,, to Cy,.
A strong linear relationship existed between the chain length of the acyl group
and log cmc. From the Table 5, it is seen that the addition of a CH, group to
the MN 14 structure to obtain EN14 caused a little change in the cmc, but the
Krafft point was reduced by one-third. This implies that EN14 would be more
soluble in water at a lower temperature than MN14. The study demonstrated
that a simple case such as the removal of CH, from the MN14 structure or
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FIG. 19 Relationship between the pH and the foaming power of N*-di- or trimethyl-
Nt-lauroyllysine; 0.1%, 40°C by Ross and Miles method. DMLL = N,N-dimethyl-N®-
lauroyllysine, TMLL = N,N,N-trimethyl-N*-lauroyllysine, and TMPL = N,N-
trimethyl-N*-palmitoyllysine. (From Ref. 54.)
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FIG. 20 Friction coefficient of powders treated by N-lauroyllysine. (From Ref. 59.)
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FIG. 21 Changes of contact angles of water on inorganic powders treated with N°-
lauroyllysine. (From Ref. 59.)

the addition of CH, to it altered its surface activity remarkably. Equally impor-
tant was the finding that changes in hydrophobic acyl chain length caused a
greater effect on surface properties than changes in the B-alkoxyl group.

The anionic amino-alkoxypropionates exhibited broader antimicrobial ef-
fects than the reference standard, methyl p-hydroxybenzoate. The degree of
effectiveness of these surfactants was dependent on their acyl chain length
and on the microbial species used (Table 6). Mostly, MN14, EN14, and MN14
+ C,E; showed the highest antimicrobial activity against bacteria and fungi.
To assess the effect of the B-alkoxy group on antimicrobial activity (i.e., H,
CH;, and C,Hs; see Table 6), SN14, MN14, and EN14, respectively, were
examined. SN14 was found to be less effective than the MN14 and EN124
counterparts. It was found that a substitution of CH; by a hydrogen atom could
change the antimicrobial activity dramatically [63]. Such a simple substitution
increased the MIC values greatly (MN14 vs SN14; see Table 6). Theoretical
viewpoints have been provided elsewhere [63] for postulating the molecular
basis to explain the differences in antimicrobial performance of MN 14, EN14,
and SN14.

The antimicrobial efficiency of the anionic amino-alkoxypropionates
against the microorganisms was in the following order. S. aureus > A. nigar =
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TABLE 3 Surface-Active Properties of Salts of N-Acyl-L-arginine Esters

Surface Wetting
KP cme tention power

Sample’ pH °C) (mmol/L) (dyne/cm) (s)

DAMHA 4.1 5> 15.6 40.0 14.0
LAMHA 4.1 17.6 6.3 32.1 4.4
MAMHA 44 324 2.3 33.6 5.6
PAMHA 4.0 43.2 1.0 35.0 12.3
LAEHC 2.7 5> 6.2 30.2 5.0
MAE!® 33 34.0 2.4 37.3 3.4
PAER 3.2 44.5 1.0 36.4 9.4
LAEPcA 5.0 35.6 6.0 39.7 7.3
MAE?PcA 5.1 49.6 2.4° 39.2 7.8
CAEFPA 5.0 26.0 — 37.5 8.2
BZC 5.8 5> 4.1 32.3 2.5

“Measured in 10 mmol/L at 45°C.
» Measured at 50°C.
¢ BZC: Benzethonium chloride.
XAM: N-acyl (X)-L-arginine (A) ester (Y) salts (HCI or PCA).
X: D = Decyl (C10).
L = Lauryl (C12).
M = Myristyl (C14).
P = Palmityl (C16).

C = Cocoyl
Y: M = Methyl.
E = Ethyl.

PCA: pL-Pyrrolidon carboxylic acid.
Source: Ref. 60.

S. cerevisiae > E. coli > P. aeruginosa. They have ~2.6—60-fold activity
against the gram-negative and gram-positive bacteria and fungi. It is note-
worthy that the incorporation of nonionic surfactant (C,,Eg; see Table 6) into
MN14 not only facilitated more uniform dispersions of water-insoluble com-
pounds, but endowed it with a positive synergistic effect against the most
insensitive bacteria, P. aeruginosa.

More information on surface activities of N-acylamino acids is in reports
by Yahagi and Tsujii [64] and Okabayashi et al. [65]. These authors discussed
the self-aggregation of N-acylglycinate through hydrogen bonding. Recently,
the structure and surface activities of other N-acylamino acids and N-acyl oli-
gopeptide have been reported [66—73].

Many N-acylamino acids have been developed and utilized as mild and
environmentally friendly surfactants. It is expected that further scientific in-
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TABLE 4 Minimum Inhibition Concentrations (MICs)
of N-Acyl-L-arginine (y/mL) Esters

Sample Ps. aerug.’ E. coli® St. aure®
DAMHA 250 100 50
LAMHC 500< 50 20
MAMHA 500< 100 20
PAM™ 500< 500< 100
LAEHY 250 50 10
MAEH® 500< 100 10
PAEH 500< 250 50
DAEPcA 250 100 20
LAEF 250 50 10
MAEPcA 500< 100 10
CAEF™ 250 50 10
LAY 1000< 1000< 1000<
Gly CigA 500< 100 20
BZC 250 50 5>

@ Ps. aerug.: Ps. aeruginosa ATCC 10145.

Y E. coli: E. coli ATCC 10798.

¢ St. aure.: St. aureus ATCC 6538-P.

¢LA: Lauroyl-L-arginine.

¢ Gly C,*“*: pL-Pyrrolidone carboxylic acid salt of lauryl glycinate.
Source: Ref. 60.

vestigations with advanced measurement instruments would lead to a better
understanding of structure and activity relationships and to optimum develop-
ment and applications of these surfactants.

The following discusses the properties of selected N- acylamino acids in
greater detail.

1. Alanine-Based Surfactants

Alanine is a nonpolar neutral amino acid with one amino group and one car-
boxyl group, that is, o-amino propionic acid.

Ch;—CH—COOH

NH,

Alanine-type surfactants are well known as useful and mild anionic surfac-
tants. It has been reported that N-lauroyl-f-alanines (LBA) have a low poten-
tial for inducing epidermal cell inflammation. They permeate skin much less
than soap, sodium dodecyl sulfate, sodium cocoyl isothionate, acylmethyl tau-



Amino Acid Surfactants 101

TABLE 5 Surface Properties of Acyl Amino Acid Surfactants
in Aqueous Solution

Surface tension, y Krafft
Compound (mN/m) 0.1%, 25°C cmc (mM) point (°C)

MNI10 43.0 17.90 6
MN12 40.3 5.19 22
MN14 36.6 1.49 31
MNI16 36.0 0.43 42
SN14 472 4.17 17
EN14 36.0 1.20 21

MN10: CH;0CH,CH(NHCOC,H,)COONa
MN12: CH;0CH,CH(NHCOC,; ;H,;)COONa
MN14: CH;0CH,CH(NHCOC;H,;,)COONa
MN16: CH;0CH,CH(NHCOC;sH;,)COONa
SN14: HOCH,CH(NHCOC ;H,,)COONa
EN14: C,H;OCH,CH(NHCOC;H,;)COONa
Source: Ref. 63.

TABLE 6 Minimum Inhibitory Concentration (MIC) of Amino Acid Surfactants
for Different Microorganisms

MIC (ug/ml) for microorganisms

Gram (—) Fungi
Gram (+)

SA EC PA AN SC
Methyl Paraben 3200 >3200 >3200 800 800
MN10 800 200 3200 1600 1600
MNI12 400 400 3200 800 800
MN14 50 400 1600 100 200
MN16 800 800 >800 200 200
SN14 >800 >800 >800 1600 1600
EN14 50 200 1600 200 200
MN14 + C,,Eq 50 400 800 50 400

Chemical formula of compounds are presented in footnote of Table 5. SA, S. aureus; EC, E. coli;
PA, P. aeruginosa; AN, A. Niger; SC, S. cerevisiae; Methyl Paraben, Methyl p-hydroxybenzoate.
Source: Ref. 63.
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rine, or monoalkyl phosphates. For these advantages the surfactants of alanine
type have been applied in shampoos, cosmetics, emulsion paints, and textiles
and as a corrosion inhibitor and industrial cleaners, among many other applica-
tions. They are less toxic to higher animals and less irritating to human skin.
Takai et al. [74] reported on a series of amphoteric surfactants, sodium salts
of N-(2 hydroxyethyl)-N-(2-hydroxyalkyl)-B-alanines (Na-HAA), prepared by
adding methylacrylate to N-(2-hydroxyalkyl)-ethanolamine followed by sa-
ponification and neutralization with HCIl to obtain N-(2-hydroxyethyl)-N-
(2-hydroxyalkyl)-B-alanines; the addition of ethylene oxide to Na-HAA leads
to oxyethylated derivatives. These series of compounds were synthesized
according to the following scheme:

epoxidation
R-CH=CH, — RCH-CH,

A
0]

RCH-CH; + NH;CH;CH,0H ——Jpp»RCH-CH; NH-CH; CH, OH

\ !
0 OH (HEA)
CH,CH,0H
CH2=CH—C0gCH3 , NaOH
R-CH-CH,-N >

\
(MeHAA) CH;CH,COOCH;

CH,CH,OH CH,CH,0H

/ HCl1 /

R-CH-CH;-N -~ p RCH-CH;N

\ \

CH,CH,COONa CH;CH,COOH
+ (HAA)
(Na-HAA) n [ CH,CH;]
\

O
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CH;CH,0-(CH:CH;0),-H

/
RCHCHzN P + q=n
! \ (nHAA-nEO)
| CH,CH,COONa
O(CH,CH,0)-H

The o-olefin was epoxidized with peracetic acid in benzene in the presence
of sulfuric acid as a catalyst. A pure 1,2-epoxyalkane was obtained by repeated
vacuum distillation. The monoethanolamine (9 moles) was reacted with 1,2
epoxyalkane (1 mole) dropwise for 1.5 hours. After removal of excess mono-
ethanolamine under reduced pressure, the residue of reaction product was sub-
jected to vacuum distillation in an atmosphere of nitrogen to give HEA in
70-80% yields based upon 1,2-epoxyalkane.

For preparation of N-(2-hydroxyethyl)-N-(2-hydroxyalkyl)-B-alanine
(HAA) and its Na salts (Na-HAA), the HEA (1 mole), obtained as earlier,
and methyl acrylate (1.2 moles) purified by the usual method were then sub-
jected to the Michael addition at 70-80°C for 4 hours. After completion of
the reaction and removal of excess methyl acrylate, the product was saponified
with 20% aqueous NaOH solution for 2 hours at 85-95°C, and then water
and methanol were removed by heating at reduced pressure. The crude Na-
HAA thus obtained was dissolved in methanol containing a little water at 50—
60°C, and to the solution HCI-methanol (conc. HCl/methanol = 1:1 v/v) was
added gradually until the pH of the solution was brought to 6.0—6.5. The salt
precipitate was filtered off and the filtrate concentrated and dried under re-
duced pressure; the dried material was dissolved in anhydrous ethanol at 30—
40°C. The insoluble salt was again filtered off, and the filtrate was allowed
to cool to room temperature for some time to precipitate white crystals of
crude HAA. Triple recrystallization from anhydrous ethanol gave HAA of
high purity.

The calculated amount of ethylene oxide (EO) was added directly to each
Na-HAA in the absence of a catalyst at a temperature higher than the melting
point of the substrate, 130—140°C, and at atmosphere pressure. Finally the
ethylene oxide adduct of Na-HAA (Na-HAA-nEO) was obtained.

The calcium ion stability for Na-HAA is shown in Table 7. The order
of calcium ion stability was: C;4 > Cyy > Cj, > Cy;. C-Na-HAA using N-
dodecyl-B-alanine as a reference standard. There were no remarkable differ-
ences in the Krafft point of Na-HAA homologous series, as can be seen in
Table 7.
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TABLE 7 Calcium Ion Stability and Krafft Point

of Na-HAA

Ca stability Krafft
Compound (ppm, CaCos) point (°C)
C,-Na-HAA 35 40.6
C,-Na-HAA 60 41.1
C,¢-Na-HAA 78 42.6
Cs-Na-HAA 15 44.8
C,-B-alanine* 20 —

“ Commercial grade of N-dodecyl-B-alanine.
Source: Ref. 74.

Enzymatic synthesis of N-acylalanine is possible and has been demon-
strated recently. Candida antarctica lipase (CAL) has been widely used for
the amidation of esters and amines. Izumi and coworkers [75] prepared a N-
lauroyl-B-alanine homologous series in organic media, where the enzymatic
amidation of 3-amino-propionitrile and B-alanine ethyl ester reacted with
methyl caproate or methyl laurate by immobilized C. antarctica lipase as fol-
lows:

Candida Lipase
R/R,NH + R;COOMe —>p R R,NCOR;

(la—d) (2a,b) (3a-d)

la: R] = H; Rz = _CH2CH2CN
1b: R, = H; R, = —CH,CH,COOEt

Ic: R; = H; R, = —CH(COOEt)CH,CH,COOEt
1d: R, = Me; R, = —CH,COOEt

2a: R; = —(CH,),CH;

2b: R; = —(CH,),(CH;

33.: R] = H; Rz = _CH2CH2CN; R3 = _(CH2)4 CH’;

3b: Rl = H, Rz = _CH2CH2CN, R3 = _(CH2)10 CHg
3c: R, = H; R, = —CH,CH,COOEt; R; = —(CH,),, CH;
3d: Rl = H, RQ = _CH2CH2COOH, R3 = _(CH2)10 CH3

Izumi et al. [75] found that the rate of amidation with the longer-chain
ester (2b) was about two times faster than that of the shorter-chain ester (2a).
The CAL-catalyzed reaction of equimolar amounts of 1b and 2b in various
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organic solvents resulted in the formation of N-lauroyl-B-alanine ethyl ester
(3¢c). Generally, a CAL-catalyzed reaction of equimolar amounts of substrate
and ester in di-isopropyl ether gave the best yield (99.3%) after a 24-hour
incubation at 25°C. When 3-amino-propionitrile was used as substrate, diiso-
propyl ether was a suitable solvent. In contrast, when B-alanine ethyl ester
hydrochloride was the substrate, the diisopropyl ether was unsuited as a sol-
vent, due to the low solubility of the substrate in this solvent. In this case, the
best yield (82.0%) was attained using dioxane as the solvent.

A process was recently patented [76] for the economical preparation of N-
mixed saturated fatty acid -alanine, -glycine or -B-alanine in high yield.
Briefly, the process involved the reaction of mixed saturated fatty acid (6- to
18-carbon) halide with an aqueous solution of alanine, glycine, or -alanine
in the presence of an alkali. A strong acid is then added to obtain an aqueous
solution of the N-mixed saturated fatty acid acyl neutral amino acid salt. The
solution is further separated into an organic and aqueous layers at ~60°C.
The organic layer is mixed with aqueous triethanolamine to obtain an aqueous
solution of mixed triethanolamine-N-acyl-alanine salt with a product purity
of 92%.

2. Lysine-Type Surfactants

Lysine is a basic amino acid with two amino groups (positively charged at
pH 6-7) and one carboxyl group with a chemical name o,e-diamino caproic
acid.

NH, NH,

Industrial-scale synthesis of N®-acyllysine involves only a few chemical syn-
thesis steps. N’-Lauroyl-L-lysine (Amihope LL) has been produced in white
crystalline powder with specific gravity 1.2 and mean particle size 10-20 wm,
having good antioxidant properties and high lubricity/low frictional coefficient
(Ajimomoto Co. report, 1994-96). The chemical process takes advantage of
the fact that the two substrates of the reaction are molecules with a common
solvent. Lysine is soluble only in media containing high proportions of water.
However, it is important to note that when a molecule contains two functional
amino groups, such as lysine, acylation of one of them alone is almost impossi-
ble without previously protecting the other using a very meticulous protection/
deprotection process.
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It is possible to synthesize Né-acyllysine enzymatically. This has been dem-
onstrated using a commercially available fixed lipase (Lipozyme, NOVO)
bonded onto an anionic macroporous resin. Synthesis was performed by caus-
ing a triglyceride to react with the lysine, either with or without a solvent,
as described by Montet et al. [77]. When a solvent was used, diethylether,
diisopropylether, dibutylether, and methyl tertiobutylether or hexane was
found suitable. The reaction mixture was composed of free lysine 292 mg,
soybean oil 282 mg, Lipozyme 50 mg, and solvent 3 ml. At 65°C, the yield
of the reaction seemed to increase when the CHO ratio of the ether used de-
creased or when the oxygen content of the ether increased. The maximum
yield obtained after 24 h of reaction was approximately 35% at 90°C, 15%
at 65°C, 0% at 30°C. For synthesis without a solvent, the reactants must be
brought into contact with each other and with the lipase, since the two sub-
strates are not absolutely mutually miscible. The quantities of substrates oil/
lysine molar ratio is doubled. The yields obtained without solvent are shown
in Table 8. The reaction without a solvent gives better yields in general than
with a solvent. For the reaction to proceed optimally, the concentration of
fatty acids must remain low. In fact, triglycerides may be used as a feedstock
to deliver fatty acid as needed. Yields were reported to be low in the presence
of oleic acid and high in the presence of triglycerides [77]. A yield of 4%
was obtained in the presence of oleic acid alone. Perhaps free fatty acid is
somewhat inhibitory due to ionic fixation of the fatty acid onto the Lipozyme’s
macroporous anion exchange resin, thereby creating a lipophilic macrostruc-

TABLE 8 Yields (%) Obtained Without Solvent

Condition 70°C 90°C
TG/lysine = 2 6.0 7.0
Without catalyst 0 0
Resin only 0 0
Under reduced pressure 18.0 5.0
1 atm with N, 25.6 36.6
1 atm without N, 24.0 29.2
2 days 394 Not titrated
4 days 39.6 60.7
7 days Not titrated 73.0
Adding 90 pL of water Not titrated 16.0

Source: Ref. 77.
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ture that prevents the lysine from gaining access to the active site of the lipase.
The structure of the product Né-oleyllysine was confirmed by the examination
of the mass, proton NMR, and microanalysis spectra. The melting points of
Nt-lauryllysine and Ne-oleyllysine were 263°C and 229°C, respectively, which
are reflective of the physical property of the respective fatty acids. It is con-
ceivable that this enzymatic synthesis of N®-acyllysine could be scaled up for
industrial development.

Homologous series of long-chain N*-acyl-L-lysine having antimicrobial ac-
tivity and surface-active properties have been reported [78,62]. The straight-
chain length of the fatty acid residue (x), the type of R substituents, or the
number of carbons (7) between the m-basic groups (amine, guanidine) and the
asymmetric o-carbon may influence the physicochemical and antimicrobial
properties:

CH3—(CH2)X—CO—NI|-I—CH—(CHZ),, - B*-ClI~

COOR

B*: —NH—C=NH or —NH;*

NH,*

Structural modifications are possible to improve these properties, although
only those molecules with the blocked carbonyl groups (cationic molecules,
where R = Me, Et) showed activity. When the carboxyl group was unprotected
(i.e., R = Na"), the resulting amphoteric molecules were inactive. The synthe-
sis of the cationic surfactants type N°N°N°®-trimethyl N°®-lauroyl-L-lysine
methyl (LLM,), or ethyl (LLE,) esters, as iodide salt, was obtained from their
corresponding esters of N*-lauroyl-L-lysine by the quatermization of the N®
amine terminal group using the Chen’s and Benoiton’s method. The sodium
salt of N®-lauroyl-N°N°N*-trimethyl-L-lysine iodide (LLS,) was prepared by
saponification of LLM, in a mixture containing MeOH and NaOH for 15 min.
The reaction mixture was neutralized by 4 N HCI and then evaporated to
dryness and stored in chloroform. Crystallization from chloroform/ether
yielded a white solid that corresponded to LLS,.

For the cationic compounds, the water solubility decreased in the following
order: N*-lauroyl-L-lysine esters > N®-lauroyl-L-arginine esters > N* lauroyl-
NENEN°®-trimethyl-L-lysine esters. In contrast, for the amphoteric compounds,
water solubility decreased in the following order: sodium salt of N*-lauroyl-
NENEN°®-trimethyl-L-lysine > sodium salt of N*-lauroyl-L-lysine > sodium salt
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of N*-lauroyl-L-arginine. It is noteworthy that the amphoteric derivatives of
lysine and arginine analogues did not form micelles (i.e., they do not behave
as surfactants). However, it is interesting that the sodium salt of the N*-lauroyl-
NENENE-trimethyl-L-lysine conformed in a way that allowed it to be surface
active in solution.

The foaming-power evaluation showed that the higher the hydrophobicity
of the radical ester group, the better the foaming power for the lysine or argi-
nine analogue. The foaming power and stability tended to increase when the
quaternized derivative was present in a saponified form.

The antimicrobial activity is inhibited when the carboxyl group of the
amino acid is unprotected; the amphoteric derivatives LLS are inactive below
128 um mL, even though the molecule has surface-active properties. All the
cationic derivatives (LLM,, LLE,, LAM, and LLE) showed antimicrobial ac-
tivity against gram-positive and gram-negative microorganisms. The effective-
ness of their antimicrobial activity decreased when the cationic molecule con-
tained tetra-alkyl ammonium function as the polar head instead of the amine
or guanidine counterparts.

3. Glutamate-Type Surfactants

The glutamic acid is an acidic amino acid with one amino group and two
carboxyl groups carrying a negative charge at pH 6-7:

HOOC—CH,—CH,—CH—COOH
NH,

The salts of long-chain N-acylglutamic acids are widely used as good surfac-
tants. They are mild on the skin, with less irritation than the other synthetic
surfactants, such as sodium lauryl sulfate and alkyl benzene sulfonate. Take-
hara et al. [33,34] investigated the physicochemical properties of N-acylgluta-
mate extensively and found that monoequivalently neutralized N-acylgluta-
mate shows weakly acidic pH around 5-6, in spite of its anionic character.
Surface activities of N-acylglutamate, such as surface tension and foaming
power, vary with the changes of neutralization degree and the chain length of
the acyl group [32,33,79-81]. Monosodium N-lauroyl-glutamate shows very
good surface tension reduction, foaming power, wetting power, and emulsify-
ing power [33]. Disodium N-palmitoyl or stearoylglutamate was superior in
dispersing power to the power of carbon black. Its monosodium salts (acylglu-
tamates, AGS) are less soluble in water, with the exception of monosodium
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N-oleoylglutamate, whereas the disodium salts (AGS,) are highly soluble. The
AGS generally showed weak acidity in an aqueous solution, the pH of which
was almost equal to that of the human skin.

Takehara et al. [34] reported on the preparation and physicochemical of
triethanolamine N-acylglutamates (AGTn). AGTn were more water soluble
and exhibited good surface activities and less irritation on the skin compared
with their corresponding sodium salts. They are often used as an additive in
liquid detergents and shampoo. AGTn have shown strong stability to calcium
ions and could be used with water having a hardness of 200—300 ppm, calcu-
lated as CaCO; [34].

Recently, several acylglutamates (Amisoft), sodium salt of DL-pyrrolidone
carboxylic acid derived from L-glutamic acid (Ajidew), lauryl phytosteryl glu-
tamate (Eldew PS-203), lauryl cholesterol (or 2-octyldodecanol and behenol)
(Edeu CL-301) have been developed by Ajinomoto Company (Ajinomoto
Co.’s report, 1994-97).

4. Leucine-Type Surfactants

Leucine is a nonpolar neutral amino acid with one each of amino and carboxyl
groups; it is also known as o-amino isohexanoic acid:

(CH;),CH—CH,—CH—COOH

NH,

Work in this area has been primarily in the use of enzymatic process to im-
prove the surface properties of food proteins. Arai and Watanabe [82 demon-
strated the application of a papain-catalyzed one-step process for L-norleucine
n-dodecyl ester attachment to succinylate o-s;-casein to yield a surface-active
20-kDa product. The product had increased emulsifying activity as compared
to o-s;-casein or succinylated o.-s;-casein. More information on the one-step
process is found in Chapter 1 in the ‘‘Enzyme Modification’’ section. Wata-
nabe and Arai [83] studied the surface properties of gelatin that had been
modified with alkyl esters of L-leucine to increase its amphiphilicity [84]. The
modified gelatin was tested for whippability, foam stability, and emulsifying
activity [84]. Whippability was greatest for the leucine octyl ester-modified
gelatin, whereas incorporation of leucine hexyl esters yielded a modified gela-
tin with the best foam stabilization property [84]. Improved emulsifying activ-
ity correlated well with increasing chain length of the alkyl moiety [84]. The
lipophilized gelatin also performed well as an emulsifier in food systems, such
as whipped desserts, ice cream, and breads [84].
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B. C-Alkylamino Acids and N-Alkylamino Acids

C-Alkyl-o-amino acids and N-alkylamino acids are derivatives of glycine and
have amphoteric structures. Similar to N¢-acyllysine, these molecules make
internal salts that reduce the solubility. N-Alkyl substitution improves sol-
ubility. Table 9 lists the cmc of N-alkylamino acids and C-alkylglycine
with N-methyl or hydroxyethyl substitution investigated by Swarbrick and
Daluwara [85], Beckett and Woodward [86], Tori and Nakagawa [87],
Idem [88-90], and Hidaka [91,92]. As an amphoteric surfactant in which
both ionic groups, that is, amino and carboxylic groups, are internally neu-
tralized, these molecules do not have ionic repulsion at the micelle surface
and the cmc changes with alkyl chain length similar to nonionic surfac-
tant. Hidaka reported surface activities of ethylene oxide adducts of N-(2-
hydroxyalkyl)amino acids and found differences in the cmc between optical
active and racemic isomers [93], as found in N-acylamino acids by Takehara
et al. [94].

Other substituted glycine-type amphoteric surfactants containing long-
chain alkoxy and methylated amino groups such as N-(2-alkoxyethyl) methyl-
aminoacetic acids, (N-[2-alkoxyethyl]-N-[carboxymethyl] dimethylammon-
ium) chloride, or N-(N-[2-alkoxyethyl]-2-aminoethyl) aminoacetic acids have
been synthesized and studied by Abe et al. [95]. They evaluated their surface
activities and antimicrobial effect against gram-positive and gram-negative
bacilli and some fungi.

The melting point of the hydrochloric acid salts of 2-alkoxyethyl aminoace-
tic acid decreased in the order C;,, Cj;, C,; in the same series [95]. Addition
of an aminoethyl group increased the melting point of the compounds. The
introduction of a methyl group at the N of the long-chain alkoxy-substituted
glycines lowered their melting points.

As for the surface activities, breaking points were obtained at ca. 1073-
10~* mole/L. The presence of an ethylamino group between the alkoxyethyl
and ethyl groups in the alkoxyethyl aminoacetic acid influenced surface activ-
ity greatly. Moreover, an aqueous solution of these substituted glycine-type
amphoteric compounds showed better surface tension reduction potential at
pH 4.0 and 10.0 than at neutral pH [95]. The amphoterics were found to be
more effective against gram-positive cocci than gram-negative bacilli and
fungi, and the introduction of a methyl group further increased the antimicro-
bial activities against each microbe [96] (Table 10). The introduction of an
aminoethyl radical between the alkoxyethyl and amino radicals of the substi-
tuted glycine increased their antimicrobial activities.



TABLE 9 Critical Micelle Concentration (cmc) of N-Alkylamino Acids and C-Alkylamino Acids

Carbon number of alkyl (R), acyl (R'CO)

Structure 8 10 11 12 13 14 15 16 Method
CH,COO" 217 21y 2327 (25 17.23 25) 0.795 (25)" 0.056 (25)" L.S.
170 23y 18 (23) 6.6 (23¢ 1.8 (23) 0.18 (23) 0.02 (23¢  S.T.
R—*N(CH,), 250 (27)°
R—CHCOO- 120 21 14.4 21y 1.58 (21) L.S.
| 97 27y 13.1 27 1.32 27) S. T.
“N(CHs);
R'CONH(CH,),CHCOOH/ 0.7 (40) 8 X 107 S. T.
(60)
N(CH,),
R'CONH(CH,),CHCOO ™/ 0.89 (40) 015X 10°  S.T.
(40)
“N(CH,),
R—CHCOOH
| (PH10Y* 140 25) 1.2 (25) 0.13 (25) S. T.
NHCH,CH,0H
R—CHCOOH 2.20 (25)
(PHI0)*  8.00 25) 0.7 (25) 0.50 (25) 0.18 (25) 0.06 (25) S. T.
N(CH,CH,OH), (pH 6)
R—CHCOOH
| (pH10)" 25 (30) 5 (30) 0.74 (30) S. T.
NH(CH,CH,0).H

L. S.: light scattering method, S. T.: surface tension method; number in parens ( ): Temperature; Refs.: a: [81], b: [79], c: [80], d: [83], e: [84],

f: [58], g [85], h [86].
Source: Ref. 85.
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TABLE 10 MIC of Glycine-Type Amphoteric Surfactants Against
Microorganisms (1g/mL)

Compound VIII Compound XI
Microorganism Ch Cp, Cy Cp
S. aureus 209 P 100 25 12.5 12.5
S. aureus Terashima 100 25 25 12.5
S. epidermidis 10131 100 25 25 12.5
S. faecalis 50 12.5 6.25 12.5
B. subtilis PCI-219 50 12.5 6.25 12.5
E. coli NIHJ >100 >100 >100 >100
P. aeruginosa A, >100 >100 >100 >100
A. niger ATOC-9642 >100 50 >100 >100

Source: Ref. 96.

Commercial glycinates such as Tego Glycinat 818 and potassium cocyl
glycinate (Amilite GCK-12) are used in detergents, cosmetics, and toiletries
(Ajinimoto Company’s 1997 report).

C. O-AcylAmino Acid

O-Acyl-o-amino acids are derivatives of serine and have amphoteric struc-
tures. Serine, a polar amino acid without electric charge, is also known as
B-hydroxy-aminopropionic acid:

OHCH,CH—COOH

NH,

Esterfication of the serine hydroxyl group with fatty acids leads to a serine-
type surfactant. This type of surfactant is particularly attractive as a food emul-
sifier, since the synthesis could be achieved enzymatically using naturally oc-
curring amino acids and fatty acids. This approach was used by Nagao and
Kito [97] to perform an enzymatic synthesis of O-acyl-L-homoserine. Lipase
from Candida cylindracea (60 u/mg protein) and Rhizopus delemar (6000 u/
mg protein) were found to catalyze O-acylation of L-homoserine or L-serine
with free fatty acids or with fatty acids from triacylglycerol. The enzyme reac-
tion was initiated by the addition of fatty acids or oils to the amino acid solu-
tion containing 600 units of Candida cylindracea lipase. The active pH range
of the reaction for O-acylation was from 7.5 to 8.5 [97]. The emulsifying
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activity of O-oleoyl-L-homoserine was higher than that of conventional surfac-
tants [97]

This amphoteric surfactant, O-oleoyl-L-homoserine, could be expected to
have some characteristic properties different from those of nonionic food
emulsifiers, such as monoglycerides and sugar esters. It may be safe for hu-
mans after digestion by pancreatic lipase, for two reasons: (1) O-acyl-L-homo-
serine is synthesized by an enzymatic process and can be hydrolyzed into fatty
acids and L-homoserine by the digestive organs; (2) L-homoserine is a natu-
rally occurring amino acid and is distributed in plants, especially in germinat-
ing pea seeds [97].

D. Mixed Amino Acid Surfactants

Most commercial amino acid surfactants are produced from mixed amino
acids that are readily obtained from protein hydrolysates due to a cost advan-
tage. A number of readily available and inexpensive sources of raw materials
offer interesting prospects for the preparation of hydrolysates. Various plant
proteins (e.g., derived from cereal, vegetable, or oilseed) or animal proteins
(e.g., derived from milk, whey, blood) or waste proteins could be converted
to hydrolysate; hence they are a source of amino acid pool.

Borozdinskaya et al. [98] reported on a process in which amino acids from
“‘activated sludge biomass’’ hydrolysis were acylated with caproyl chloride
at 80°C for 1 h (pH 7.5-8.5) to produce surfactants having a surface tension
of 33.1-65.1 mN/m, viscosity of 1.08—1.25 cSt, a moisture content of 75.6—
98.5%, and a cmc of 0.04—0.21 g/L. Surfactants based on glycine had the
highest surface activity and high foaming power [98].

Xia and coworkers [99] have demonstrated the feasibility of converting
industrial waste proteins into value-added chemicals, AAS. Such research ef-
fort showed the effective conversion of cheap, renewable feedstock to new
products of high value. In that work, N-acyl amino acid surfactants were de-
rived from hydrolysates from industrial waste cottonseed protein (CSD), silk
residue, silk chrysalis, and glutamic acid mother liquor (GAML). The amino
acid composition showed that CSD had the highest amount of polar amino
acids, including glutamic acid, aspartic acid, arginine, and nonpolar leucine
[99]. Silk chrysalis (SC) was high in glutamic acid and aspartic acid. Silk
residue (SR) had more nonpolar amino acids, glycine, alanine, and serine than
the other sources.

Two approaches were used for the synthesis of amino acid surfactants.
One was to react protein hydrolysates with alkyl acyl chloride, followed by
purification and neutralization with alcoholic sodium hydroxide. The other
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was to react protein hydrolysates with fatty alcohols in organic solvent toluene.
The procedure is briefly illustrated here:

Hydrolysis
Waste proteins > Protein hydrolysates
6 N HCl
(107°C, 22 h)
Fatty alcohol RCOCl
Toluene
Alkyl esters of amino acids N-acyl amino acid
NaOH

Na salts of N-acyl of amino acids

The yield of the purified mixed amino acids as Na salts from waste proteins
was ~60-75%, that of amino acid ester from glutamic acid was higher (85—
92%) [99]. The active matter contents of most of the synthesized amino acid
surfactants were more than 95%. The structural representation of amino acid
surfactants from C;;Na-SR spectra was identified and confirmed by IR and
NMR as follows:

I II III
Hll\ICHZCOONa CH;CHCOONa CH,—CHCOONa

COC,Hy; NHCOC,H,; OH NHCOC,H,

The surface tension (y), cmc, Krafft point, surface adsorption (I' o 1071
mol/cm?), and area/molecule (A, A) of sodium acyl amino acid surfactants as
influenced by acyl chain length are shown in Table 11. As can be seen, gener-
ally as acyl chain length increased, surface tension of these surfactants in-
creased, the cmc decreased and the Krafft point increased. Essentially, as the
number of carbon atoms in the hydrophobic group increased, a corresponding
decrease in cmc was seen. This relationship confirmed the expected behavior
of homologous series of surfactants. The surface adsorption values of the
mixed compounds derived from CSD, SR, and SC were less than those of
glutamic acid surfactants, probably due to the steric effect and crosslinking
between mixed surfactants and other constituents in the hydrolysates. This
view is supported by the larger surface area occupied by the mixed amino
acid surfactants compared to glutamic acid surfactants, where the molecules



TABLE 11 Surface Tension (y), cmc, I'.., A, and Krafft Point of Acyl Amino

Acid Surfactants

Amino Acyl Surface Krafft
acid chain tension Yy cmc I. A (area (Az)/ point
source* length (MmN m™") (mM) (107" mol/cm?)  molecule) (°C)
CSD Cp, 29.5 2.8 1.6 103 35.0
Cy 33.2 0.8 1.8 93 38.0
Cis 35.2 0.7 1.9 85 42.5
Cy 39.8 0.5 1.6 103 48.4
Cy~ 34.8 0.6 1.7 100 —
SR Cp, 28.0 1.5 1.3 129 31.0
Ci 32.3 0.6 1.4 118 50.0
Cy 34.0 04 1.3 125 57.0
Cis” 33.2 1.1 1.6 103 —
SC Cp, 30.7 1.4 1.2 141 40.0
Ci 35.8 0.5 1.3 129 57.0
Cy 36.3 0.6 1.3 129 65.0
GA Cp, 29.2 0.9 2.6 64 37.0
Ci 32.0 0.7 2.9 57 54.0
Cy 33.9 0.6 2.5 65 62.0
Ci~ 30.3 0.8 2.8 60 —
GAML C, 29.1 0.82 1.3 128 —
Cis 33.5 0.40 1.2 133 —
Cy 38.9 0.56 1.4 117 —

“CSD, cottonseed; SR, silk residue; SC, silk chrysalis; GA, glutamic acid; GAML, glutamic acid

mother liquor.
Source: Ref. 99.

TABLE 12 LSDR (g/100 g) of Amino Acid Surfactants as Affected by Acyl

Chain Length

Acyl chain length

Amino acid source Ch Cu Cis Cis Ci~
CSD 6.5 6.1 5.8 5.7 19.0
SR 47.0 42.0 43.0 40.0 56.0
SC 52.0 50.0 45.0 42.0 65.0
GA 5.6 5.2 4.8 4.8 7.0

Literature LSDR values for linear alkyl benzenesulfonate, LAS (C;,PhSO;Na) = 40.0 [from Best-
line, R. G., et al. J. Am. Oil Chem. Soc. 49:84 (1972)] and 30.0 [from Stirton, A. J., et al. J.

Am. Oil Chem. Soc. 42:115 (1965)] for alkyl sulfate, AS (C;,SO,Na).

Source: Ref. 99.
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of glutamic acid surfactants are more likely to orient at the o/w interface in
a close-packed arrangement than the mixed amino acid surfactants.

The foaming power (data not shown) of all the mixed surfactants from
waste proteins showed high foaming ability compared to those of glutamic
acid surfactants.

Table 12 shows the dispersibility data as ‘‘lime soap dispersing require-
ments’’ (LSDR) of the mixed surfactants. The LSDR (in grams per 100 grams)
define the tolerance of surfactants to calcium and magnesium ions as applica-
ble to hard and soft water. The smaller the LSDR, the better the lime soap
dispersing power. The derivatives from cottonseed protein exhibited the best
LSDR, 5.7-6.5%. This value was similar to the LSDR of glutamic acid surfac-
tants (4.5-5.6%), but were better than the literature value for alkyl methyl
ester sulfonate (9%) and linear alkyl benzenesulfonate (LAS) (40%). The out-
standing LSDR of mixed surfactants from cottonseed protein may be attributed
to its high glutamic content (25.8%).
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FIG.22 Relationship between biodegradability and acyl chain length of N-acylamino
acids; time required for 25% of theoretical decomposition. (From Ref. 103.)
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In sum, the chain length of the acyl group affected surface properties. In
particular, the mixed AAS with C,, produced good surface properties [99]

E. Biodegradability of Amino Acid Surfactants

Kamimura [100], Shida et al. [101,102], and Kubo et al. [103] conducted
extensive studies on biodegradability and found that N-acylamino acids are
readily biodegradable through decomposition into amino acid and fatty acid.
Thus they are desirable surfactants compatible with the environment [Fig. 22].

F. Safety Features and Effect on Skin

Biocompatibility, especially safety and mildness to skin, are very important
properties of interest for the application of AAS. Animal tests such as the
Draise method for primary eye and skin irritation and the maximization test
for sensitization have been widely used in the past. Recently, an alternative
or in vitro test was actively developed for the purpose of refining, reducing,
and replacing the animal test. Although there are still no perfect alternatives

SEVEre - » mild
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c18 b
) c12
Sodium N-Acyl .
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cid4 .
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FIG. 23 Cytotoxicity of N-acylamino acids and other anionic surfactants for normal
human epidermal keratinocyte (HEMA) by neutral red method to detect the end point.
(From Ref. 104.)
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to the animal test, the advance in in vitro methods is remarkable. In vitro
methods are very useful for predicting the safety effect on the newly developed
molecule and also for investigating the structure—activity relationship. Further
advances have been made in the noninvasive in vivo human test with various
bioengineering technologies. Extensive research has been conducted on the
safety of N-acylamino acid, especially N-acylglutamate, with every possible
application of the above mentioned testing methodologies. Kanari et al. [104]
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FIG. 24 Relationship between the hydrophobicity and the hemolitiactivity (HDs,) or
denaturation of Cu,-Transferine (DDsy) of N-acylamino acids. (From Ref. 49.)
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conducted a cytotoxicity test for various anionic surfactants, and it was found
that N-acylamino acids, especially N-acylglutamate, have a low toxicity for
cultured human skin cells [Fig. 23]. Miyazawa et al. [105] and Imokawa [106]
reported similar results. Sakamoto [49] investigated the relationship between
the hydrophobicity of N-lauroylamino acid and several in vitro activities, such
as hemolysis and denaturation of protein [Fig. 24].

V. SUMMARY

This chapter has attempted to provide a comprehensive overview of AAS,
with an emphasis on their synthesis and physicochemical properties. Some
information on their biological properties was discussed. Extensive research
was done throughout the past century, along with the commercial development
of N-acyl amino acids. The information provided in this chapter has demon-
strated that by changing the structure of the hydrophobic hydrocarbon chain
or by changing the size, polarity, or charge of the hydrophilic group, the prop-
erties of AAS can be altered remarkably.

Biocompatibility and environmental compatibility will continue to be a ma-
jor consideration in the development and commercialization of new AAS.
More work is needed to develop cost-effective biological processes for the
synthesis of AAS. Also, further work is needed to better understand the struc-
ture—function relationship of existing and new AAS. With advances in their
scientific understanding and technological development, AAS will likely find
applications in biomedical research, household cleaning products, cosmetics,
and pharmaceuticals aids.
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Enzyme-Catalyzed Synthesis of
Protein-Based Surfactants:
Amphoteric Surfactants

YASUKI MATSUMURA and MAKOTO KITO* Kyoto University,
Kyoto, Japan

. INTRODUCTION

Proteins are themselves surface-active compounds with an amphiphilic nature.
The interfacial behavior of proteins is different from that of low-molecular-
weight amphiphiles with a simple structure, namely, detergents, because pro-
teins are highly complex polymers made up of a combination of 20 different
amino acids (this point is described in detail in Chapter 3 of this book). Nor-
mally, proteins take on the folded compact structure, in which nonpolar amino
acid residues are located in the interior and hydrophilic residues are exposed
to molecular surfaces. Since hydrophobic interactions play dominant roles in
the adsorption of surfactants to the air—water and oil-water interfaces, such
a native structure of proteins should be modified to make full use of the surface
activity of proteins [1].

The chemical modification of proteins is not desirable, because of the harsh
reaction conditions, the nonspecificity, and the difficulty of removing reagents
from the final product [2]. Enzymatic reaction has several advantages, such
as the mild reaction conditions, high specificity, and fast reaction rates [3].
Moreover, the use of the enzyme, which occurs naturally in living cells, is
acceptable by consumers from the viewpoint of safety. We describe examples
of the enzyme-catalyzed synthesis of protein-based surfactants in this chapter.

* Professor Emeritus.
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Synthesis normally means the construction of larger molecules from small
building blocks via covalent linkage. However, we also refer to examples of
protein-based surfactants produced via a degradation process such as proteoly-
sis and deamidation, in addition to cases of surfactants produced by the cova-
lent attachment of nonproteinaceous moieties.

Il. AMPHIPHILIC STRUCTURE OF PEPTIDES
LIBERATED BY PROTEOLYSIS

Proteolysis has been widely used to improve the surface properties of proteins
[3,4]. Partial proteolysis may facilitate the unfolding of polypeptides and in-
crease the heterogeneity of the protein, that is, the peptide molecular weight
distribution, resulting in improved surface properties. The factors affecting
enzymatic hydrolysis as well as the production of protein hydrolysates are
described in detail in Chapter 2 of this book. In this section, therefore, we
show only examples of the systematic approach on a structural factor relating
to amphiphilic or amphoteric properties of peptides produced by proteolysis.

There have been numerous reports on the relationship between proteolysis
and changes of functional properties of proteins such as solubility, emulsify-
ing, and foaming activity [4]. Although the control of the degree of hydrolysis
(DH) is necessary for optimizing the functional properties of proteins, the
systematic data are scanty about the importance of sequential and structural
factors of liberated peptides for functional properties, especially amphoteric
properties. The Shimizu group studied hydrolysates of some food proteins in
terms of emulsifying and oil-binding properties. They found several surface-
active peptides that had the following common structural features [5].

At first, surface-active peptides with good emulsifying activity were
searched for from hydrolysates of the caseins. Caseins are known to be hy-
drophobic proteins with a highly flexible structure. Shimizu et al. [6] found
that the N-terminal peptide of 23 residues liberated by pepsin digestion from
O5i-casein was very surface active. They termed this peptide o-CN(f1-23).
As shown in Fig. 1, 05;-CN(f1-23) has an amphiphilic structure; i.e., five out
of the six basic amino acid residues are located in the N-terminal region (1-
10 residues) of the peptide, while the nonpolar amino acid residues are rich
in the C-terminal region (11-23 residues). In addition to this sequential amphi-
philicity, it should be emphasized that an amphiphilic structure appears when
the region corresponding to residues 12—23 form an a-helix (Fig. 2a) [5]. The
lipid-binding activity may depend on this amphiphilic helix structure.

Bovine serum albumin (BSA) is a globular protein with a rigid compact
structure, but it is also known to have good emulsifying and oil-binding prop-
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\ /" N\ /
AV
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FIG. 1 Primary structure of peptides corresponding to the N-terminal of 23 residues
of ay,-casein. Hydrophobic amino acids are shown by closed circles, hydrophilic
charged amino acids by open circles, and hydrophilic uncharged amino acids by shaded
circles. (From Ref. 6.)

erties. Saito et al. [7] found that the third domain of BSA (residues 377-582)
produced by limited tryptic hydrolysis was adsorbed more preferentially onto
the emulsified oil surface, compared with other peptides, including the intact
BSA molecule. Interestingly, this domain also contains two sequences that
could provide typical amphiphilic o-helices, as shown in Fig. 2b and c [5],
based on crystallographical data [8]. Furthermore, it has been shown that the
region of residues 125-143 of B-lactoglobulin, which forms an amphiphilic
o-helix (Fig. 2d), is involved in the contact to the oil droplet surfaces [9].
These findings suggest that the amphiphilic helix could be one of the basic
conformations in proteins adsorbed onto oil-water interfaces.

In order to examine the possibility of this speculation, an approach using
synthetic peptides was made [10]. Three kinds of peptides (H, S, and R) with
16 amino acid residues were synthesized, and their secondary structure and
surface properties were investigated to clarify the effects of conformational
amphiphilicity. The amino acid compositions of the three peptides were the
same (8 Leu and 8 Glu residues), but their sequences were different. The
helical wheel structure of peptide H is shown in Fig. 2e [5]. As shown in this
structure, peptide H was designed to form an amphiphilic a-helix, whereas
the other peptides were designed not to show such amphiphilicity, even when
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FIG. 2 Helical wheel structures of: (a) ols;-casein residues 12—23; (b) bovine serum
albumin residues 383-396; (c) bovine serum albumin residues 541-555; (d) B-lacto-
globulin residues 125—143; and (e) synthetic peptide H. Hydrophobic amino acids are
shown by closed circles, hydrophilic charged amino acids by open circles, and hydro-
philic uncharged amino acids by shaded circles. (From Ref. 5.)
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they form o-helices. Circular dichroism (CD) analysis showed that peptide H
contained o-helix at pH 5.5 but took a random structure at pH 7.0. The surface
pressure of peptide H solution increased very rapidly at pH 5.5, i.e., reached
29.6 mN/m in only 1 min after the start of measurement. The increase of the
surface pressure of peptide H at pH 7.0, however, was not so dramatic (13
mN/m). Moreover, peptide H showed higher emulsifying activity at pH 5.5
than at pH 7.0. These results suggest that the amphiphilic o-helical structure
is relevant to good surface properties. This conclusion was confirmed by the
results of other synthetic peptides, S and R. Peptide R, consisting mainly of
random structure (and no propensity for a-helix), showed poor surface proper-
ties at both pHs. For peptide S, forming o-helical but not amphiphilic structure
at pH 5.5, the surface properties were inferior to those of peptide H. Interest-
ingly, peptide S showed good emulsifying activity and oil-binding properties
when the peptide formed an amphiphilic B-sheet structure at pH 7.0.

The importance of amphiphilic the o-helix structure with respect to emulsi-
fying and/or foaming properties of peptides (proteins) was also pointed out
in other cases [11]. In biological systems, too, it is well known that the amphi-
philic o-helix structure plays important roles in lipid—protein interaction, for
instance, the presence of transmembrane o-helices in many integral membrane
proteins [12]. Recent experimental evidence has shown that transmembrane
regions of membrane-bound proteins such as nicotinic acetylcholine receptor
also include the amphiphilic B-sheet structure [13]. Therefore, the amphiphilic
o-helix structure and/or amphiphilic B-sheet structure could be general indices
for pursuing the good surface activities of peptides or proteins. In other words,
a good protein- (peptide-)based surfactant could be developed by incorporat-
ing an amphiphilic o-helix or B-sheet structure. This point should be consid-
ered when proteolysis of proteins is designed to produce good peptide-based
surfactants. For instance, the selection of proteases should be made while con-
sidering the substrate specificity of the enzymes, which can leave the peptides
with an amphiphilic structure. The numerous data about the three-dimensional
structure of proteins obtained from the prediction approach and crystallogra-
phy must be helpful in the design of the generation of peptide-based surfac-
tants by proteolysis methods.

lll. DEAMIDATION

Deamidation of proteins induces the conversion of glutamine and asparagine
residues to acid groups, with the concomitant release of ammonia. Deamida-
tion is known to be an important method for improving the functional proper-
ties of proteins, for instance, the increase in solubility of cereal prolamins,
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which contain high contents of glutamine residues and are insoluble in aqueous
media, because of the strong hydrogen bonds formed among glutamine resi-
dues [3]. The foaming and emulsifying properties of proteins could also be
improved by deamidation because of an increase in protein flexibility due to
changes in charge balance.

Kato et al. [14,15] reported that proteases such as papain, pronase, and
chymotrypsin have the deamidation activity of proteins in an alkaline pH re-
gion where proteolytic activity was at the minimum. The optimal pH of deami-
dation without a high degree of proteolysis was 10, and the optimal tempera-
ture was 20°C [14]. Table 1 shows the extent of deamidation and proteolysis
in the four proteins after treatment with chymotrypsin [15]. About 20% aspara-
ginyl or glutamynyl residues were deamidated. The extent of proteolysis was
very low for ovalbumin and lysozyme, but soy proteins (11S and 7S globulins)
were more subject to proteolysis. Table 2 lists the foaming and emulsifying
properties of deamidated proteins [15]. The foaming power of demidated pro-
teins was increased about two times. For foam stability, the deamidation effect
was more remarkable in the case of ovalbumin and lysozyme than with soy
proteins. The emulsifying activity of deamidated forms of all proteins was
increased as compared to the nondeamidated forms. These results indicate that
proteolytic deamidation by chymotrypsin could be a useful tool for improving
the surface properties of proteins.

Although proteolytic deamidation at alkaline pH was shown to be useful
for increasing the surface properties of some proteins, as described earlier,
proteolysis is not inevitable for other types of proteins. Furthermore, the alka-
line pH condition damaged amino acid residues of protein, for instance, race-
mization or the formation of lysinoalanine. Therefore, it is more desirable to
use enzymes that catalyze only the deamidation without touching peptide
bonds at neutral pH regions. Bacillus circulans peptidoglutaminase was used
for the deamidation of proteins. The enzyme was shown to have a very limited

TABLE 1 Deamidation and Proteolysis Percentages of
Food Proteins by Treatment with Chymotrypsin at pH 10

Protein Deamidation, % Proteolysis, %
Ovalbumin 20 2
Lysozyme 21 0
7S Globulin 24 5
11S Globulin 19 8

Source: Ref. 15.
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TABLE 2 Foaming and Emulsifying Properties of Deamidated
Proteins

Foaming Foam Emulsifying
power, stability, activity

Protein us/cm min (ODsy)
Ovalbumin

Native 82 2.0 0.220

Deamidated 208 6.5 0.450
Lysozyme

Native 54 1.0 0.150

Deamidated 96 3.5 0.230
7S globulin

Native 1250 7.7 0.420

Deamidated 2550 10.2 0.540
11S globulin

Native 1300 9.8 0.390

Deamidated 2250 11.4 0.600

Source: Ref. 15.

deamidating activity toward intact animal and plant proteins but readily deami-
dates glutamine in peptides and protein hydrolysates [16]. New enzymes cata-
lyzing the deamidation of seed storage proteins were found in various germi-
nating seeds and were partially purified [17]. It was shown that the enzymes
acted on native-form proteins in addition to glutamine and olygopeptides. The
structure and function of the enzymes are still unclear, although they are
known to differ from transgluaminase. Transglutaminase catalyzes an acyl-
transfer reaction between the y-carboxyamide group of peptide-bound gluta-
mine residues and a variety of primary amines, including the e-amino group
of lysine residues in certain proteins [3,18]. In the absence of amine substrates,
transglutaminase can catalyze the deamidation of glutamine residues using
water molecules as acyl acceptors.

IV. PHOSPHORYLATION

There are a lot of naturally occurring phosphorylated proteins, including food
proteins such as milk casein, egg white albumin, egg yolk phosvitin, and soy
bean 7S globulin. The introduction of phosphoryl residues increases the nega-
tive charge and hydration, thereby changing the functional properties of pro-
teins.
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Phosphoryl residues affect the surface properties of proteins. This can be
clearly demonstrated by the effects of ‘‘dephosphorylation’” on the surface
properties of proteins. The effects of dephosphorylation on structure and sur-
face properties are described in more detail in Chapter 3 of this book.

Acknowledgment of the important role of phosphorylation in surface prop-
erties urged the investigation of the enzymatic phosphorylation of proteins.
Seguro and Motoki [19] tried to phosphorylate soy proteins using cyclic aden-
osine monophosphate-dependent protein kinase (A-kinase) and found that
acidic subunits of 11S globulin were phosphorylated by A-kinase. Emulsifying
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FIG. 3 Effects of phosphorylation on (A) emulsifying properties and (B) foaming
properties of acidic subunits of soy bean 11S globulin. a: emulsifying activity; b: emul-
sion stability; c: whippability; d: foaming stability. AS and PAS indicate native and
phosphorylated forms of acidic subunits of 11S globulin, respectively. (From Ref. 20.)
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activity and emulsion stability were increased four-fold and two-fold, respec-
tively, by the phosphorylation of 11S acidic subunits (Fig. 3A) [20]. On the
other hand, no such changes were observed in whippability and foaming stabil-
ity upon phosphorylation (Fig. 3B). Campbell et al. [21] also pointed out that
emulsifying activity and emulsifying stability were improved by the phosphor-
ylation of soy proteins, but foam stability was lower using the phosphorylated
protein. Ralet et al. [22] reported the enzymatic phosphorylation of soy pro-
teins by cAMP-independent type II kinase (CKII) isolated and purified from
yeasts. Although A-kinase could not act on 7S globulin, 7S globulin was a
better substrate of CKII kinase than was 11S globulin. This result shows that
the use of a different type of kinase may promote the application of enzymatic
phosphorylation of proteins.

V. GLYCOSYLATION

There have been numerous reports about glycosylation via chemical methods,
especially the Maillard reaction between the €-amino groups in proteins and
the reducing-end carbonyl residues in polysaccharides. Kato et al. [23] demon-
strated that egg white proteins—galactomannan conjugate produced via the
Maillard reaction had excellent emulsifying properties, superior to those of
commercial emulsifiers, in acidic pH and high salt concentration. It has also
been shown that the conjugation of phosvitin with galactomannan improved
both emulsifying activity and emulsion stability [24]. These effects of glyco-
sylation can be attributed to the increase in the amphiphilic nature of conju-
gated molecule. The hydrophobic residues of protein denatured at the oil—-
water interface may be anchored to the surface of oil droplets in emulsion,
whereas the hydrophilic residues of polysaccharide oriented to water may
cover oil droplets to inhibit the coalescence of oil droplets. The polysaccharide
moiety should attract water molecules and increase the local surface viscosity
surrounding oil droplets.

Examples of enzymatic glycosylation of proteins are scanty. The transglu-
taminase-catalyzed incorporation of sugar-alkylamine into glutamine residues
of proteins was reported [25]. Transglutaminase action resulted in the incorpo-
ration of 18 and 57 glycosyl units per mole of B-gliadins and pea legumin,
respectively. The corresponding degree of glycosylation of glutamine residues
was 15.7% with gliadins and 25.7% with legumin. The surface-active proper-
ties of glycosylated proteins by transglutaminase have not been investigated,
although the solubility of these neoglycoproteins was markedly increased over
that of native proteins in the range of their isoelectric points. In this attempt,
sugar-alkylamines were chemically synthesized. The use of natural amino sug-
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ars such as glucosamine as donors in the transglutaminase reaction is more
desirable. Such an attempt seems to be very difficult, because mammalian
transglutaminases shows a high affinity for straight-chain aliphatic amines
[26]. However, it is probable that microbial transglutaminases with smaller
sizes compared to those of mammalian ones may act on amino sugars under
specific conditions [18].

Glycosylated proteins are ubiquitous in biological systems. Glycosyltrans-
ferases are responsible for in vivo glycosylation reactions, but so far their in
vitro utilization is hampered by the lack of commercially available enzymes
capable of directly catalyzing the attachment of carbohydrates or oligosaccha-
rides to sidechains of amino acid residues. Moreover, the necessity of cofactors
and the very high specificity of glycosyl transferases toward the glycosyl donor
and acceptor would not allow the use of these enzymes as a general method of
in vitro glycosylation of proteins. Nakamura et al. [27] attempted to construct
polymannnosyl lysozymes in a yeast expression system using genetic engi-
neering methods. The site-directed mutagenesis in complementary DNA en-
coding hen egg lysozyme was carried out to obtain the Asn-X-Ser/Thr se-
quence that is the signal for asparagine-linked (N-linked) glycosylation.
Namely, two N-linked glycosylation sites (Asn'-Try®-Thr* and Asn®-Ser*-
Thr') were introduced by substituting Arg-21 with Thr and Gly-49 with Asn,
respectively. In addition to glycosylated mutants (R21T and G49N), double
glycosylated mutant lysozyme (R21T/G49N) was constructed to create the
N-linked glycosylation sites at positions 19 and 49 [28]. Table 3 shows the
emulsifying properties of various polymannosyl lysozymes. The double-
glycosylated lysozyme G49N/R2IT exhibited much higher and more stable
emulsifying properties than the single lysozyme G49N and R21T [28]. These
results suggest that the number of binding sites of the glycosyl chain closely
relates to the emulsifying properties of polymannosyl lysozymes. It is possible

TABLE 3 Emulsifying Activity and Emulsion Stability of
Polymannosyl Lysozymes

Polymannosyl Emulsifying activity Emulsion stability
lysozyme (ODyy) (min)
R21T/G49N 1.635 27.25
G49N 1.472 19.93
R2IT 1.218 14.18
Native lysozyme 0.216 <1

Source: Ref. 28.
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that the formation of a thick bound water layer adsorbed around the emulsion
of R21T/G49N is further enhanced and that coalescence of oil droplets was
more effectively inhibited by increasing the oligomannosyl chain.

The glycosylation of proteins by genetic engineering is, so to speak, ‘‘enzy-
matic modification in vivo.”” The protein engineering technique should be a
promising tool for producing neoglycosylated proteins with excellent surface
properties in the future, although there are many difficulties for the mass pro-
duction of modified proteins that are acceptable to consumers at present.

VI. PLASTEIN REACTION

When protein hydrolysates are incubated with a protease at specific conditions,
the formation of a precipitate, often gel-like (‘‘plastein’’), is observed in many
cases. Although this phenomenon has been well known for over 90 years, a
Tokyo group reinvestigated the plastein reaction in much more detail, with
the object of applying it to the improvement of food proteins [29,30]. Studies
of plastein reaction were then developed diversely.

There are at least three parameters affecting the formation of plastein
[29,30]. First, the substrate must be a low-molecular-weight peptide mixture;
in other words, the hydrolysate used in plastein reaction should have a high
DH. Although variety exists for the optimum molecular weights of substrate
peptides according to the other conditions, such as the kind of protease, the
most favorable size was shown to be a molecular weight range of 451-1450
daltons [31]. Second, the substrate concentration of the reaction medium is
an important factor and should be around 20-40%. A lower substrate concen-
tration is more favorable for the hydrolysis reaction because of the lower prob-
ability of attack by nucleophile. To avoid hydrolysis by reducing water activ-
ity, a water-miscible organic solvent (often acetone is chosen) is added to the
reaction mixture. The third factor influencing plastein formation is pH. Opti-
mum pH depends on enzymes, but plastein formation generally takes place
at a pH value different from the optimum pH for hydrolysis. This was shown
by Adler-Nissen [32], who found that, of the eight different enzymes tested,
all but one had a pH optimum for plastein formation 2—3 pH units away from
the pH optimum of hydrolysis. Only papain had the same optimum for plastein
formation and protein hydrolysis.

The classical method of plastein reaction is based on the use of protein
hydrolysates from protease reaction as substrates. Therefore, plastein forma-
tion requires two quite different unit processes. The first step is protein hydro-
lysis, with purification of the resulting hydrolysate, and the second is plastein
synthesis with the covalent incorporation of an expected amino acid. Yama-
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shita et al. [33] developed a one-step process that eliminates the first step. In
this method, degradation of substrate proteins and the incorporation of amino
acid ester into the proteins by proteases occur sequentially in the same reaction
mixture.

In order to produce the amphoteric protein—based surfactant, the incorpora-
tion of lipophilic amino acid ester was attempted using the one-step method
of plastein reaction with papain at pH 9. In a system containing succinylated
Osi-casein as a protein substrate and luecine n-dodecyl ester as a lipophile,
the peptide bond between Phe'* and Tyr'* of casein was first hydrolyzed, and
this is followed by the incorporation of luecine n-dodecyl ester at the same
position, forming a new C-terminus [34]. The structure of the macropeptide
with respect to the distribution of hydrophilic amino acid residues is shown
in Fig. 4 [29,34]. Amphiphilic structure consisting of hydrophilic protein por-
tion and lipophilic luecine n-dodecyl ester was clearly demonstrated.

Watanabe et al. [35] tried to use a more hydrophilic and commercially
available protein, gelatin, as a substrate instead of o;-casein. The lypophiles
used in this case were luecine n-alkyl esters with alkyl carbon numbers ranging
from 2 to 12 in order to produce proteinaceous surfactants with a different
hydrophilicity—lipophilicity balance. All of the enzymatically modified gelatin
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FIG.4 Amphiphilic structure formed by papain-catalyzed incorporation of L-leucine
n-dodecyl ester into succinilated o;-casein. The position of hydrophilic amino acid
residues on the protein molecule are indicated by vertical bars. (From Ref. 34.)
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(EMG) products were found to have molecular masses distributed in the range
(2-40) X 10° daltons, with an average molecular mass of about 7.5 X 10?
daltons. Alkyl contents incorporated into EMG were found to lie within a
well-controlled narrow range of 1.1-1.2 mol per 7.5 kg. However, surface
properties of EMG varied greatly according to the alkyl carbon number of
incorporated luecine n-alkyl ester (Fig. 5) [30,35]. The whippability and foam
stability showed the maximum values when Leu-OCy and Leu-OCs, respec-
tively, were incorporated into the gelatin. The emulsifying activity, on the
other hand, tended to increase gradually with the carbon chain length of the
attached alkyl moiety.

EMG-6 (Leu-OCq attached) and EMG-12 (Leu-OC,, attached), which had
been shown to have superior foaming and emulsifying properties, respectively,
as shown in Fig. 5, were subjected to further experiments for evaluation of
their surface properties. The surface properties of EMG-6 and EMG-12 were
compared to those of commercially available surfactants. As shown in Fig. 6,
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FIG. 5 Functional properties of enzymatically modified gelatin (EMG) products at-
taching L-leucine n-alkyl esters. Whippability (O), foam stability (A), and emulsifying
activity (@) are plotted against the number of carbon atoms in the alkyl chain. (From
Ref. 29.)
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FIG.6 Time-course reduction in surface tension observed for enzymatically modified
proteins and nonmodified proteins at 20°C. EMG-6 and EMG-12 indicate gelatin at-
taching Leu-OC¢ and Leu-OC;,, respectively. (From Ref. 36.)

when EMG-6 and EMG-12 were added to pure water, the surface tension fell
rapidly and reached a plateau value within 15 min [36]. This behavior is simi-
lar to that of the synthetic surfactants, Tween-60 (polyoxyethylene sorbitan
monostearate) and Amphitol-20BS (N,N’-dimethyl-N-lauryl-carboxy-methyl-
ammonium). Under equivalent conditions, the rate of decrease in surface ten-
sion for proteins such as casein and bovine serum albumin was substantially
slower. These results suggest that EMG-6 and EMG-12 are adsorbed onto the
air—water interface without surface denaturation due to their flexible confor-
mations. The critical micelle concentration (cmc) point could be clearly ob-
served in the plot of surface tension versus the logarithm of concentration
of EMG-6 and EMG-12, and cmc values were comparable to those of low-
molecular-weight surfactants [36].

Many applications of EMG have been demonstrated, e.g., production of a
mayonnaise-like emulsion, improvement of baking properties of bread, and
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preparation of antifreeze emulsions or dispersions [29,30]. EMG-14, an enzy-
matically modified gelatin product obtained by the attachment of alanine myri-
styl ester instead of leucine dodecyl ester, has been produced on an industrial
scale and applied as a protein-based surfactant for cosmetics. The same
method of enzymatic modification with lipophilic amino acid alkyl ester has
been applied to other proteins, such as soy protein isolate, fish proteins, casein,
and ovalbumin [37]. Although such amphoteric protein—based surfactants
have not been available extensively, the attachment of amino acid alkyl ester
via plastein reaction still seems to be one of the most important and promising
methods. However, such an attempt was not seen in the recent application of
the plastein reaction, although there have been many reports about the enrich-
ment of essential amino acids such as methionine to proteins, debittering of
peptides, production of gelling materials from hydrolysates, etc. [38].

Vil. COVALENT ATTACHMENT OF FATTY ACIDS
TO AMINO ACID RESIDUES IN PROTEINS

The covalent attachment of fatty acids to protein molecules is a more direct
method for producing amphoteric proteins than other physicochemical and
enzymatic modifications. The attached fatty acyl chains fortify the amphiphilic
structure, thereby leading to the formation of a polymerlike surfactant. Such
proteinaceous surfactants are efficiently adsorbed at the interfaces, because
the hydrophobic moiety rapidly penetrates into the hydrophobic layer and an-
chors the hydrophilic protein portions. Despite the importance of the covalent
attachment of hydrophobic groups, enzymatic modifications are extremely
more limited than chemical modifications.

The most common method of chemical modification with respect to the
attachment of hydrophobic groups is acylation reaction [2,3]. Normally, anhy-
drides of various carboxylic acids are used to introduce acyl groups into e-
amino groups of lysine residues. Haque and Kito [39] attached several fatty
acids with varying alkyl carbon numbers to an i, -casein and showed that
the surface tension decreased with an increase in alkyl number. Magdassi and
Toledano [40] reported a similar observation for modified ovalbumin, al-
though they measured interfacial tension at the water—tetradecane interface.
In addition to the results on surface tension, the effects of modification were
demonstrated for emulsifying properties. Haque and Kito [41] modified ou-
casein by various degrees of palmitoyl groups. The improvement of emulsify-
ing properties was demonstrated when the oil content of emulsions was rela-
tively high (up to nearly 50%). Good emulsifying activity was attained even
from a low degree of modification—0.3 groups per casein molecule. But emul-
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sion stability was improved when the degree of modification was above 2.5
groups per molecule. Magdassi and Toledano [40] also pointed out the im-
provement of emulsifying properties as a result of the attachment of various
fatty acyl groups to ovalbumin.

As described earlier, fatty acylation gives rise to the dramatic changes in
the surface properties of proteins. If the attachment of fatty acyl groups to
proteins is carried out not via chemical reaction but via enzyme-catalyzed
reaction, the range of application of fatty acylated proteins should be ex-
panded, especially in the food industry. However, most attempts concerning
the fatty acylation of proteins via enzymatic methods have not been successful.
On the contrary, enzyme-catalyzed synthesis of acyl-amino acids is still an
important challenge worth facing. Several examples of enzymatic acylation
of amino acids are discussed next.

Lipase (triacylglycerol acylhydrolase), which hydrolyzes ester bonds of tri-
acylglycerol under biological conditions, has many other catalytic functions,
such as the synthesis of esters, transestrification, thiotransesterification, and
aminolysis under suitable conditions [42]. There have been several reports
about the lipase-catalyzed acylation of amino acids. Nagao and Kito [43] suc-
ceeded in O-acylation of L-homoserine by a lipase in a biphasic system and
found that the product had excellent emulsifying activity. The enzyme reaction
was carried out by mixing fatty acids or oils with amino acid solution con-
taining lipase from Candida cylyndraceaor and Rhizopus delemar. The syn-
thetic reaction of O-oleoyl-L-homoserine catalyzed by C. cylyndraceaor lipase
was restricted to the pH range 7.5-8.0. The optimum pH for the hydrolysis
of olive oil by C. cylyndraceaor lipase was 7.2, and the activity (more than
50% of the maximum) was observed in the pH range 3.0-9.0. This restricted
active pH range for synthesis may be due to a pH-dependent change in the
ionic state of L-homoserine, the electrical charge of which may have some
effect on its affinity to lipase. The reaction proceeded in a linear manner for
4 h after the start of reaction and then gradually reached a plateau, as shown
in Fig. 7. After 12 h, fresh lipase (1 mg) was added to the reaction mixture.
The amount of O-oleoyl-L-homoserine increased slightly, reaching a plateau
after approximately 2 h following the addition of lipase. This fact suggests
that the lipase might not be inactivated significantly during the course of the
reaction. After 12 h, further addition of buffer (1 mL) to the reaction system
caused a rapid decrease in the concentration of O-oleoyl-L-homoserine, pla-
teauing after 8 h. The addition of buffer enhanced the hydrolysis reaction,
with the equilibrium being shifted in the direction of hydrolysis. This suggests
that equilibrium was reached after a 12-h reaction.

The substrate specificity to the acyl donor was examined (Table 4). Vegeta-
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FIG. 7 Time course for the synthetic reaction of O-oleoyl-L-homoserine. The reac-
tion mixture contained 100 mg of oleic acid, 10 mg of lipase, and 3 M L-homoserine
in 1 mL of 0.1 M potassium phosphate buffer, pH 7.5 (@). The arrow indicates the
time at which 10 mg of fresh lipase (O) or 1 ml of 0.1 M potassium phosphate buffer,
pH 7.5 (A), was added to the reaction mixture. (From Ref. 43.)

ble oils and unsaturated fatty acids could be substrates. However, solid fatty
acids at the reaction temperature, such as palmitic and stearic acids, were not
effective acyl donors. The reactivity of palmitic and stearic acids increased
when n-hexane was added to the reaction mixture, whereas the reactivity of
oleic acid greatly decreased in the presence of n-hexane.

The emulsifying activity of O-oleoyl-L-homoserine was compared with that
of casein, sodium oleate, and other surfactants [43]. O-Oleoyl-L-homoserine
formed oil-in-water emulsions at oil-to-water ratios of 0.2, 0.5, and 1.0 (v/v).
Its emulsifying activity was higher than that of conventional surfactants and
casein, as shown in Fig. 8. O-Acyl-L-homoserine can be synthesized by an
enzymatic process and hydrolyzed to fatty acids and L-homoserine by pancre-
atic lipase in the digestive organs. L-Homoserine is a naturally occurring
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TABLE 4 Specificity of Lipase to Acyl Donors

Acyl donor Relative activity (%)
Myristic acid 10.7 2.5
Palmitic acid 0 4.8°
Stearic acid 0 2.9
Palmitoleic acid 106.4
Oleic acid 100 3.6
Linoleic acid 81.7
Soybean oil 109.8
Corn oil 108.3
Olive oil 113.6

“Relative activity was calculated from the weight of fatty
acids bound to L-homoserine. The value for oleic acid was
regarded as 100%.

» One mL of n-hexane was added to the reaction mixture.
Source: Ref. 43.

amino acid and is widely distributed in plants, especially in germinating pea
seeds. Therefore, O-acyl-L-homoserine may be suitable for human use. Other
reports on the lipase-catalyzed synthesis of amino acid—based surfactants,
such as N-g-acyl-lysines [44], N-Lauroyl-B-alanine [45], and O-myristoyl-N-
carbobenzyloxy-L-serine [46], have appeared, although these surfactants are
thought to be of primary use as pharmaceuticals, biomedicals, and antimicro-
bial agents.

The use of enzymes other than lipases for the synthesis of amino acid- or
peptide-based surfactants has rarely been reported. Although several acyltrans-
ferases are found to be involved in the fatty acylation of proteins in biological
systems [47], such transferases are not available for commercial use. Recently,
the covalent attachment of fatty acid to L-methionine using amino acylase
from Aspergillus sp. was investigated (Fig. 9) [48]. The reaction was carried
out by mixing fatty acids or their ethyl esters with amino acid solution con-
taining the amino acylase at 25°C. Fatty acids are more susceptible to the
enzymatic reaction than their ethyl esters. The yield of N-acyl-L-methionine
decreased with an increase in the alkyl carbon number of the fatty acids. Maxi-
mum yield was obtained in the case of propionic acid (C3), but was still very
low (about 5%). The effects on the reaction of adding various organic solvents
were investigated. Only the addition of 50% (v/v) glycerol was found to in-
crease the yield, 1.7 times. However, the yield is not satisfactory, and further
investigation is necessary to improve the reaction efficiency. The immiscibility
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FIG.8 Relative emulsifying activity of O-oleoyl-L-homoserine and surfactants. Rela-
tive emulsifying activity was calculated by regarding the activity of O-oleoyl-L-homo-
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S, span 80; O, sodium oleate; OH, O-oleoyl-L-homoserine. (From Ref. 43.)

of amino acid solution and fatty acids is a serious problem. Furthermore, water
content must be reduced, because the equilibrium between hydrolysis and the
synthesis reaction depends on water activity. A biphasic reaction system may
be effective, because amino acid is highly soluble in water and the fatty acids
or their esters are soluble in a water-immiscible solvent [42]. Nakanishi [48]
also checked the efficiency of the biphasic reaction system for the synthesis
of acyl amino acids, but did not obtain high yields. The low efficiency of
synthesis may be due to the use of enzyme soluble in water. Many novel ideas
for using enzymes to produce fatty acid derivatives in organic solvents or
biphasic systems have been postulated. Immobilization of enzymes onto poly-
mers is one of most important ways to enable enzymes to function in organic
solvents [49]. Recently, the new type of organic solvent—soluble enzymes that
are covered with synthetic glycoside detergents has been shown to be very
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FIG. 9 Covalent attachment of fatty acid to L-methionine catalyzed amino acylase
from Aspergillus sp.

useful for the catalysis of the covalent attachment of hydrophobic moiety to
hydrophilic substrates in organic media as well as in biphasic systems [50—
52]. Such a modification of the aminoacylase should be necessary to make a
breakthrough in the synthesis of acyl-amino acids in the reaction system, de-
scribed earlier, of Nakanishi [48]. If this method is used for incorporating fatty
acids into peptides, including glutamine, the resultant fatty acylated peptides
could be attached to the lysine residues in proteins by a transglutaminase-
catalyzed reaction, thereby producing protein-based surfactants. According to
Motoki and Seguro [18], transglutaminase can catalyze directly the incorpora-
tion of phospholipids into natural proteins using phosophatidyl ethanolamine
as acyl donors.

Although the modification of proteins with fatty acids via biochemical
methods in vitro is quite difficult, the acylation of some proteins by an autocat-
alytic process has been reported [53]. Nishimura et al. [54] found that soybean
118 globulin was autoacylated with palmitoyl-CoA. The results on autoacyla-
tion of soy proteins in native, denatured, reduced, and both denatured and
reduced states are shown in Table 5. The reduced 11S globulin reacted well
with palmitoyl-CoA, and both denatured and reduced 11S globulin exhibited
twice as much reactivity as the reduced 11S globulin. The native and the dena-
tured 11S globulin did not react with palmitoyl-CoA. These results indicate
that a reduction disulfide bond is essential for the reaction with palmitoyl-
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TABLE 5 Autoacylation of 11S Globulin and 7S Globulin

Palmitic acid incorporated (nmol)

Denatured
Protein Native Denatured Reduced and reduced
7S globulin 0.006
o-Subunit ND¢ ND 0.014
o-Subunit ND ND 0.015
B-Subunit ND ND 0.026
11S globulin 0.005
Acidic polypeptide <0.005 0.163 0.396
Basic polypeptide <0.005 0.402 0.690

“ND, not determined.
Source: Ref. 54.

CoA. On the other hand, 7S globulin with a low content of cysteine residues
did not react with palmitoyl-CoA, even in the denatured and reduced states.
Based on the results of the blocking of SH groups and the sensitivity of hy-
droxylamine treatment, palmitic acid was found to be linked to cysteine resi-
dues of 118 globulin via a thioester bond. Emulsifying activity of the acylated
11S globulin was greatly increased [54]. Since it is not thought that 11S globu-
lin itself has catalytic activity of acylation, attachment of acyl-CoA to the
protein can be regarded as a sort of chemical reaction. However, it should be
noted that acyl-CoA is present in biological systems and autoacylation nor-
mally proceeds under mild and physiological-like conditions. Therefore, au-
toacylation of proteins with acyl-CoA indicates the possibility of biological
preparation of fatty acylated proteins in vitro.

We recently have seen a report about lipase-catalyzed lipopholization of
soy proteins [55]. The reactions, which were catalyzed by fixed (lipozyme)
and free lipases (lipase S of Rhizopus arrhizus), were carried out at 60°C with
and without solvent. As the authors described, when the reaction was carried
out with lipozyme without solvent, 60%, 33%, and 42% of lysine residues
were acylated by capric, lauric, and oleic groups, respectively. Such high
yields are surprising, judging from the difficulty synthesizing fatty acylated
amino acids. Further and more precise investigation is necessary for the analy-
ses of products, since the authors determined the yield of covalent linkage of
hydrophobic chains by comparing available lysine residues before and after
lipophilization according to the hypothesis that fatty acids acylate only the €-
amino group of lysine residues of proteins. However, this paper is stimulating
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fundamental and practical interest in the direct incorporation of fatty acids to
proteins via enzyme-catalyzed reaction.

Before closing this chapter, we mention the possibility applying protein
engineering to the acylation of proteins as well as to the attachment of carbohy-
drate to proteins. In biological systems, the covalent attachment of the fatty
acids occurs cotranslationally or posttranslationally by a specific acyltransfer-
ase [56]. One representative form of fatty acid modification of proteins is an
amide bond of myristic acid to an amino-terminal glycine (N-myristoylation)
[57]. Consensus sequence for myristoylation is Met-Gly-X-X-X-Ser (glycine
becomes N-terminal amino acid via the aminopeptidase-catalyzed cleavage of
methionine prior to myristoylation). The introduction of a consensus sequence
to the complementary DNA of proteins was attempted, and the myristoylation
of proteins has been demonstrated [58]. Although there are many roadblocks
to practical use, protein engineering is a promising tool for the fatty acylation
of proteins and for the production of amphoteric protein—based surfactants.
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. INTRODUCTION

The use of antimicrobial agents for controlling or preventing infection is of
major practical importance. Given the adaptability of microorganisms and
their tendency to acquire resistance, the development of new antimicrobial
agents is a constant challenge. However, antimicrobials carry inherent risks
with respect to both environmental and mammalian toxicology [1]. There is
accordingly a pressing need for biodegradable antimicrobials with low toxicity
profiles.

All forms of life, both plants and animals, produce antimicrobial peptides
to prevent and eliminate infection [2]. While exhibiting great structural diver-
sity, they are typically cationic amphiphilic molecules with an excess of basic
amino acid residues, particularly lysine (Lys) and arginine (Arg). The presence
of a peptide segment capable of forming amphiphilic o-helix or B-sheet ele-
ments, surface activity against membrane surfaces, and the highly basic amino
acid components are all important requirements for their biological activity
[3-5].

One of our main goals is the design and development of new low-toxicity
antimicrobial compounds to mimic natural amphiphilic cationic peptides [6—
9]. Via acyl, ester, and amide linkages, a simple and effective strategy has been
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to introduce into the amino acid structure low-molecular-weight amphiphilic
structures combining basic amino acids and hydrophobic alkyl chain residues.
Thus, since 1985, we have used chemical and enzymatic synthetic technolo-
gies [10—12] to explore lipoaminoacids carrying long-chain N*acyl, COO"-
ester and N-alkyl amide Lys and Arg derivatives. These amphiphilic mole-
cules, particularly the N*-acyl arginine alkyl ester derivatives (e.g., N*lauroyl
arginine methyl ester, LAM) have turned out to be an important class of cat-
ionic surface-active compounds with rich self-aggregation properties, bacteri-
cidal activity, biodegradability, and low irritation for skin (see Fig. 1 for the
structure of N*-acyl arginine alkyl ester surfactants). These properties make
them excellent products for both industrial and basic research applica-
tions [11].

We have shown that essential structural factors for the antimicrobial activ-
ity of these N“*-acyl arginine alkyl ester surfactants include both the length of
the fatty residue (conferring solubility and surface-active properties) and the
presence of the protonated guanidine basic function. The literature records a
significant group of compounds with excellent antiseptic and pharmacological
behavior whose common feature is strongly basic groups of the guanidine type
attached to a fairly massive lipophilic molecule [13]. We expected that the
condensation of such a long-chain N*-acyl arginine residue to a second amino
acid or peptidic fragment would yield salts of N-acyl arginine-based peptides
with interesting biocompatibility and antimicrobial properties.

Because of the simplicity of their structure, good surface properties, mild
effect on the skin, and biodegradability, the salts of long-chain N-acyl peptides
have been finding increasing utility in detergents, cosmetics, pharmaceuticals,
and foods [14-18]. A number of N-acylated peptides with different hydropho-
bic contents are manufactured commercially from hydrolyzed animal protein

H(CHg)y —CO~ NH— C'H—CO —OR
(CIH2)3

NH

I
C

o
H,N" ® NH, CI©

X:7,9,11,13, 15

R:CH3, CH, CHg, (CH,), CH3

FIG. 1 Structure of N*acyl-L-arginine alkyl ester derivatives.
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(collagen and keratin) or from plant proteins (soy, wheat). They are claimed
to have good foaming behavior, excellent skin and mucosa compatibility, and
total biodegradability; however, since they are devoid of antimicrobial activ-
ity, formulations containing them require the addition of preservative.

This chapter describes their synthesis on a laboratory scale, some of the
properties of noncommercial antimicrobial lipopeptidic surfactants derived
from N%acyl arginine, and the relationships between antimicrobial function
and the chemical structure of the hydrophobic and hydrophilic moieties.

II. STRUCTURE

In the design of these compounds, the ratio between the molecules’ hydro-
philic and hydrophobic moieties as well as their structures determine antimi-
crobial properties. Variations include modifying the amino acid composition
and/or the fatty acid chain length. Three types of N*-acyl-L-arginine lipopep-
tide surfactants have been prepared: (1) pure lipodipeptides from glycine (neu-
tral), phenylalanine (hydrophobic), glutamic acid (acidic), and lysine (basic)
amino acids; (2) polydisperse lipodipeptides from an acid-hydrolyzed collagen
amino acid mixture; and (3) polydisperse lipopeptides from a partially hy-
drolyzed collagen peptide mixture of average molecular weight 1000 daltons.
The structures and abbreviations are given in Fig. 2 and Table 1, respec-
tively.

Arginine-based lipopeptides can be considered a subgroup of classical N“-
acyl peptidic surfactants [15], which, however, are usually anionic, in contrast
to the amphoteric nature of our arginine-based compounds resulting from their
positively charged N%-guanidine and negatively charged carboxylic groups.
Their antimicrobial activity and extreme mildness for skin give the arginine-
based compounds a higher added value.

lll. METHODS OF PREPARATION
A. Pure Lipodipeptides from Pure Amino Acids (aa)

Ideal chemical conditions for the preparation of pure long-chain N®acyl-L-
arginine dipeptides would allow rapid and quantitative acyl bond formation
under mild conditions and the avoidance of side reactions while maintaining
all the adjacent chiral centers. A number of methodologies have been devel-
oped to overcome problems related to reactivity and purity.

The simplest and most obvious way of making these materials is based on
the introduction of a fatty acid residue as an acid chloride in a strong alkaline
aqueous medium that contains the single or mixed amino acids (e.g., from



H(CHy)x— CO —NH—CH—CO ~NH—CH—COOH
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©
FIG. 2 Structures of lipopeptidic surfactants synthesized from arginine: (a) pure N*-

lauroyl-L-arginine dipeptides; (b) polydisperse N*-acyl-L-arginine dipeptides; (c) poly-
disperse N*-acyl-L-arginine peptides.



TABLE 1 Structures of and Abbreviations for Lipopeptides Synthesized from Arginine

Compound X And/or R, R’ Abbreviation
N*Lauroyl-L-arginine-glycine hydrochloride® 11 H C, ArgGly
N*-Lauroyl-L-arginine-phenylalanine hydrochloride* 11 CH,—Ph Cj,ArgPhe
N®Lauroyl-L-arginine-glutamic hydrochloride 11 (CH,),—COOH Ci,ArgGlu
N*-Lauroyl-L-arginine-lysine dihydrochloride® 11 (CH,),—NH;Cl CArglys
N®-Octanoyl-L-arginine-dipeptides hydrochloride® 7 Mixture of amino acids CsArg aa
N®-Decanoyl-L-arginine-dipeptides hydrochloride® 9 Mixture of amino acids CjArg aa
N®Lauroyl-L-arginine-dipeptides hydrochloride® 11 Mixture of amino acids CpArg aa
N*-Miristoyl-L-arginine-dipeptides hydrochloride® 13 Mixture of amino acids C,Arg aa
N°-Palmitoyl-L-arginine-dipeptides hydrochloride® 15 Mixture of amino acids CicArg aa
N“Lauroyl-L-arginine-peptides hydrochloride* 11 Mixture of peptides? CpArg pp
N*-Miristoyl-L-arginine-peptides hydrochloride® 13 Mixture of peptides? Cy Arg pp
N*-Palmitoyl-L-arginine-peptides hydrochloride* 15 Mixture of peptides? CisArg pp

“See Fig. 2a.
b See Fig. 2b.
¢ See Fig. 2c.
¢ Average molecular weight: 1000 daltons.
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protein hydrolysates) [15,18,19]. This approach is used by most manufacturers
for the preparation of this type of surfactant. A high pH value is necessary to
provide a nucleophilic free amino group available for acylation. There are
many references describing amino acid—based surfactants and their prepara-
tion and properties [11,15,20,21].

The guanidine sidechain of Arg is an extremely strong base that, in the
unsubstituted state, remains protonated under normal conditions [22]. Pro-
vided the pH is carefully controlled, it is possible to work with an unprotected
sidechain, although to obtain very pure products a lateral protection is advis-
able [23]. The introduction of the strongly electronegative nitro function (NO,)
as a lateral protected group depresses the basic nature of the guanidine func-
tion, thus facilitating the incorporation of arginine into peptides by the for-
mation of o-peptidic bonds without competition from the guanidine lateral
group [24].

N*-Lauroyl-L-arginine dipeptides from pure amino acids C;,ArgGly,
C,ArgPhe, C\;ArgGlu and C,ArgLys (Fig. 2a) were prepared by our group
on a laboratory scale following the procedure in Scheme 1, which comprised
four steps: (1) acylation of N3-nitro arginine with lauroyl chloride; (2) peptide
coupling; (3) nitrodeprotection; and (4) saponification.

The synthesis used the anhydride method [isobutyl chloroformate (IBCIF)
in the presence of N-methylmorpholine (NMM) as base] to couple the o-
carboxylic group of N%lauroyl-L-nitro arginine to the o-amino group of the
appropriate methyl ester derivative of the terminal amino acid (Gly, Phe, Glu,
or Lys) [25]. Temporary protection of the N®-guanidine group of Arg and the
Nt-amino group of Lys was afforded by the nitro and carbobenzoxy (Z) groups,
respectively; protection was effective and no undesirable by-products were
obtained. Deprotection was carried out by catalytic hydrogenation over palla-
dium catalysts in the presence of formic acid [26]. The final compounds were
obtained by subsequent saponification and treatment with methanolic HCL

The compounds were purified by Flash column chromatography in silica
gel to give very hygroscopic solids with a purity of 98.5 + 0.5% as determined
by HPLC. All compounds were optically pure, with the absence of racemiza-
tion being checked by gas chromatography [27]. Table 2 lists the properties
of pure N*-lauroyl-L-arginine dipeptides.

B. Polydisperse Lipodipeptides from a Mixture
of Amino Acids

Long-chain N%-acyl-L-arginine dipeptides from acid-hydrolyzed collagen
CsArg aa, CjArg aa, C,Arg aa, C,Arg aa, and CsArg aa (Fig. 2b) were



H (CHy)11 COCl + Arg (NOy)

o

Acetone (water 34/66)
pH: 10.5-12.5

H(CH)1:COArg (NO,)

IBCIF / NMM
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+ Gly OMe

@) ¢

- CO - Arg(NO,) - GlyOMe
3) ¢ Hy/H*
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) ¢ NaOH / HCI

Hz)u-CO-AIg-Gly OH
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SCHEME 1 Synthetic pathway of pure arginine lipodipeptides.
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H-(CHz)11-CO-Arg-Lys OH
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TABLE 2 Characteristic Properties of Pure N*-Lauroyl-L-arginine Dipeptides

Molecular Purity by Melting point [0]® FAB-MS aa Analysis Yield®

Compound weight HPLC* °O) C = 1%, MeOH m/e [MTH]* molar ratio (%)

C,ArgGly 449.5 98.0 55-60 —2.65 414 Gly/Arg 63
1.08

Cj,ArgPhe 539.5 99.0 27-31 —1.60 504 Phe/Arg 75
0.97

C,ArgGlu 521.5 98.5 Hygroscopic —2.54 486 Glu/Arg 50
1.004

CpArglys 557.0 98.0 Hygroscopic —1.42 485 Lys/Arg 65
0.97

“RP 18, A = 210 nm; acetonitrile-water gradient system.
b After column purification.
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prepared using a procedure similar to that for the pure N*-acyl arginine dipep-
tides. Waste leather trimmings previously hydrolyzed with 6N HCI at 120°C
for 24 h were the source of total acid-hydrolyzed collagen amino acids, which
were not further purified; the composition of the dry mixture was 93 = 5%
(w/w) amino acids, with the balance as salt. A 10% aqueous solution of the
dried hydrolysate gave a pH of 6.5 at room temperature; its amino acid compo-
sition expressed in mol (%) is shown in Table 3.

The compounds were synthesized by condensation of the corresponding
long-chain N*-acyl-L-nitro arginine derivatives (Cx Arg[NO,]) with the colla-
gen hydrolysate. The o-carboxylic group of arginine was coupled to the o-
amino groups of the amino acid mixture (yield 54—75%) by aminolysis of the
activated nitro-arginine o-carboxylic group with isobutyl chloroformate at low
temperature (—15°C) [25]. Deprotection of the NO, was carried out by cata-
lytic hydrogenation in the presence of acetic acid, with yields in the range
79-89%. The final products were oils obtained as hydrochloride salts.

TABLE 3 Amino Acid Composition of the Totally Acid-Hydrolyzed Collagen
(aa) and Polydisperse N*-Acyl arginine Dipeptides from Collagen (in mols %)

Amino acid aa“ CgArg aa CjArgaa CpArgaa ClArgaa  CiArg aa

OH-PRO 10.06 4.91 4.32 6.71 9.17 7.11
ASP 5.15 3.16 2.28 2.29 1.35 2.17
THR 1.17 0.76 0.89 0.59 0.55 0.49
SER 3.64 2.07 1.64 1.44 0.93 1.17
GLU 7.44 6.36 6.79 3.81 4.02 5.17
PRO 12.11 7.11 6.89 6.49 9.58 7.23
GLY 31.43 17.07 18.32 16.07 15.11 18.21
ALA 12.56 7.49 8.28 7.58 7.42 6.17
VAL 1.19 1.01 1.13 0.72 1.17 1.01
MET 0.60 0.15 — 0.59 — —

ILEU 1.56 1.02 0.83 0.83 — —

LEU 3.05 1.23 1.61 1.82 0.97 0.53
TYR 0.54 0.11 — 0.18 — —

PHE 1.25 0.96 — 0.77 0.39 —

HIS 0.53 — 1.55 — 0.24 —

LYS 231 1.38 1.47 1.28 1.50 1.44
ARG 4.83 44.18 41.93 47.67 46.71 48.37
OH-LYS 0.57 1.03 1.13 1.17 0.88 0.93

“ Mixture of amino acids.
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TABLE 4 Characteristic Properties of Polydisperse Lipopeptides C, Arg aa
and Their Precursors C,Arg(NO,)

Molecular Melting point Yield
Compound weight (°O) (%)
CsArg(NO,)* 345 165-168 44
CipArg(NO,)* 373 175-177 47
CArg(NO,)* 401 178-180 46
CArg(NO, ) 429 182-184 51
CisArg(NO,)* 457 188-189 43
CyArg aa® 481°¢ Oil 72
CoArg aa® 509¢ 0il 67
Cj,Arg aa® 537¢ Oil 75
C4Arg aa® 565¢ 0il 68
CisArg aa® 593¢ 0il 54

IR: Vixi—cony = 1680 ecm™; Viyy—comy = 1550 em™; viey, = 2880-2800 cm ™.
“UV: Ann—co) = 214 nm; Ao, = 265 nm.

" UV: Mxi—co) = 214 nm.

¢ Average molecular weight.

The average molecular weight of these polydisperse lipodipeptides was
481-593 g/mol (see Table 4 for these and other characteristics); the amino
acid composition of each of the C, Arg aa compounds is given in Table 3. The
high percentage of arginine compared with the other amino acids agreed with
the structure of these compounds.

C. Polydisperse Lipopeptides from a Mixture
of Peptides

Polydisperse C;, Arg pp, C,4Arg pp, and CcArg pp lipopeptides (Fig. 2¢c) were
prepared as described previously but with some modifications. The peptidic
fraction was isolated from partially hydrolyzed collagen (Proalan S.A., Spain)
by ultrafiltration using an Amicon stirred cell (M8010) supplied with a nomi-
nal MW cutoff YM-1000 Diaflo ultrafiltration membrane. The filtration was
carried out in aqueous solution at pH 3.5 at room temperature and 3.4 bar.
The required peptides were obtained by freeze-drying of the filtrate portion
and used without further purification. The final products (obtained as white
powders) were polydisperse mixtures of amphiphilic arginine-based peptides
with an average molecular weight of about 1000 daltons. Yields were around
60%, and melting points for the three categories of peptide were: Ci, Arg pp
(180-187°C), C;Arg pp (190-192°C), and C,sArg pp (191-194°C).
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TABLE 5 Amino Acid Composition of Partially Hydrolyzed Peptides (pp)
and Polydisperse N*-Acyl Arginine Peptides, in mols %

Amino acid pp¢ Cp,Arg pp Ci,Arg pp CisArg pp
OH-PRO 4.40 2.75 2.95 2.35
ASP 2.30 1.15 0.95 0.82
THR 2.15 1.36 1.15 1.07
SER 5.30 2.36 2.50 2.35
GLU 10.05 6.88 6.34 6.53
PRO 16.77 12.29 11.73 10.42
GLY 23.00 36.35 34.40 32.50
ALA 15.58 10.09 11.03 10.20
VAL 2.89 2.71 3.04 2.93
ILE 1.57 1.03 0.98 0.88
LEU 322 2.02 2.10 2.02
TYR 0.04 0.04 0.11 —
PHE 1.70 1.03 — 1.15
HIS 1.46 2.44 2.30 2.40
LYS 3.53 2,711 2.50 2.63
ARG 5.96 14.48 14.50 14.34

“Partially acid-hydrolyzed collagen: peptide mixture.

Amino acid analysis, thin-layer chromatography, and nuclear magnetic res-
onance showed the samples to be devoid of free amino acids, peptides, nitro
derivatives, and urethanes. Table 5 gives the amino acid compositions of the
starting peptidic fraction and of polydispersed lipopeptides.

IV. RESULTS AND DISCUSSION
A. Physicochemical Properties

1. Solubility

In distilled water at pH in the range 2-9, all three types of lipopeptides
displayed good solubility at room temperature (0.5-25%, w/v) except for
Cj, ArgGlu (fully soluble only at pH 2.0) and CsArg aa, which, because of
its very hydrophobic character, was soluble only at pH 9.0. C,; ArgGly and
Ci, ArgPhe showed Krafft points around 0°C. All the synthetic lipopeptides
were readily soluble in methanol and ethanol at room temperature.

As expected, the solubilities of the compounds decline with increasing alkyl
chain length and are enhanced by increasing length of the peptidic moiety.
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For instance, while C;sArg aa is poorly soluble in water at pH < 9.0, C;sArg
pp has a water solubility of 1% (w/v) at room temperature in the range pH
2-9. Moreover, the polydispersion of the hydrophilic moiety yields greater
water solubility compared with the pure analogues with the same alkyl chain
length (i.e., at a particular pH, C;,Arg aa is more water-soluble than
C, ArgGly).

The insolubility of C, ArgGlu at pH 2—9 might be attributable to this mole-
cule’s undergoing internal molecular guanidine—carboxylate interactions be-
tween the sidechains of Arg and Glu, thereby producing a water-insoluble
complex in which only carboxylate anions remain free [28] (Fig. 3).

A similar phenomenon has been observed with the water-insoluble ampho-
teric derivative N-lauroyl-L-arginine (C;, Arg), the insolubility of which is at-
tributed to the formation of guanidinium—carboxylate intermolecular interac-
tions probably stabilized by strong hydrogen bonding (see Fig. 4) [10].
Because of its lack of solubility, this compound is neither effectively surface
active nor an antimicrobial. Similar water solubility was described for the
N-lauroyl lysine analogue [17]. Since intramolecular guanidine—carboxylate
interaction does not take place if the guanidine and carboxylate groups are
kept apart, our experience suggests that an interesting strategy for obtaining
amphoteric water-soluble lipopeptide compounds is the introduction of a sec-
ond amino acid or peptide into the amphoteric N°-lauroyl arginine (C;, Arg)
residue. As we shall shortly see, under these conditions some of the lipopep-

FIG. 3 Proposed conformation for Cj, ArgGlu.
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FIG. 4 Proposed conformation for C,Arg.

tides under study show considerable water solubility and are therefore good
surface-active compounds replete with antimicrobial activity.

2. Surface-Active Properties

The influences both of the alkyl chain length and of the terminal amino acid
sidechain on the physicochemical properties are shown in Table 6. The study
was limited to the water-soluble compounds in which the surface tension re-
duction of the aqueous solutions was determined by the Du Noiiy ring tech-
nique at room temperature as a function of log (C). Parameters studied were
critical micelle concentration (cmc, determined from the break point of the
surface tension vs. concentration curves), Y., (the surface tension at the cmc),
and the minimum area per surfactant molecule at the air/aqueous solution

TABLE 6 Surface-Active Properties of Synthesized Lipopeptides

Veme cme A, X 10?
Compound (mN/m) (1073 mol/L) (nm?*/molecule)
C, ArgGly 30 1.5 72
Cj,ArgPhe 30 0.25 79
CpArgLys 30 1.2 —
CsArg aa 35 2.1 70
CjArg aa 33 0.5 65
CjArg aa 32 0.2 45
C4Arg aa 28 0.07 41
CgArg aa* 29 0.03 46
CpArg pp 334 0.04% (w/v) —
C,,Arg pp 32 0.01% (w/v) —
CisArg pp 32 0.009% (w/v) —

“AtpH = 9.
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interface (A, calculated with the Gibbs adsorption equation); values were
confirmed by conductivity measurements.

The equilibrium surface tensions of aqueous lipopeptidic solutions de-
creased gradually with increasing concentration. Above the break, indicating
a cmgc, the tension curves were flat. In all cases, pure lipodipeptides yielded
almost identical decreases in the surface tension of water at the cmc. The
hydrophobic nature of the terminal hydrophilic moiety does not produce a
substantial change in either the surface tension or the A,;,. However, the pres-
ence of Phe decreases the cmc of the compounds because of increased hydro-
phobicity. The micellization ability of C,, Arg aa (a mixture of lipodipeptides)
resembles that of pure C,, ArgPhe. This low cmc value for Cj, Arg aa suggests
that the micellization tendency might be enhanced by an effect of synergy
resultant from the strength of the interactions between different lipodipeptides
in the mixture.

The low surface tension values of solutions of our C,Arg aa (35-28
mN/m) and C; Arg pp (33.4-32 mN/m), together with the existence of a cmc,
suggest their utility as surfactants. Surface tension values are similar to those
of micellar solutions shown by two commercial surfactants: collagen tripeptide
acylated with coconut fatty acid (28 mN/m) and sodium lauryl sulphate (40
mN/m) [29]. As expected, the length of the fatty chain influences the surface
activity properties of both polydisperse lipodipeptides (C, Arg aa) and lipopep-
tides (C,Arg pp). As with a series of conventional surfactants carrying the
same polar group, the longer the alkyl chain, the lower the surface tension
measurements; and the longer the alkyl chain, the lower the cmc values [30].
A partial phase-behavior study revealed that, at low concentrations (0.1-5%,
w/w) and temperatures (1.5-20°C), all pure lipodipeptides exhibit micellar
phases except for C;, ArgPhe, which self-assembles in a dilute system as liquid
crystalline-like phases of high viscosity.

B. Antimicrobial Properties

Antimicrobial activities were evaluated on the basis of minimum inhibitory
concentration (MIC) values, defined as the lowest concentration of antibacte-
rial agent inhibiting the development of visible growth after 24 h of incubation
at 37°C. The MIC values were determined at pH 7.0 against gram-positive
and gram-negative bacteria by the agar plate dilution method [31]; see Tables
7-9 for relevant data. For comparison, Table 7 also gives MIC values for the
antimicrobial cationic surfactant LAM [6], determined at the same experimen-
tal conditions.

Table 7 shows that the structure of the terminal amino acid has an important



TABLE 7 Minimum Inhibitory Concentration (MIC), in pg/mL of Pure Lipodipeptides and LAM

Microorganism C,ArgGly Cj, ArgPhe C,Arglys C,ArgGlu LAM*

Gram-positive
Candida albicans (CCM) 32 4 R R 32
Staphylococcus epidermidis (ATCC 12228) 16 4 R R 8
Streptococcus faecalis (ATCC 10541) 64 4 R R 16
Corynebacterium agropyri (CCM) 8 2 32 R 8
Bacillus subtilis (ATCC 6633) 16 4 128 R 8
Bacillus pumilus (CCM) 16 4 128 R —
Micrococcus luteus (ATCC 10240) 16 2 128 R 16
Micrococcus aurantiacus (ATCC 11731) 16 2 128 R 16

Gram-negative
Alcaligenes faecalis (ATCC 8750) R 32 R R R
Escherichia coli (ATCC 10536) 64 4 32 R 16
Klebsiella pneumoniae (ATCC 13883) 128 R R R R
Citrobacter freundii (ATCC 22636) R R R R R
Serratia marcescens (ATCC 13880) R R R R R
Pseudomonas aeruginosa (ATCC 10145) R R R R 128
Salmonella typhimurium (ATCC 14028) R 128 R R 32
Bordetella bronchiseptica (ATCC 4617) R 32 R R 16

R: resistant, MIC > 128.
¢ LAM: N*-Lauroyl arginine methyl ester.
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TABLE 8 Minimum Inhibitory Concentration (MIC), in nug/mL, of Polydisperse Lipodipeptides

Microorganism CsArg aa CArg aa CpArg aa C,Arg aa CsArg aa

Gram-positive

Candida albicans (ATCC 10231) R R R 32 R
Staphylococcus epidermidis (ATCC 12228) R R 64 32 R
Enterococcus faecalis (ATCC 19433) R R R 32 R
Corynebacterium agropyri (CCM) R R R 32 R
Bacillus subtilis (ATCC 6633) R R 128 32 R
Bacillus pumilus (ATCC 7061) R R — 32 R
Micrococcus luteus (ATCC 9341) R R 64 32 R
Micrococcus aurantiacus (ATCC 11731) R R 128 32 R
Gram-negative
Alcaligenes faecalis (ATCC 8750) R R — 32 R
Escherichia coli (ATCC 23231) R R R R R
Klebsiella pneumoniae (ATCC 13882) R R R R R
Citrobacter freundii (ATCC 11606) R R R 32 R
Serratia marcescens (ATCC 13880) R R R R R
Pseudomonas aeruginosa (ATCC 27853) R R R R R
Salmonella typhimurium (ATCC 14028) R R R R R
Bordetella bronchiseptica (ATCC 4617) R R — R R

R: resistant, MIC > 128.

[4:]3
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TABLE 9 Minimum Inhibitory Concentration (MIC), in pg/mL,
of Polydisperse Lipopeptides

Microorganism CpArgpp CiArgpp CiArg pp

Gram-positive
Candida albicans (CCM) 128 64 64
Staphylococcus epidermidis (ATCC 12228) 128 128 64
Streptococcus faecalis (ATCC 10541) R 128 R
Corynebacterium agropyri (CCM) 32 32 32
Bacillus subtilis (ATCC 6633) 128 16 32
Bacillus pumilus (CCM) R 64 16
Micrococcus luteus (ATCC 10240) 32 32 16
Micrococcus aurantiacus (ATCC 11731) 128 32 32

Gram-negative
Alcaligenes faecalis (ATCC 8750) R 128 R
Escherichia coli (ATCC 10536) 64 128 128
Klebsiella pneumoniae (ATCC 13883) 128 R R
Citrobacter freundii (ATCC 22636) R R R
Serratia marcescens (ATCC 13880) R R R
Pseudomonas aeruginosa (ATCC 10145) R R R
Salmonella typhimurium (ATCC 14028) R R R
Bordetella bronchiseptica (ATCC 4617) R R R

R: resistant, MIC > 128.

influence on the antimicrobial activity of pure lipodipeptides. Bacterial growth
inhibition comparable to that of LAM was found only when neutral Gly or
Phe amino acids were condensed to the N®-lauroyl arginine residue. Note the
excellent activity of the C;, ArgPhe homologue. More interestingly, although
polydisperse compounds are always less effective than those of pure
C,ArgGly and C,, ArgPhe, condensation of a long-chain N*-acyl-arginine res-
idue to a totally or partially acid-hydrolyzed collagen gave rise in some cases
to amphoteric protein-based surfactants with an acceptable antimicrobial activ-
ity and potential application as a preservative (Tables 8 and 9, respectively).

Results for polydisperse C, Arg aa and C, Arg pp reported in Tables 8 and
9 also illustrate the effects on MIC values of carbon chain length. It is worth
noting that a peak of antimicrobial activity as a function of the alkyl chain
length is demonstrated for both kinds of compound. This has also been shown
for other homologous series of amino acid—based surfactants with alkyl chain
lengths in the range Cs—Ci4 [6,8,10]. According to Ferguson’s principle [32],
the peaks of antimicrobial activity might result from the combined action of
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multiple physicochemical (surface activity, adsorption, and solubility) and
structural properties (the alkyl chain length and nature of the hydrophilic moi-
ety), possibly explaining why these lipopeptidic compounds are adsorbed at
the bacterial interface and show an optimum antimicrobial action.

In all cases, action was specific against gram-positive bacteria; these differ
from gram-negatives, in which the outer membrane and lipopolysaccharide
resist destabilization by surfactants. The resistance of the gram-negatives may
have ecological value for the biodegradation of these antimicrobial materials.

In 1985, at the beginning of these studies, we believed that one essential
requirement for the biological activity of amino acid surfactants based on Arg,
Lys, and homologues was the cationic character of the molecule [6,10]. While
LAM and other cationic surfactant homologues (with their o-carboxyl group
protected as alkyl esters) might be good antimicrobial agents, C,, Arg and other
amphoteric homologues showed no activity up to 256 pg/mL against all the
bacteria tested. But when a second amino acid or peptide was incorporated
into the monomer C,,Arg, o-carboxyl protection was not a requirement for
antimicrobial activity so long as it did not interact with a cationic charge on the
molecule. The activity of all these amphoteric N*acyl arginine lipopeptidic
surfactants might be due to the presence of the long-chain N*-acyl-arginine
residue (responsible for both the surface activity and the protonated guanidine
function) and to the absence of intramolecular ionic interactions because of
the unfavorable guanidinium—carboxylate configuration. The free guanidine
group of these compounds, together with the surface activity (dependent on
their alkyl chain length), might interact with the polyanionic components of
the cell surface, thereby triggering their biocidal effects.

C. Odcular Irritation Properties

Published results on the toxicological properties of different lipoaminoacids
suggest that amino acid—based surfactants are excellent nontoxic surfactants
for a great variety of potential applications [33-36]. Ocular irritation by
C,ArgGly, C,Arg pp, LAM, and lauryl dimethyl amino betaine (LDAB), a
commercial amphoteric surfactant, has been evaluated in male albino rabbits
by a double-blind method. The eyes were examined after 24 h of administra-
tion and then each day for a week. The ocular damage was evaluated in accor-
dance with the criteria of Draize [37].

Table 10 gives the ocular irritation index for each product, along with its
classification. The differences between the products are marked: While LAM
and LDAB were irritants at 10% (w/v), lipopeptides C,, ArgGly and Cj, Arg
pp were quite nonirritant, perhaps because their chemical compositions resem-
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TABLE 10 Mean Values, Standard Error, and Classification of Selected
Compounds in Water at pH 7.0 and 10% Concentration (w/v)

Compound Mean value Standard error Classification
C,ArgGly 67.2 5.5 Nonirritant
C,Arg pp 57.0 1.0 Nonirritant
LAM 22 1.0 Irritant
LDAB 7.5 2.2 Irritant

ble that of corneal collagen. It is interesting to note that while LAM is a
cationic surfactant, it shows an ocular irritation similar to LDAB, a substance
which is generally considered an acceptable soft surfactant. Moreover, the
progress of ocular irritation induced by these compounds after 7 days shows
that the effects of LAM and LDAB are reversible.

V. CONCLUSION

Water-soluble antimicrobial lipopeptides have been prepared by the condensa-
tion of amino acids or peptides to N%-acyl arginine residues with suitable lipo-
philic contents. Our data suggest that such arginine lipopeptidic surfactants
have value as soft preservatives in cosmetic, food, and dermopharmaceutical
formulations, as well as being tools for fundamental research.
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Essentially Fluorinated Synthetic
Surfactants Based on Amino Acids
or Oligopeptides

CLAUDE SELVE, CHRISTINE GERARDIN, and LUDWIG
RODEHUSER Université Henri Poincaré—Nancy I, Vandoeuvre-les-
Nancy, France

. INTRODUCTION

Surfactants are amphipathic molecules, generally characterized by the pres-
ence of two distinctly different regions in the same molecule: a lipophilic part
(restrictively called hydrophobic) and a lipophobic or hydrophilic portion. The
existence in the same molecule of two moieties, one with an affinity for the
solvent and the other antipathetic to it, is termed amphiphily or amphipathy.
Surface-active agents constitute a versatile class of natural or synthetic com-
pounds. They may contain a large variety of polar ionic or nonionic parts
(called head) and apolar moieties (named tail), generally consisting of long
hydrocarbon chains [1-5]. This dual nature is responsible for the phenomena
of surface activity and of micellization, the formation of molecular organized
systems [6] (lamellar phases, liquid crystals, vesicles, etc.), and their capacity
of solubilization by forming emulsions and microemulsions [1-6].

The polar head group may dissociate into ions in polar solvents, with the
extent of ionization depending on the pH of the medium. The apolar part may
be constituted of a perhydrogenated carbon chain (majority of the surfactants
encountered), but also of perfluorinated chains or substituents containing other
atoms, such as silicon (silicone-type derivatives).

The amphiphilic products are a very important class of compounds for prac-
tical applications: nearly all human activities imply the use of surfactants be-
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cause of their extraordinary amphipathic properties. This chapter will be re-
stricted to surfactants with essentially perfluorinated hydrophobic chains.

The preparation of surfactant molecules in the laboratory is often achieved
by the method of modular synthesis [7,8]. This means that the molecule is
considered as an assembly of subunits called moduli. In this way we can distin-
guish in natural surfactants bi- or trimodular structures, as shown in Scheme
1. Based on this principle, the synthetic approaches and strategies are variable.
The amino acid by itself may or may not constitute the hydrophilic modulus;
alternatively, it may play the role of the junction modulus or that of an anchor
unit for the hydrophobic group attached to it via a C—C bond, depending on
its specific structure.

The choice of perfluorinated chains as lipophilic moduli is due to their
particular properties. Distinctly more hydrophobic than their hydrogenated an-
alogues, these fluorinated substituents enhance the amphiphilic character of
the resulting surfactant, increasing significantly its hydrophobic interactions
and surface activity. Fluorinated surfactants exhibit stronger tendencies to self-

Bimodular structure of Surfactant

\/\/\/\/\/\/O

.« o ;

Hydrophobicity Hydrophilicity
example : soap. - C " )
P %Hg—CHz——(CHz)g—CHz—Cfge &

Trimodular structure of Surfactant
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HYDROPHOBIC MODULUS JUNCTION HYDROPHILIC
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SCHEME 1 Modular structures of natural surfactants.
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assemble at the interfaces or to self-associate into organized molecular sys-
tems. These surfactants are both more effective and more efficient. They dis-
play stronger surface-tension-lowering effects at lower concentrations. The
dispersions and phases they form exhibit unique properties [9,10]. A large
number of fluorinated surfactants have been developed for many different in-
dustrial purposes.

Il. AMINO ACID-BASED SURFACTANTS

Many compounds containing a perfluorinated or hydrogenated hydrophobic
chain and an amino acid as either polar head or junction modulus have been
synthesized. Among the different structures that have been prepared, a variety
of amino acids are encountered, but ci-amino acids are the most common;
however, B-alanine or its derivatives play an important role, too. Moreover,
molecules based on perfluoroalkyl-amino acids, prepared from different func-
tionalized perfluoroalkyl starting compounds, have been synthesized. It should
be stressed that the different types of surfactants based on amino acids encoun-
tered in this family of products may be classified as ionic, nonionic, or zwitter-
ionic. In all the structures obtained, the concept of modularity is important,
since the amino acid—with or without prior chemical transformation—repre-
sents either the polar head group or a pivot modulus linking one or more
lipophilic chains to different polar heads.

A. Simple Amino Acids

Derivatives of N-acylated amino acids find a large variety of applications as
cosmetics and pharmaceutical products. Their surfactant [11] and antimicro-
bial properties [12] have been well established. They are obtained generally
via the condensation of a fatty acid derivative with an amino acid [12,13].
Numerous syntheses of compounds containing perfluorinated hydrophobic
groups have been reported. Generally, they follow synthetic pathways analo-
gous to those used for the preparation of hydrogenated compounds. Fre-
quently, the products are obtained by reaction between a perfluoroalkylester
and an ester of an amino acid bearing a free amine function [14]. Subsequent
hydrolysis leads to the N-acylated acid 1 (Scheme 2).

The same type of reaction using a fatty acid chloride instead of the ester
leads to better yields [15] for structures like 2 (Scheme 3), especially with
sarcosine.

Activated esters of fatty acids have also been recommended as a starting
material [16]. They give satisfactory results when hydrogenated compounds
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i) EtOH
C7F15C0Me + Hy;N—Y—COH _DEOH C7F15C(O)NH—Y—CO,H
ii) H,O/0
Y =CH;, CH,CH;3 , CHy-CH, 1 (40 - 70%)

SCHEME 2 Perfluoroalkyl-acyl-amino acids of type 1.

i) NEt3

CgF17C,H4C(O)CL + HN —CH,—CO,Et
ii) H,0/0H®

R=H,CH; R

CgF17C,H,C(O)N—CH,—CO,H
2(65-80%) R

SCHEME 3 Perfluoroalkyl-acyl-amino acids of type 2.

i) DCC/HOBT
CsF11COH + HoN-CHy-COEt —————————» (C,F|,C(O)NH-CH,-CO,H
ii) H,0/0H®
3 <10%
SCHEME 4 Perfluoroalkyl-acyl-amino acids of type 3.
i) BOP
CF15COH + HN-CHy-COEt ——— 3  CF;5sC(O)NH-CH,-COH
i) H,O/OH® 3 - 20
~ 0

SCHEME 5 Alternative synthesis of perfluoroalkyl-acyl-amino acids of type 3.

are used, but our experience with perfluorinated acids (Scheme 4) shows that
the yields are rather poor [17].

The amidation reaction carried out with DCCI/N-hydroxy-succinimide
[18,19] or DCCI/hydroxy-benzotriazole [20,21] as coupling agents yields less
than 15% of the corresponding amides. The utilization of BOP [22,23] as
activating agent for the fluorinated acid increases the yields to 20-30%. The
hydrolysis step is also not very efficient, so the overall yield of compound 3
(Scheme 5) is less than 10%. Moreover, the products are poorly soluble in
water (<107% mol - L"), even at high pH values [24].

Many N-acyl-aminoacids contain substituents with enhanced polarity, such
as sulfonates, quaternary ammonium groups, and zwitterionic moieties, that
endow them with interesting physicochemical properties, such as the ability
to form vesicles [26] or globular aggregates [27]. In a similar way (see Scheme
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. Me
i) Br(CH,),CO,Et o
F(CFy),—(CHz)w—NMe, —————"-—> F(CFZ),.—(CHZ),,,—N—(CHz)p—COGz
n=4.6.8 ii) Amberlite OH® |
68 13 4 (60-90%) Me
m=273
(‘)H
. Me OH
—CH—CH,CO,Et
F(CFa—(CHajy—NMe D IHr—CH— OO0 F(CF ) (CHp)N—CHy— CH— O,
n=4,63 i) Amberlite OHO i
m=23 P~ L3 5 ~20%  Me

CI)H I\Illc
> F(CFZ)B—CH-CI'I;@N ——(CHz)m—COGz
6 (45-90%) Me

O i) Me;N—(CHy),—COEt
F(CFp)y—CH—CH;
n=68 m=13 ii) H,0/OH®

SCHEME 6 Perfluoroalkyl-acyl-amino acids of types 4, 5, and 6.

6), zwitterionic derivatives with perfluorinated sidechains (4) have been pre-
pared [28]. Additionally they may contain a hydroxyl function either in the
aminoacid modulus (derivatives 5) or on the perfluorinated substituent (deriva-
tives 6) [28,29].

An important number of esters of long-chain alcohols and amino acids have
been described in the literature. The permethylation of the amino function
(Scheme 7) leads to the ammonium salts (7) showing generally interesting
surfactant properties [30]. We have chosen a similar pathway by reacting a
perfluorinated fatty alcohol with chloroacetic acid; the subsequent substitution
of the chlorine atom by trimethylamine leads to the corresponding ammonium
salt (8) [31]. The latter is water soluble, but the hydrolysis of the ester function
is rather rapid (<6 h), which renders this type of compound less interesting
for possible applications.

B. Multifunctional Amino Acids

A large variety of compounds have been prepared starting from basic or acid
trifunctional o-amino acids, in particular, lysine, aspartic acid, and glutamic
acid. Lysine has been used as polar head group in structures containing a fatty
acid attached to the nitrogen in the €-position via an amido bond (N-g-acyl-

B NMe; @ o
CICH,—COH + R—CyH;—OH ——» ——2» R—C;H;—0—(0)C—CH,—NMe; , Ci
A (40 - 60%)
7 R=CyoHy1, CipHps , CigHzo 8 R= CeF3, CsFi7

SCHEME 7 Perfluoroalkyl-esters of amino acids of types 7 and 8.
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lysines). The syntheses of these molecules follow purely chemical or enzy-
matic pathways. The first chemical acylations have been realized by reacting
a paranitrophenyl ester [32] or a fatty acid halogenide [33] with the copper(II)
complex of lysine in which the a-amino group is protected by coordination
to the copper ion. The synthesis of N-g-acyl-lysine derivatives and of other
dibasic amino acids, such as homolysine and ornithine, is equally possible
without protection when the reaction is carried out at pH 11. In this case, the
selective acylation is achieved by using paranitrophenyl esters of the different
fatty acids [34]. However, the most interesting method to obtain these com-
pounds seems to be the thermal dehydration of the salts formed between lysine
and a fatty acid [35]. These N-g-acyl-lysines are poorly soluble in water. The
quaternization by permethylation of the a-amino group yields products (9)
(Scheme 8) that show good surfactant properties [36].

Perfluoroalkylated derivatives of these compounds have been synthesized
[37] by following basically the same method with modifications suitable for
perfluoroalkylated fatty acids [15] (Scheme 9).

It should be noted, however, that the yields for the quaternization of prod-
ucts (10) leading to the betaines (11) (Scheme 10) are rather modest (~16%)
[15], whereas the quaternized N-g-acyl-lysines (9) are generally obtained in
good yields.

_COH
HiC(CHy)y—COH + HyN(CHy)s—CH

2
solvents

]

o @
H3C(CHp)—CO, H3N(CH2)4_CQ’
NH,

CO,H

A

_COH
H3C(CH2)e—C(O)HN(CH,)s—CH

>

pexmethylationl

_CO

H;C(CHz)— C(O)HN(CH,)4—CH’ @ 2
9 (CH3);

good surface agent with n = 10, 14

SCHEME 8 Synthesis of zwitterionic compounds by quaternization of N-g-acyl-
lysines 9.
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-COH
CaFi7CHCOH + BN CHa)e—CH s creed, mRom—ay M

NH2 25°C NH2
150°C
1o

_COH
CyF 17C2H4C(0)- HN(CHol—CH

2
10 (30%)

SCHEME 9 Synthesis of N-e-perfluoroalkyl-acyl-lysines 10.

JCOH  cHil
CgF17CH4C(0)- HN(CH4—CH —3, CsF17CH,C(0)- HN(CH2)4——CH C&
N KOs 11 (16%) ey,

SCHEME 10 Quaternization of N-g-perfluoroalkyl-acyl-lysines 11.

The acylation of the a-amino group of lysine is another strategy for the
preparation of surfactants and biocides [38]. It is achieved mostly by the classi-
cal methods of peptide synthesis. They have been realized exclusively starting
from perhydrogenated DCCI activated fatty acids by condensation with the
ethyl ester of lysine, the second amino group of which had been protected
with the benzyloxycarboyl group. Subsequent hydrolysis and catalytic hydro-
genation yields o-acyl-lysines (of type 12) (Scheme 11). Quaternization with
methyliodide leads to the surface-active derivatives (13) [38—40].

The direct diacylation of the unprotected lysine with fatty acid chlorides
[41] furnishes anionic surfactants (of type 14). In the same way, lysine plays
the role of junction modulus in the synthesis and study of the properties of
lecithin analogues [42]. The latter are of the nonionic type, one of the series

H,N—CH—CO,Et

H(CHy)y—C(0)- HN—CH-—CO,Et
| + H(CHy,—con DCCL, FCHh—CO) 2

(Clis N2 i) Hy/Pd 1 (CH)4-NH—Z
@ it) %H
n=8,10,11,13 0
S Y 111)HO
?féa H(CHp)y—C(O H:CH COH
H(CH,),—C(0)- HN—CH P (CHp)—C(0)- —~CH-CO;
' N 12 (CH,),-NH,
13 (CH2)4-N(CHz)3

SCHEME 11 Synthesis of zwitterionic N-oi-acyl-lysines 13.
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2 H(CH,)y—C(0)Cl + HoN—(CHy)s~CH—CO,H H(CHz)y—C(O)—HN—(CHy)4
Ng,  H(CH—OO)—HN—CH

14 COH
HN—(C;HiO)—CH; 2

BOP, NEt;

n=5,7,11 H(CHp);—C(0)—HN— (?H2)4
m=24,6 H(CHp)y—C(O)—HN—CH

15 [41 - 68%)] C(0)—NH—(C,H40)— CH3

SCHEME 12 Monocephalic nonionic analogues of lecithins 15, based on lysine.

of products bearing a polar head group with one polyethyleneglycol chain
(monocephalic compounds) with structure 15 shown in Scheme 12. The
other series [43] contains two polyethyleneglycol chains in its head group
(bicephalic compounds) of structural type 16 [41,43], as represented in
Scheme 13.

Recently, by following analogous pathways, we have prepared lysine deriv-
atives with two hydrophobic chains stemming from a long-chain alcohol and
a fatty acid, respectively. The latter is linked to the €-nitrogen, whereas the
alcohol forms an ester with the acid function of lysine. The hydrophilic part
of the molecule is a sugar substituent [44] introduced as shown in Scheme
14. The compounds (17) obtained in this manner show very good surfactant
properties, a relatively high solubility in water, even for those containing 16
methylene groups, leading to a decrease in surface tension of ca. 30 mN-m™',
and self-organization to form lamellar or cubic phases. They have a pro-

2 H(CHy);—C(0)Cl + HN—(CHy)s— CH—COH H(CH)y—C(0)—HN—(CHz)4
NH, — H(CHy),—C(0)—HN—CH
CH,0),—CH 14 CoH
HN/( HO)m 3

\(CHZO),rCHg/ BOP , NEt;

P
n=5,7,11 H(CHzy—C(O)—HN—(CHy);
m=2,3  H(CHy)y C(O)—HN- CH
: _ (CHyO)yCH;
16 p1-a3%  CON
B1-43% (CH,0)y—CH

SCHEME 13 Bicephalic nonionic analogues of lecithins 16, based on lysine.
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OH OH
C(O)O(CH2)12CH3 OH 9] 0 OH
5CH3(CH2)11-2C(O)NH(CH2)4CH +3 OH OH CHO

NH2

=12,14,16,18 1PrOH H,O OH oH

0 o /(CH2)4NHCO(CH2),,_2CH3

CH—NHCI\-I
C(0)O(CHy)12CH3

NaBH4

(CH2)/NHCO(CHy),.,CH3
CHz—NHCH
"C(0)O(CH,)1,CH;
17 (37-70%)
SCHEME 14 Synthesis of e-alcanoylamido-a-alkylester-co.-lactylamino-lysine 17.

nounced effect on the development of yeast cells; part of the products stimulate
the growth of the microorganisms, whereas another part inhibits it [45].

Based on lysine as before, single chain derivatives (18) and bicatenar com-
pounds (19) have been prepared by a strategy the inverse of that described
earlier [46]. The products (18 and 19) are obtained with higher overall yields
than 17. As before, no protection or deprotection steps are needed in this case
[46,47]. The synthesis consists of a reaction between two moduli prepared
beforehand, one representing the polar head group in the final product and the
other the junction modulus. The preparation of this intermediate starts from
aldoses or acids derived from them that are coupled with lysine in its basic
form (Scheme 15). The yields for this step are quantitative. A subsequent
amidation reaction with a hydrogenated or perfluorinated fatty acid (Scheme
16) leads to the monosubstituted compounds (18). Esterification of the free
acid function of lysine (Scheme 17) yields in a final step the bicatenar struc-
tures (19).

Finally the synthesis of ‘biosurfactants’” following enzymatic pathways
[48] should be mentioned; this has been described in particular for the prepara-
tion of N-acyl-lysine. The overall yields are modest, but the method is nonethe-
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c00° MeOH coo™ng®
HCL H,N(CH,),CH +2 NaOH 50 o HN(CH),CH + NaCl+ H,0
~ @ £y
NHS NH,
OH
0
OH wOH MeOH
Hzo
RO
H
OH OH
OH ~co0Na® o coPu?
OH  CH=N—(CH,),CH —_— OH . NH(CH,)CH
RO Ntz N,
OH RO OH
NaBH, | MeOH, H,0
R = H, Galactose OH ®
OH ,cog Na
OH  CH,-NH—(CHp,CH
NH,
RO g MoleculesX
OH OH
OH 0
OH  COOH MeOH OH o
RO RO
H OH
COONg®
MeOH | HN(CH,),CH
NH,
OH
OH COOPNS®
OH fi
O NH(CHZ)4C~NH2 Molecules Y
RO
OH

SCHEME 15 Preparation of hydrophilic synthons °‘Lys-sugar’’:

and Y.

molecules X
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OH
OH _CO0°NS
OH  CZNH(CHp)4CH + R'COOH
NH,
RO
OH Molecules X or Y
R =H, Galactose H,0 || MeOH
Z=Hy O
OH
OH CO0°Na®
OH  CZNH(CH,),CH ®6
NH3” “OOCR’
RO .
OH Solid salt
Toluene A
or heptane 24 - 36h
OH
18 (50 - 97%) OH €C00°Na®
OH  CZNH(CH»)CH
III—C(O)— R
RO
OH H

R' = CioHa1, Ci2Hys, Ci6Has, CigHsy, CsFy3CH,, CsF17CH,

SCHEME 16 Synthesis of monocatenar surfactants 18.

less of interest, since it allows the utilization of natural soybean oil and lysine
as starting material, opening access to N-g-oleyl-lysines via a biotechnological
process [50].

Aspartic and glutamic acid have also been used frequently as starting mate-
rial for the preparation of surfactants. The diesters of glutamic acid, obtained
by reaction with a long-chain alcohol, have been rendered surface active by
grafting a quaternary ammonium group on the o-amino function via an acyla-
tion reaction [51] (structure 20, Scheme 18).

These molecules (20) show an interesting phase behavior [51] and form
helicoidal superstructures [52]. Nonionic derivatives of aspartic and glutamic
acid with structures analogous to lecithins may contain perhydrogenated or
perfluorinated apolar chains [53]. The N,N-diacylated compounds are synthe-
sized in two steps (Scheme 19). The hydrophilicity of the molecules (21) is
due to the presence of an acyl-polyethyleneglycol-methylether [54].
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OH
OH COONS
OH  CZ—NH(CHp),CH
RO NHC(O)R
OH

R =H, Galactose
Z=H;, 0 Toluene | H(CH,);;OH

A\, HyS04
OH
OH ,C(0)O(CHy)1oH
19 33-62%) (OH  CZ—NH(CH;)s,CH
RO NHC(O)R
OH

R' = CioHyy, C12Hys, CisHas, CigH37, CeF13CH,, CgF17CH,

SCHEME 17 Synthesis of bicatenar surfactants 19.

The hydrogenated products (21) generally show good surface activity and
a phase behavior close to that of short-chain lecithins. The corresponding per-
fluorinated compounds (22) are not very soluble in aqueous media and the
introduction of a sugar moiety as polar group (Scheme 20) leading to structure
23 favors good surfactant properties [55].

The synthesis of monoesters based on perfluorinated alcohols and aspartic
or glutamic acid has been reported, and the corresponding betaines (24) have
been prepared (Scheme 21). The yields for these reactions are universally poor,
however [15].

HOOC—(CHa), o H(CHy)y—O(0)C—(CH)
HOOC—CH  ——» H(CH)—O0(0)C—CH
n=12, 14 NH; NH;
m=1,10 CP, Me;N—(CH,)m—CO,H
p=12 H(Cﬂz)n—O(O)C—((l3Hz)p

H(CH,),—O(0)C—CH
20 (55 - 75%) IllH—C(O}——(CHz)m— NMe;, &

2 H(CHy),—OH +

SCHEME 18 Synthesis of diesters 20.
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HO,C—(CHy), ) BOP/N(E), RNH—C(O)—-—(?HZ)p
HO,C—CH + 2RNH—> RNH—C(O—CH
i) TFA/CH,Cl,
NH—BOC NH, , TFA

p=1(Asp). 2 (Gl Me0<c2H40>HCHzcy
n=2346 BOP/N(EY),

R = C4Hg, CgHj3, CgHyy RNH—C(O)-—-(ICHz)p (58 - 72%)

TFA : TrifluoroAceticAcid RNH‘—C(O)—(I:H
21 NH—C(O)—CH,0(C,H,0),CH;

SCHEME 19 Synthesis of diamides 21.

HO,C—(CHy), F(CEy CoHANH 1) BOP/N(Et);  F(CF2)mCHsNH—C(0)—(CHz),
HO,C—CH  +2F(CF)nCy 7 ————————
2 " ii) TRA/CH,Cl, F(CFanCoHNH—C(0)—CH
NH—BOC
NH;, TFA
p=1(Asp), 2 (Glu) MeO(C2H40),CH,COH :
N2 34 6 BOP/N(Et),

F(CF2)m—CH4NH—C(0)— ((|3H2)P (60 - 65%)
F(CFm—C;H4NH—C(0)—CH
2 NH—C(0)—CH,0(C;H40),CH;

m=6,8

RC,HsNH— C(O)_(ICHZ)p
RCHNH—-C(O)—(CHy)
P lactobionic acid ~ RC2H4aN H_C(O)—(I:H
RCH/NH—C(0O)—CH —_— » NH
NH- . TFA BOP, NEt; |
2> (CHOH),—C(0)
(25 - 63%) CH20H |
R =CyHs, C4Hg, CsHy7, CeF13, CsF17 HO
p=1(Asp), 2 (Glu) OH
m=6, 8

e
00 ‘(]:H—CHZOH
OH

23
OH

SCHEME 20 Synthesis of hydrophilic compounds 22 and 23.
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/NHZ
Ce¢F3C,H40H + HO,C—(CH,),—CH
COH

HCl or SOCl;
n=12

Mel
K,CO3
%Meg
CeF 13C2H40—C(0}—(CH2),,—C\H
24 (11-26%) Co;

SCHEME 21 Synthesis of perfluoroalkylesters of the lateral acid group of Asp or
Glu 24.

N-Acyl-glutamates are well known, and their synthesis has been realized
by various methods [56]. We have used one of them to prepare the perfluoro-
alkylated glutamic acid 25 (Scheme 22), which has been obtained with a yield
of 18% [57].

The synthesis of disubstituted derivatives of glutamic acid leaving one of
the acid functions free for further coupling has been attempted (Scheme 23)
by amidation of the carboxyl function in position 1 of the amino acid with a
long-chain amine, followed by acylation of the oi-amino group with a fatty
acid chloride [58]. The intermediate disubstituted product (26), however, re-
acts further by intramolecular nucleophilic attack of the acylated nitrogen atom
on the second acid function to finally yield the cyclic structure 27. The mono-
amides with n > 9 show surface activity, whereas the cyclic compound is too
little soluble in water to determine its cmc. The properties of a monomolecular
film on water, however, have been studied by means of a Langmuir balance
[59]. Syntheses of the fluorinated analogues of these compounds are in prog-
ress.

Na, 02C—(C2H4)——?H—C02 ,Na + C4F3—COCl

NH
2 i) NaOH
i) H®

HOzC—(C2H4)—CIH—C02H
25 ~18% NH—C(0)—C¢F13

SCHEME 22 Synthesis of perfluoro-acyl-glutamic acid 25.
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@
HN, 5 4 5 CHyCH)NH, N CHCOH
CHCH,CH,CO,LH ———— » ® CH(CH;,CO,
C0,¢” MeOH/H,0  CH;(CHy),NH; 0,C
Al
0 ®
CH3(CHy),,C HN CH;3(CH2)COCI H3N

“CH(CH,CO5

N O «—
= CH(CH;,),CO;3
CH3 (CHz)nN/I"I—'P\/ A CH3(CH2)DNH‘|(|:
3 0

26 (70 - 80%)

CH3(CH2)mYO
NH
0
m=8, 10, 12
N
CHy(CHy)” n=9,11,13,15,17
0
27 (50 - 60%)

SCHEME 23 Synthesis of glutamic amide derivatives 26 and 27.

Carnitine is at the origin of two types of fluorinated surfactants. The
perfluoroalkyl-acylcarnitines (28) (Scheme 24), obtained with satisfactory
yields (44—80%), show good surfactant characteristics [60]. The synthesis of
N-perfluoroalkyl carnitine (29) (Scheme 25) is less efficient, and its physico-
chemical properties have not been evaluated [61]. The betaines of perfluoro-
alkyl o,m-amino acids (30) (Scheme 26) are accessible in a similar manner
[62]. They are good surface agents [63].

. CH2 €3

i) SOCl, /
F(CF)y—(CHy)4—COH ————————» F(CFy)y—(CH,)s—C(0)—O0—CH

ii) DL-Carmnitine CH,C 0%)

28 (44 - 80%)

SCHEME 24 Synthesis of perfluoroalkyl-acyl-carnitine 28.
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HZC\_/CH_(CHZ)p_COZR i) F(CF2)n—(CHy)p— NMe;,

o
o \;BHZO/OP?

n=68 Me
’ o Q
m=273 29 (18-35%) F(CF2)y—(CHp)y— TIT—CHz—?H—(CHz);wCOz
Me OH

SCHEME 25 Synthesis of N-perfluoroalkyl-carnitine 29.

i) Br(CHy)u—CO4Et @1}“3 o
F (CFz)n—(CHz)p— NMCZ ) » [ (CF Z)n_(CHZ)p_ N"“(CHz)m—‘COZ
ii) amberlite OH |
n=4,6,8 30 (60-90%) Me

p=23 m=1,3

SCHEME 26 Synthesis of betaine 30.

Among the numerous approaches described to graft a perfluoroalkyl chain
on an aminoacid skeleton, the methods allowing one to create a C—C bond
between the fluorinated part and the amino acid are of special interest. The
access to this less frequently encountered type of compound uses classical
methods of synthesis, such as that leading to the perfluoroalkyl-glycine 31
(Scheme 27). The compounds 31 are barely soluble, except for the betaine
derivatives 32, which are obtained with very poor yields, however [64]. The
perfluoroalkyl-glycines have been condensed on cholic acid (Scheme 28) to
give products 33, also with unsatisfactory yields [37].

A synthesis of B-perfluoroalkyl-B-alanine (34) (Scheme 29) has been de-
scribed [65,66] and extended to the N-alkyl derivatives (35) (Scheme 30) [67].
The compounds 34 show a relatively poor solubility in water, but their sodium

1) Br,, PC13
F(CF2)—CHiCOH ——2— > 5 F(CFy)—CHy—CH—CO,H
i) H¥/EtOH L
~80%) °Ff
NH;
(40%)
(] Mel
F(CE)y—CH—CH—CO, WF(CF»D—CHZ—?H-COZH
3
32 (- 15%) NMe; 31 NH,

SCHEME 27 Synthesis of o-perfluoroalkyl-Gly 31 and corresponding betaine 32.
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CO) €0,
F(CF,);—CH,—CH—CO,H Cholic Acid N—CH
f —— ]
31 NH, (<I:H2)2
F(CFy),

HO" "OH 33 (~15%)

OH

SCHEME 28 Synthesis of structures of type 33.

CrQ;/ Hy804
F(CFy)i—CF;—CH,—CH;OH ———» F(CF3);—CF,—CH,—CO,H

i) NaOH
ii) NaN3
F(CFy)y : F(CFZ)n\ /H
“CH—CH;—Co.1 2/ NiRaney _c=c{
H,N N3 CO,H

34 (70 - 80%)

SCHEME 29 Synthesis of B-perfluoroalkyl-B-alanine 34.

CrO; / HaSOy4
F(CF);—CF,—CH,—CH,OH ——» F(CF;);—CF,—CH,—CO,H
n=57 m=4,68,12 i) NaOH
ii) H(CHp),NH;
. F(CF2)p H
F(CFz)“\ H; / Ni Raney 2 \CZC/

CH—CH,—CO,H -
HN™ HN “COH

((':Hz)mH 35 (80-92%) (CHy)H

SCHEME 30 Preparation of N-alkyl-B-perfluoroalkyl-N-alkyl-f-alanine 35.

salts are soluble and display the characteristic properties of anionic surfactants.
The products 35 are hardly soluble in water, even in the form of their salts
[68]. They are of interest for the preparation of bicatenar amphiphilic mole-
cules forming molecularly organized systems such as bilayers, lamellar
phases, and vesicles.

To conclude this chapter one may say that fluorinated surfactant molecules
based on amino acids have been the subject of numerous studies. This is due,
on one hand, to the particular properties conferred to them by the perfluoro-
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alkyl chains and, on the other, to their potential applications in the field of
biology, e.g., as oxygenation agents. Synthetic fluorinated surfactants are par-
ticularly useful in the form of emulsions [69] or microemulsions [70,71] for
the transport of respiratory gases. A large number of formulations to obtain
this type of system have been elaborated [72-74].

lll. PEPTIDE-BASED SURFACTANTS

Analogously to amino acids, oligopeptides can play the role of pivot or polar
modulus in synthetic compounds [75—77] and biosurfactants [78]. An impor-
tant number of molecules containing a peptide as polar part and a perhydroge-
nated apolar chain have been described, but fluorinated analogues are much
less frequently encountered. Generally, these compounds are prepared with
peptides of biological interest having a suitable hydrophilicity together with
specific properties in the physiological domain. To this category belongs a
family of surfactants based either on carnosine [79-81] or on carcinine [82—
84] containing perhydrogenated or perfluorinated hydrophobic substituents
[85]. These compounds have been obtained by modular methodology; their
structures (36 and 37) are shown in Scheme 31.

i) C1O/H,SO0.
F(CF,),CF,C,H,0H %F(CFZ),,—CFz CH—CO,H

ii) NaOH
Carcinine , TFA iBOP

n=5709 NEt, }{

N
F(CF,)—CF=CH
36 (52 - 56%) (2 \C(O)NH—CzHa—C(O)NH—CzH4—§/\lf\I

ydrophobic  junction i 1 ..
Modulus Modulus Hydrophilic modulus (Carcinine)
i) CrO3/H,SO.
F(CF2)7CF2C2H40HJ)—_#»F(CFz)y—CF=CH—COZH
ii) NaOH

., JCarnosine-OM
){BOP, NEt; -
ii) NaOH CO,H /

37 F(CF,);—CF=CH I N
(€20 ™ C(0)NH—C,Hs—C(O)NH—CH—CHj N
N

[

Hydrophobic  junction Hydrophilic modulus (Carnosine)
Modulus Modulus

SCHEME 31 Synthesis of perfluoroacyl-peptidoamines 36 and 37.
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. . i) BOP/Boc— A,
Gly L TsOH,, décanol,_ o\ 5 6ev1 BocGly— Ay—GlyOdécyl
i) HCl ii) TFA (60 - 80%)
Ay = Ala, BAla, Sar iii) BOP / BocGly i) TFA
RF = Cy1Hy;3, CysHay, GeF13CH,, CgF17CH, i) RFCOCI
iii) NH;

38 (60 -80%) RF—Gly—A,—GlyNH,

SCHEME 32 Synthesis of fluorolipopeptides 38.

The physicochemical properties (surface tension, cmce) of these surfactants
in binary mixtures with water are comparable to other nonionic surface-
active agents. They have no hemolytic activity toward red blood cells. As
to the cellular viability of hybridoma cell cultures, compounds 36 and 37
show a behavior strictly identical to that of commercial biocompatible sur-
factants [85].

A synthesis of fluorolipopeptides by the modular methodology (Scheme 32)
leads to the nonionic amphiphilic structures 38 [86,87]. Because derivatives 38
are poorly soluble in water, their surfactant properties have been determined
in formamide [88]. Hemolytic tests carried out with some of these compounds
indicate no activity toward red blood cells; they show, however, a marked
toxicity for hybridoma cells [89].

Another family of compounds containing proline [39] derived from the
products of preceding work [90] is obtained in a similar way (Scheme 33)
and shows properties typical of hydrophobic surfactants. Their ability to form
molecularly organized systems in polar solvents such as DMSO has been stud-
ied [91].

iy BOP / GlyOR e
Boc——Prol)___L_> TFA, HN C(O)NH—CH,—CO;R
i) TFA
RF = C¢F13CHy, CgF17CH, NEt;
R = CHj, CioHy; o REC(O)CI

I
RF—C—N C(O)NH—CH,-CO,R
39 (70 - 90%) ( X

SCHEME 33 Synthesis of proline-containing surfactants 39.
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® <)
Y CH,O0H Y CH,OPN(Mey); , PF
| | i) P(NMe;); : CCly |
RZC(Oy—CH—NHC(O)—C—CH; —————— » RZ((0)—CH-NHC(O)—C—CH;
CH. on ii) KPF6 CH20H
R =CgH,7, C12Has, CyqHyo, CsF13CoHa , CsF17CoH, l K,CO3 cH
3
Z=0,NH Y =CH,Ph,Ph CH,0H

40 (40 - 55%)

RZC (O)—éH—N— (0)

SCHEME 34 Synthesis of B-lactam surfactants 40.

The synthetic pathways to this type of molecule follow the classical meth-
ods of peptide synthesis [92], with certain improvements to increase their effi-
ciency [87,88,93]. Nevertheless, examples of amphiphilic molecules with per-
fluorinated substituents based on oligopeptides are still rare, probably due to
the greater difficulties inherent in these methodologies. In this context a syn-
thetic approach to obtain the perfluoroalkyl-phenylalanyl-B-lactams 40 with
satisfactory yields should be mentioned [94]. In these compounds the dipeptide
structure plays the role of a junction modulus (Scheme 34). It confers a polar
character to the molecule and introduces simultaneously, via the benzyl side-
chain of phenylalanine, a lipophilic part. These derivatives show good surfac-
tant properties. The products with short lipophilic chains form L, phases,
whereas those containing longer chains give rise to lamellar phases. Generally
speaking, their behavior is like that of hydrophobic surfactants [95].

By the addition of a sugar group (Scheme 35), the compounds 41 are ob-

CH; CH;
CH,0H CH,0C(0)C,H,CO,H
40 Y" succinic anhydride Yl'
RZC(O)—CH—N—-C(0) RZC(O)—CH—-N——C(0)
R =CgH,7, CioHys, CeF13CoHy BOP
Z=0,NH Y =CH,Ph, Ph Glucosamine
OH
HO (8]
CH,0 N
A
41 (48-60%) c—cty
{
RZC(O)—CH-N——C(©0) © CH;

SCHEME 35 Synthesis of B-lactam surfactants 41 containing a sugar group.
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F(CFy), H
F(CF 2 CH(CH
( 2)m\C CHEOK! ) menthot / H® “\C: o (CHz),
= —_— N B
F ii) NaN3 Ny O,,C—O
n=3579 i) Hy / Ni Raney
ii) NaOH CH;

*
42 (40-50%)  F(CF;)y—CH—CH,COH
NH,

SCHEME 36 Enantioselective synthesis of perfluoroalkyl-B-alanine 42.

tained, showing the characteristics of hydrophilic surface agents [96]. Deriva-
tives 40 and 41 are of reduced toxicity toward cell cultures and have no hemo-
lytic effect; they have, however, a certain antibiotic activity [97].

In an analogous series, surfactants derived from 6-aminopenicillanic acid
but bearing only hydrogenated substituents [98] have been synthesized, with
yields of ca. 50%. One of the aims of these preparations is to access amphi-
philic substances useful for chiral recognition [99,100]. We have recently at-
tempted the enantioselective synthesis of the B-perfluoroalkyl-f3-alanines (42).
The enantiomeric excess achieved is rather modest for the moment. The ap-
proach is described in Scheme 36, with the enantioselective step being the
hydrogenation of the chiral menthol ester.

The products (42) are surface active. The corresponding racemic mixtures
(34) have been coupled either with histidine, to yield the amphiphilic carnosine
analogues 43 [80], or with histamine, leading to the carcinine derivatives [84].
Structures 43 and 44 [67], containing a racemic B-perfluoroalkyl-B-alanine
(Schemes 37 and 38), have been obtained with yields of the order of 40%
[101]. The preparation of derivatives based on optically active compounds 42

CHLCO.H i) zCl N
FCF—CH—CHCOM "~ F(CFy)—CH—CHy- C(O)NH—CZI—L;-&/\”
34 NH, ii) BOP / Histamine | N

n=57179 Hy/ V
Z=Ph-0C(0) HN
F(CF,);—CH—CH,~ C(O)NH—CZI-L;—-&/\H
I N
NH,

43 (70 - 80%) perfluoroalkyl-carcinine

SCHEME 37 Synthesis of pL-perfluoroalkyl-B-alanyl-histidine 43.
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. HiO F(?FZ)n COzH
F(CF)y ?H—CH2C02H w, CH—CHZ—C(O)NH—CH—CHZ \[
NHZ ii) NaOH
n=5,7,9 HZ/Pd/
Z = Ph-0C(0)
C02H
F(CF2)—CH—CHy~ (O)NH—CH—CHZ——&/\[
NH2

44 (50 - 60%) perfluoroalkyl-carnosine

SCHEME 38 Synthesis of pL-perfluoroalkyl-B-alanyl-histamine 44.

is under study. Substances 43 and 44 are water soluble. They lower the surface
tension of aqueous solutions to 25 mN-m~! and complex copper(IT) ions, anal-
ogous to peptidoamines [102—-105].

To complete this section on oligopeptide-based compounds, the hydrophilic
polyamino acids should be mentioned. They are frequently encountered in
amphiphilic hydrogenated surfactants [106,107]. To our knowledge no fluori-
nated counterparts have been prepared so far, although the methods described
earlier should allow their synthesis. The organized systems obtained with the
hydrogenated molecules are quite original [108—110], and the fluorinated ana-
logues might show an interesting phase behavior.

IV. CONCLUSION

A large number of amphipathic molecules derived from amino acids or pep-
tides have been described up to date. The possibilities of structure modulation
are nearly without limits, allowing one to adjust their HLB at will and to
synthesize derivatives with special properties a la carte. In particular, it is
possible to prepare, in a relatively simple way, compounds able to form vesi-
cles, liposomes, bilayers, and other specific organized systems. The presence
of an asymmetrical carbon atom in the naturally occurring amino acids opens
the way to further applications, e.g., chiral recognition. So far the majority of
these possibilities have been explored for hydrogenated surfactants; for com-
pounds containing perfluorinated substituents, the progress in synthetic meth-
odology during the past 20 years has led to numerous new surface-active sub-
stances. The particularly interesting properties of these amphiphiles open the
way to a large variety of original applications [111]. The field of investigations
in the biological domain appears especially vast for these fluorinated amphi-
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phatic products [112]. These perspectives should encourage chemists con-
cerned with amino acid— and peptide-based surfactants of this type to continue
their efforts. There is no doubt that they will be rewarded with a surprising
wealth of new results in the physicochemical and biological domains.
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Interactions of Amino Acid-Based
Surfactants with Other Compounds

YUN-PENG ZHU Crompton Corporation, Dublin, Ohio

. INTRODUCTION

A great number of surfactant-based products, such as shampoos, detergents,
cosmetics, paints and coatings, and pharmaceutical products, contain one or
more surfactants and other materials in one formulation. As a matter of fact,
surfactant-based formulations in practical applications are almost always mix-
tures, consisting of surfactants, polymers, and other ingredients. These systems
provide us with the opportunity to obtain unique properties and performance
that are superior to those of the individual ones. These unique properties and
the performance of the mixture system are associated with the interaction of
surfactants and other ingredients. For instance, polymer in shampoos is used
as a viscosity and moisturizing modifier; and in the formulation of detergents,
polymer is an effective antireprecipitating agent as well as a viscosity modifier
and chelating agent.

Interactions of surfactants are of great interest for theoretical and practical
purposes. Physicochemical studies of the interaction of the surfactants with
other materials can provide useful information helping us understand the appli-
cations regarding aggregated structures, adsorption at the surface, and interac-
tion characteristic parameters. Technical-grade surfactants are mixtures of
isomers/different alkyl chain length that interact to produce unique functional-
ity. In simple and complex emulsions and dispersions, surfactants and other
materials such as polymers interact to provide stability. In such systems, sur-
factants provide emulsifying properties, interfacial tension controls, and col-
loidal stability, whereas polymers stabilize an emulsion and provide other
rheological features.
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There are numerous studies on mixtures of surfactants [1-3] and
surfactants/polymers [4—7]. As would be expected, the interfacial and colloi-
dal properties of such a mixture can be quite different from those of a solution
of the individual components. There are interactions among the components
through mutual electrostatic attraction/repulsion, van der Waals attraction of
hydrophobic groups, formation of hydrogen bonds, and dipolar force.

Studies on a mixture composed of amino acid—based surfactants have not
been extensively made as compared to other surfactants, such as sodium do-
decyl sulfate (SDS), and nonionics. To the best of our knowledge, there are
few publications dealing with mixtures where amino acid—based surfactants,
especially amino acid—based surfactants/polymers, are involved. With this in
mind, this chapter first discusses methods for examining a mixture containing
amino acid surfactants, essentially to provide prospective methods to study
surfactant mixture systems. In addition, interactions of amino acid—based sur-
factants with other components, including inorganic and organic molecules,
are reviewed.

IIl. METHODS TO INVESTIGATE SURFACTANT
MIXTURE SYSTEMS

Several methods are available to investigate surfactant mixture systems, rang-
ing from the classical surface tension method to the modern instrumental meth-
ods. An extensive review on the methods of investigation of surfactant solu-
tions has been published [8].

A. Surface Tension Method

This is one of the classical, still most widely used, methods for studying the
surfactant mixture systems. The simplicity, availability of apparatus, and ad-
vances in thermodynamic understanding have made this old method very at-
tractive and practical. As a result, there are a large number of recent studies
on the mixed surfactant systems by use of this method [1-3].

Since Rubingh [9] proposed the so-called B parameter to evaluate interac-
tions between surfactants in a mixed micelle, Rosen and co-workers have done
extensive work on the interaction between surfactants in a binary-surfactant
system and introduced a new parameter, 3° [10] (B}, for liquid—liquid interface
[11], B}y for liquid—solid interface [12]) to measure the interaction between
surfactants in mixed monolayer at the surface of an aqueous solution.

The evaluation of the interaction parameters is based on the following equa-
tions using nonideal or regular solution approximates.
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1. The molecular interaction parameter for the mixed micelle formation (B")
[13] as derived from the following equation:

X1H? In(aCH/XY CH B
(1 = X n[(1 — o) CH/(1 — X¥)CY]
BY — In(aCYH/XYCY)
(1 =X’
This equation is solved numerically for X}/, and the substitution of X}/
yields the values of .
2. The molecular interaction parameter for the mixed monolayer formation

at the interface of an aqueous solution 32 [13]. In the same way, X, can
be found:

X]2 ln((xC12/X1 C(]))
(I =X’ In[(1 = Cp/(1 = X,)C3]
BU _ ll'l(Ol,Clg/X] C?)
(I = X))
To determine the values of B and 3" experimentally, three surface-tension
values versus —log concentration curves are required, as shown in Fig. 1. Two

|
!
A Y \
M
CY C cy
-log C

FIG.1 Experimental determination of parameters 3, B, X;, and X¥. 1 and 2 repre-
sent individual surfactants 1 and 2, respectively; 1/2 represents a mixture of surfactants
1 and 2 at a certain molar ratio o.. CY, C,,, and C9 should be taken as the concentrations
at which the surface tensions are very close to the Y., values of each curve.
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are for each of the pure individual components, and one is for a mixture of
them at a certain molar fraction o.. The more negative the value of the two
parameters, the greater the interaction between the two surfactants compared
to the reference states of the individual surfactants by themselves. From the
analysis of these quantities, CY/, B¥, C,, and B, one can determine the follow-
ing useful properties of a mixed surfactant system: (1) the composition of
mixed micelle and the mixed monolayer; (2) the ratio of the two surfactants
at which the maximum synergistic effect can be achieved.

In the case of a mixture of surfactant and polymer, the surface tension
method has become popular and has had a significant impact in this area since
1967, when Jones published his work [14] on mixtures of polyethylene oxide
(PEO)/SDS by using the surface tension method. From the plot of surface
tension versus —log concentration at a certain concentration of polymer, one
can evaluate whether and where the surfactant and polymer associate (some
call it clusters) in the bulk solution and at the air/water interface.

It must be mentioned that although the surface tension method is facile and
readily applicable to the study of a mixture of surfactant/polymer, it also has
its limitation. Generally, the polymer used should be less surface active than
the surfactant itself. Otherwise, interpretation of the data may be difficult in
terms of T, (cac, critical aggregation concentration) and 7, (apparent cmc) in
spite of a clear indication from the curve of the interaction in such a system.
For example, the surface activity of polypropylene glycol makes it difficult
to interpret the surface-tension results [15]. Similar to a system of mixed sur-
factants, the composition of polymer is also a factor in the surfactant/polymer
system. The case of poly(vinyl alcohol) (PVA) is more complicated than that
of other synthetic polymers, since PVA is known to be prepared by hydrolysis
of the acetate group of poly(vinyl acetate). The hydrolysis is only partially
done; hence acetate and hydroxyl groups are present. Therefore, consideration
of the compositions of polymer is important for a reliable interpretation of
experimental data.

B. Electrical Conductivity Method

The electrical conductivity method can be applied to a system consisting of
ionic surfactants and ionic/nonionic surfactant mixtures. Also, this method is
suitable for a mixture of ionic surfactant and polymer.

Advances in the technologies of the ion-specific electrode make the ion-
specific electrode very attractive for studying the amount of surfactant bound
to micelle or polymer by measuring the activity of the surfactant monomeric
species in solution. Ionic surfactant (RX; R: surfactant ions, and X: denoting
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a counterion), as an electrolyte in aqueous solution, should follow the Nernst
equation:

E = E, + 2.303RT log o,/zF

where E, is a constant depending on the electrode system, z is the valence of
the surfactant ion, and o, is the surfactant ion activity. From the foregoing, it
is clear that the ion-electrode method can provide a direct way for determining
the concentration of the monomeric surfactant ion in the solution. This method
is widely used in the study of surfactant binding. Advances in this technology
have made the electrode stable even in a micellar solution (at a concentration
greater than the cmc) [16]. However, in the study of the surfactant/polymer
system, the problem is the possible polymer adsorption onto the electrode
surface, yielding an incorrect response. As a matter of fact, in the system of
ionic surfactant and polymer, the use of ion-specific electrodes to study the
binding of surfactant ions to the polymer has attracted much attention [17,18].
On the other hand, a less direct but very popular method to obtain information
about the binding of surfactant is to measure the change in counterions (Na*,
K*, Ca*", Cl7, Br") by the use of counterion-specific electrodes [19-21]. Fran-
cois et al. [22] used a sodium ion electrode to study the interaction of SDS and
PEO 20,000, and reported that the values of the degree of ionic dissociation o
were 0.2 and 0.3 for SDS micelles and its complex with PEO, respectively.
Zana [23] studied the mixture of SDS with poly(vinylpyrrolidone) (PVP) and
PEO and reported a pronounced increase, 0.85 and 0.65, respectively, in the
value of o of SDS, compared with a value of oo = 0.35 for regular micelles.
The values obtained by Francois et al. [22] are different from those obtained
by Zana, but the results show a similar tendency, indicating the formation of
a cluster due to the surfactant molecules bound to the unit of polymer.

C. Fluorescent Probes

Fluorescent probes are widely used to study the microstructure of micelles
and microemulsion, providing information on microstructural aspects of the
aggregates. Zana has recently reviewed static and dynamic fluorescence tech-
niques and pointed out the advantages and disadvantages of these techniques
[24]. For the application of photophysical and photochemical techniques in
the study of surfactants, the reader is also referred to the review [25].
Fluorescence probe and fluorescent label are two approaches that are gener-
ally applied to the study of surfactant-containing systems, yielding information
on the properties of the micro-domain, such as the mean aggregation number
and the mobility or fluidity of the aggregates. Pyrene is one of the popular
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probes used in this method because of its high hydrophobicity and relatively
long lifetime in the excited state. From steady-state emission spectra of pyrene,
the ratio of /,/I; (the first and third vibronic peaks) can be used to estimate
the polarity of the microenvironment of an aggregate such as micelles. Turro
and co-workers investigated the surfactant/polymer systems of PVP/SDS and
PEO/SDS using pyrene fluorescence spectra [26]. Pyrene in the excited state
can interact with the pyrene molecule in the ground state to form excimers
(generally dimers). The extent of formation of the excimers is inversely pro-
portional to the viscosity of the medium. Therefore, the ratio of 7,/1, from its
emission spectra can yield insight into the microviscosity of the aggregate.
Bis(1-pyryenylmethyl) ether spectra can provide information on both the po-
larity and the microviscosity of a microenvironment.

Static fluorescence quenching has been used to measure the mean aggrega-
tion number of surfactant-related systems [27—29]. This method was originally
developed by Turro and Yekta for anionic surfactant micelles [30]. This
method works well without significant errors when k,/k => 1 and no quencher
redistribution has taken place. On the other hand, fluorescence-decay experi-
ment, namely, time-resolved fluorescence quenching (TRFQ), has been exten-
sively used to determine the micelle aggregation number in a surfactant sys-
tem. The reader is referred to the review [24] on this subject.

The fluorescence labeling method can be more informative and direct, be-
cause the data report on the phenomena of the subjects studied. It is applied
in surfactant/polymer systems [31] and the study of lipid membrane [32], but
is rarely used in surfactant/surfactant systems. Also, there is always a question
of whether the fluorescent-labeled molecule interferes with the system under
study.

D. Electron Spin Resonance Spectroscopy

Electron spin resonance (ESR) is one of powerful techniques for studying the
microstructure of micelles formed by a single surfactant and its mixtures [33].
This method can provide information on the microviscosity of aggregates.
When the concentration of a surfactant solution is beyond its cmc, the spin
probe molecule is believed to be located predominantly in a micellar phase,
owing to solubilization. Moreover, a spin probe nitroxide radical can be de-
signed to attach to a specific position on an alkyl chain according to the de-
mands of investigation to obtain the information at different positions. The
hyperfine splitting of the ESR is an index of the microviscosity of the environ-
ment around the probe. The rotational correlation time T, can be estimated
from the ESR linewidth by using the following equation [33,34]:
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FIG. 2 Representative ESR spectrum in micellar solution.
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A typical ESR spectrum is shown in Fig. 2. As described, T. can be calculated
from the spectra. Shah and co-workers [35] used ESR to study the structure of
microemulsion, and Rosen et al. [36] used ESR and found the microviscosity
gradient in the middle phase of three-phase micellar systems. Shirhama et al.
[37] and Witte et al. [38] have used ESR to study the interaction of SDS with
PEO and PVP, yielding information on the structure of complex from the
polymers and SDS. But the influence of the spin-label molecule on the micro-
structure should be considered.

E. Nuclear Magnetic Resonance

Nuclear magnetic resonance (NMR) spectroscopy is a powerful technique for
determining molecular structure and conformation. Since the breakthrough
2-D NMR technique was developed, NMR has been able to give us more
detailed information about structure and conformation at the molecular level.
In the study of surfactant-involved systems, the main methods used involve
the measurement of chemical shifts, relaxation times (7, and T,), and the self-
diffusion coefficient.

Chemical-shift measurement has proven to be useful in determining cmc,
surfactant chain conformation, and the extent of water penetration into micelle.
Menger [39] found that as many as three methylene groups of an alkyl chain
near the head group are hydrated in a micelle. Relaxation times are related to
translational and rotational molecular motions. These also can give us informa-
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tion on the nature of the micellar core and the change in the organization of
alkyl chain from the micelle surface to the micellar core. Tokiwa and Tsujii
[40] studied mixed surfactant systems via chemical-shift measurement. The
2-D NMR method [41] has been used to study the mixed system of SDS and
PEO nonionics.

The self-diffusion coefficient method was developed originally by Lindman
and co-workers [42]. This method is by far the most powerful and successful
application of NMR in the study of surfactant systems. The self-diffusion
method permits a full characterization of the system under investigation, since
it can yield the values of the free monomeric surfactant concentration, the
degree of counterion binding, and the amount of water bound (hydration).
Moreover, these data can help one deduce the information on micelle size,
shape, and composition from the monomer surfactant concentration in a sur-
factant mixture:

Di,exp = @ DM + %Difree

G G
where D, ,, is the average self-diffusion coefficient of species i, C; is the total
concentration of species i, Cy, is the critical micellar concentration of species
i, Cife 1s the concentration of monomeric species i, Dy, is the self-diffusion
coefficient of species i in the micellar phase, and D;.. is the self-diffusion
coefficient of species i in the monomeric state or in the unmicellar state.

F. Light Scattering

Light scattering has been widely applied in polymer solution to get information
on the molecular weight and conformation of polymer from the Rayleigh ratio
and Yamakawa theory [43]. On the other hand, light-scattering techniques
have contributed greatly to the study of surfactant systems, providing informa-
tion on the size of micelle and aggregate growth. Dubin and co-workers
[44,45] pioneered the study of surfactant and polymer systems via light scatter-
ing. From the decay of the autocorrelation function, they concluded that there
is a coexistence of free micelles of polymer-bound micelles. With the light-
scattering method, changes in micelle size of alcohol ethoxylates and SDS by
the addition of chemicals such as oil and electrolyte was reported by Chiu et
al. [46]. They also related the rate of solubilization to the change in surfactant
aggregate size.

G. Viscosity Measurement

At a dilute concentration, a solution of ionic and nonionic surfactants usually
behaves as Newtonian liquid. The viscosity of these solutions can be utilized
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to gain information on the size, the shape, and the hydration of micelles. How-
ever, a concentrated surfactant solution shows a more complicated rheological
behavior. The rheological properties of surfactant solution are of most interest
in the handling and application of such a system.

Saito [47] observed a considerable increase in the viscosity of methylcellu-
lose and PVC after the addition of SDS. Also, Jones [14] and Lange [48]
reported a steady increase in the viscosity of PEO and PVP solution, respec-
tively, upon adding SDS. These results clearly indicate that a change in poly-
mer conformation, which is an expansion of the polymer coil, depends on
the association with charged surfactant, as reported by Takagi et al. [49] and
Prud’homme and Uhl [50]. Chang and Rosano [51] used the rheology method
to study the interaction of long-chain dimethylamine oxide (LDAO)/SDS and
reported an increase in the viscosity, approaching a maximum value with the
addition of SDS to LSAO. The mixture is non-Newtonian in nature. Ogino
et al. [52] reported a noticeable increase in the viscosity of SDS/C;;POE,,
brought about by the addition of either octanol or octanoic acid, which is
associated with an increase in the size of the mixed micelles solubilizing the
oily material.

A simple method, the ‘‘talc test’” suggested and applied by Reigsmond et
al. [53], was reported sensitive in qualitatively measuring the surface visco-
elasticity of surfactant/polymer solution [54].

H. Other Methods
1. Probe Method

Although dye solubilization, calorimetry, gel filtration, and small-angle neu-
tron scattering (SANS) methods are commonly used in studying the interac-
tion of mixture systems containing a surfactant, only the probe method is
reviewed.

Mixed surfactant systems can be investigated by the use of certain probes.
Ultraviolet-visible spectra can provide information on the state of mixed mi-
celles, the cmc value, and whether the interaction between different compo-
nents in mixed micelles is taking place. Meguro and co-workers pioneered
the use of this method to study the surfactant mixture system. In their exten-
sive study, probes, tetracyanoquindimethane [55-58], benzoylacetone [59],
beznoylacetoanilide [60,61], sodium (p-sulfonatophenylazo-1-naphthol-2-
sulfonate) [62,63], and 8-anilino-naphthalene sulfonic ammonium salt [64]
were examined. Using the probe method, Meguro and co-workers [64] con-
firmed the existence of mixed micelles between hydrocarbon—fluorocarbon
surfactant, which was a controversial question before.
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2. Theoretical Methods

Blankschtein and co-workers [65] have done pioneer work through theoretical
modeling, aided by the computer, to predict the properties of mixed surfactant
systems. Also, based on the ‘‘necklace model’” proposed by Shirahama et al.
[67,68], they have proposed a molecular thermodynamic theory of the com-
plexation of nonionic polymers and surfactants in diluted aqueous solutions
[66]. Application of this method can help predict the interaction parameters
for several nonionic polymer—surfactant mixtures.

lll. INTERACTION OF AMINO ACID-BASED
SURFACTANTS WITH OTHER MATERIALS

Like a conventional surfactant such as SDS, amino acid—based surfactants can
interact with other surfactants, solvents, electrolytes, polymers, proteins, and
membrane of cells to show specific behavior. In view of the unique structure
of amino acids, where an amino group and a carboxyl group are combined
in one molecule, the interaction of amino acid—based surfactants with other
ingredients is of great interest to fundamental study and practical applications.

A. Inorganic lons

It is well known that the presence of electrolytes can significantly influence
properties of surfactant solutions, such as cmc and solubility, especially
for ionic surfactants. Rosen and co-workers [69] reported that N-acyl-N-
substituted glycinate showed much lower cmc and surface-tension values in
hard water, which is composed of Ca** and Mg>" ions, than in pure water.
Even at high concentration these amino acid—based anionic surfactants were
not observed to form any precipitates in hard water, indicating the possible
chelation of amide and carboxyl groups with Ca** and Mg?**. It is worth noting
from the cmc, per molecule area (A,,;,), that in the case of the partially hydro-
philic N-substituent, the surfactant molecule organized predominately in the
cis conformation about the amide group in the hard water, as shown in Fig.
3. There are two possible reasons for this: One is the N-substituent’s partial
hydrophilicity, and another is the efficient interaction of the amide and car-
boxyl groups and oxygen atoms with Ca** and Mg?* in hard water. These can
make the partially hydrophilic N-substituent stand on micellar surface.
Takeshita et al. [70-72] made a systematic study of EDTA-derived surfac-
tants. For ethylene alkyl EDTA chelate surfactant, it was found that the proper-
ties of the chelating surfactant were greatly influenced by the nature of the
metal ions. Cu** chelate surfactant showed a lower specific surface tension
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FIG. 3 Schematic model of cis and trans conformations of sodium N-acyl-N-substi-
tuted glycinate in a micellar solution.

and interfacial tension than Fe®*, Zn**, Co*", Cd**, and Fe** chelate surfac-
tants, and the iron chelate showed the excellent dispersing power of TiO,. In
the case of EDTA monoalkyl ester chelate surfactants [70], the water solubility
is dependent on the metal ions. Al** and iron chelates had a higher solubility
than the others, Ca?*, Co**, Ni?*, Zn**, Cd**, and Pb**. This is probably be-
cause these chelates are coordinated by hydrophilic hydroxo ions. Also, it is
noteworthy that trivalent metal ions such as Al** and Fe** showed high surface
activities as well as a high dispersing power.

Polymer surfactant, poly(Na-acrylamidoalkanoate)s [73] at a low concen-
tration, was observed to increase its viscosity with dilution. Moreover, the
intrinsic viscosity is strongly influenced by the presence of electrolytes. The
viscosity of this polymerized surfactant decreased markedly with the addition
of NaCl, indicating that the electrostatic repulsions between the charged head
are suppressed, which causes a contraction of the polymer chain in the solu-
tion. The mixture of this surfactant with alum [74] was found to show coagu-
lant properties in the same manner as cationic polyamines.

Martell et al. [75] reported on N-substituted ethylene diaminetriacetic acid
that these compounds were efficient Ca’>* and Cupric chelating agents, and
formed a stronger complex with cupric ions than with calcium ions. Their
study showed that chelate stability was dominated by the structure of the N-
substituent group. N-Benzylethylene diaminetriacetic acid formed a very sta-
ble complex with cupric ions (log K = 16.80) and calcium ions (log K =
6.70). It is very difficult to explain the affinity toward Cu?* and Ca* by benzyl.
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Presumably the greater tendency of an aromatic substituent group to release
electrons compared to an alkyl group may account for the increased stability
of the formed complex. The Martell group [76] also reported that N,N’-
dicyclohexylethylene diaminediacetic acid did not form any complex with cu-
pric ion, because the steric-hindrance effect of the dicyclohexyl group inter-
feres with the formation of the structure of chelate rings.

Hidaka et al. [77] reported that amphoteric N-(2-hydroxyethyl)-N-(2-
hydroxyalkyl)-B-alanines’s cmc values greatly depend on the nature of the
electrolytes added to its nearly neutral aqueous solution, and that the cmc
value decreased in the following order: NaCl > CaCl, > Na,SO,. Also, their
calcium stability is superior to that of N-dodecyl-B-alanines. The effect of pH
on this amphoteric amino acid surfactant was studied in the presence of 0.1
M NacCl [78] and the results showed that the cmc value increased on the acidic
side below the isoelectric point pI = 6.8 and remained almost unchanged on
the alkaline side. Examination of the configuration with molecular models
indicates that the cationic ionization of the amino group on the acidic side
probably takes place within the micelle, whereas under alkaline circumstances
the anionic ionization of the carbonyl group occurs on the micellar surface.
This makes the electrostatic potential for ionization different on the acidic and
alkaline sides.

EDTD-monoalkylamide chelates were studied by Takeshita et al. [79] and
the cmc values of several C,,-amide chelates are shown in Table 1. C,;-Amide
chelate showed high dispersing ability toward TiO,, and the nickel chelate was
the best among them. These chelates exhibited excellent kerosene-emulsifying
power as compared to SDS.

It is reported by Okahata [80] that glycine-based 2C-gly-NH;* bilayer-
corked capsule membrane’s permeability is pH responsive. This implies
that the addition of HClI/NaOH causes a change in the molecular packing of
2C-Gly-NH;" in the bilayer. In DDS application, pH-sensitive liposomes,
where dissociative bilayer-forming molecules are incorporated, would be use-
ful for their clinical implications. They would release encapsulated drug when

TABLE 1 cmc Values of Several C,,-Amide Chelates

cme X 107° (M)

A13+ FeH C02+ Ni2+ Cu2+ Zn2+

Ci,-Amide 5.0 13.0 6.0 8.0 1.5 15.0

Source: Ref. 79.
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FIG. 4 Ability of N-lauroyl-L-lysine to chelate Cu®* ions.

passing around tumor cells that have a considerably lower pH than normal
tissues [81]. Takehara [82] has reported that N®-lauroyl-L-lysine is a very
strong cupric chelator, as shown in Fig. 4.

The effect of pH and electrolytes on the surface properties of betaine
C,HysN*(CH,C¢H;)(CH;3)CH,COO ™ was studied by Rosen and Zhu [83]. At
pH 5.65 and 3.0, the betaine interacts more strongly with Na, SO, than with
NaCl or CaCl,, indicating a stronger electrostatic interaction with anions than
with cations. With similar results, the greater effect of Na,SO,, compared to
either NaCl or CaCl,, on the cmc of CgH;;CH(COO ")N*(CH;); was reported
by Tori and Nakagawa [84], and for N-(2-hydroxyethyl)-N-(2-hydroxyalkyl)-
B-alanines was reported by Takai et al. [77].

B. Interaction with Solvents Including Water

The behavior of solutions of either small or large molecules is considerably
influenced by the nature of the solvent itself. For example, water plays a very
important role in determining the properties of a surfactant, such as micelle
formation and surface-tension reduction. It is well known that protein folding
occurs in water in acquiring the native structure, and the final conformation
is influenced by the solvent [85]. Similarly, the properties of amino acid—
based surfactants are strongly dependent on the nature of the solvent. In water,
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surfactant can construct an organized solution to form micelles, lamellar
phases, and liquid crystals. In organic solvent, it also can form reversed mi-
celle, gel, and liquid crystals. Only lamellar-related issues in aqueous solution
of PBS are briefly mentioned. The main topic is the interaction of amino acid—
based surfactants with organic solvent.

Kunitake has done the pioneering work in the bilayer-related chemistry by
preparing many kinds of bilayer-forming molecules from amino acid [86]. At
the same time, stemming from the effect of hydrogen bonds, Marakami and
co-workers [87] designed bilayer-forming molecules involving amino acid
moieties, and they found that the formation and stability of bilayer are en-
hanced by the intermolecular hydrogen bond, the so-called ‘‘hydrogen bond
belt.”” Kuwamura [88] has made an extensive study on long-chain N-acyl-o-
amino acid POE monoester and found that the insertion of amino acid residue
into POE nonionics can impart two important properties to the nonionics: hy-
drophilicity and crystallinity. The crystallinity can result in a high Krafft point
but facilitate the formation of highly organized assemblies such as lamellar
liquid crystals. Many kinds of nonionics, from lysine, aspartic, and glutamic
acid, have been prepared by Infante’s group as molecular mimics of lecithins
in aqueous solution [89,90].

Imae et al. [91] have reported that gel-like solutions are obtained at medium
pH for aqueous solutions of N-acyl-L-aspartic acid (C,Asp, n = 12—18). The
possible models of helical, fibrous assemblies are double stranded to form a
twisted ribbon of a planar bilayer sheet. However, N-dodecyl-B-alanine
formed cylindrical fibers that have no helical structure.

Hidaka et al. [92] reported that N-(2-hydroxydodecyl) amino acid formed
twisted fibrous aggregates in organic solvents. Thara and co-workers [93] re-
ported that two L-glutamate derivatives having two N-dodecylamide groups
formed a gel-like, highly oriented aggregate in benzene. This aggregate
is believed to be stabilized by intermolecular hydrogen bonds among the L-
glutamate-derivative molecules.

Voyer and Guerin reported [94] that cyclic peptidic receptors can recognize
complex with aromatic amine by a combination of hydrogen bonding, electro-
static, and m—m interactions. Hanabusa and co-workers [95] have found that
simple balaform amides derived from amino acids are excellent gelators and
can gelate many solvents from polar to nonpolar solvent at a very low concen-
tration. Some N-acylamino acid derivatives with more than one amide group
in the molecule, shown in Table 2, have proven to gelate a variety of oils, as
reported by Saito et al. [96]. Sakamoto et al. [97] studied the behavior of N-
lauroyl-L-glutamic acid (LGA) in organic solvents and reported that this amino
acid surfactant formed a cholesteric liquid phase in aromatic solvent, such as
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TABLE 2 Gelatinizing Properties of N-Acyl-L-amino Acid Surfactants”

0Oil
Liquid Soybean

Compounds Kerosene paraffin Toluene Oil
N-C,, Glutamic acid

Dibutylamide 206 398 182 353

Distearylamide 41 35 0 None
N, Nt-Dicaproyllysine

C,;-Amide 183 137 5 105

C,,-Amine salt 85 None 153 42
C,,-Ester 18 32 None 122
N-C,,-Phenylalanine

C,-amide 4 8 None 52
12-Hydroxystearic acid® 249 379 109 266

“ Concentration 1 wt%.

b Concentration 2 wt%.

Number indicates gel hardness (g/cm?). None indicates no gel formation.
Source: Ref. 96.

benzene, xylene, chlorobenzene, methyl iodide, or n-hexane. The induced CD
spectra support the assumption that this lyotropic liquid crystal has a supramo-
lecular helical structure. On the other hand, when LGA was dissolved in EtOH,
MeOH, no liquid crystals were observed. They concluded that an appropriate
solvating ability to swell but not to dissolve LGA might be necessary to get
such a liquid crystal phase.

B-Alanine betaines [R-N*(CH;),(CH,),COO~, R = Cj,, Cj, Ci5] were
studied in formamide, water, and N-methylsydnone, an aprotic solvent [98].
The cmc value in formamide was almost double that in water for the same
compound, and the cmc value in N-methylsydnone was higher than that in
formamide. This presumably may be attributed to the dielectric constant and
dipole moment of water, formamide and N-methylsydnone. During micelliza-
tion, the energy required to dissolve these surfactant increases in the order of
water < formamide < methylsydnone. A linear relationship between —log
cmc and the number of carbon atoms in the alkyl chain was observed in the
three solvents; the equations are shown in Table 3. It is clear that slopes of
the plots are close to each other, but the intercepts b are a bit different. The
intercept value is comparable in formamide and N-methylsydnone but higher
than that in water. Since b is the contribution of the polar head group to micelli-
zation, the observed difference in b values can be explained in terms of the
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TABLE 3 Values of Slopes a and Intercepts b
for B-Alaninebetaines in Water, Formamide,
and N-Methylsydnone

log cmc = aN + b

Solvent a b
Water —0.32 0.9
Formamide —0.33 3.58
N-Methylsydnone —0.29 3.72

Source: Ref. 98.

interactions of the surfactant and solvent stemming from solvation through
dipole—dipole interactions in formamide and N-methylsydnone.

N-Acylamino acid derivatives with more than one amide group in the mole-
cules have been found to be gelators for organic solvents [82]. This is associ-
ated with the formation of three-dimensional networks of molecules through
intermolecular hydrogen bonding. Also, the effect of the chirality of these
compounds on gelling power was found significant; a chiral compound formed
a gel with sufficient hardness. In contrast, the corresponding racemic com-
pound formed a gel but lacked strength.

C. Surfactant Mixtures Containing Protein-Based
Surfactants

Studies on the interaction of betaines and other surfactants by Rosen [99]
suggest that betaines show only weak interaction with nonionics, whereas be-
taines can show more strong interaction with cationics and anionics, depending
on whether the betaine surfactant is capable of donating and accepting a proton
in the solution. Harwigsson and Hellsten [100] studied mixtures of C4,C g
betaines with LAS. They found that a 0.1% solution of betaine/Na-LAS mix-
ture at a molar ratio of 6/1 gave viscoelasticity, and the Krafft point of the
mixture Cg-betaine/Na-LAS is 22°C, which is lower than the 30°C of C;-
betaine alone. Tsujii [101] reported the phenomenon of lowering the Krafft
point in a mixture of anionic/betaine surfactants. In the diffusion study of
mixtures of SDS and Cj,-betaine across a collagen membrane, a minimum
in the total monomer concentration was observed [102], which is due to the
synergistic electrostatic interaction between the anionic SDS and the zwitter-
ionic C-betaine head group. Since the monomer concentration in a surfactant
solution is associated with irritation, a mixture of surfactants at a certain ratio
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can minimize the irritation. From a study of mixtures of sodium N-lauroylsar-
cosinate (SLS) and sodium N-caprinoyl-glycylsarcosinate (SCGS) with N-
dodecylpyridinium chloride (DPC), Watzke et al. [103] reported results of the
relaxation method (7),T;), freeze fracture microscopy, and light scattering:
the SLS/DPC mixture formed vesicle plus mixed micelles in the range of
molar ratio x from 0.4 to 0.6, formed mixed micelles at low or high x value,
and at x = 0.5 formed a lamellar phase only. However, the SCGS/DPC mix-
ture formed only mixed micelles regardless of the composition. Furthermore,
they [104] found that in the SLS/DPC mixture, the fraction of cis conformation
of the SLS head group around the amide bond increased significantly upon
vesicle formation, as shown in Fig. 5, indicating that the SLS head group
experiences strong immobilization upon vesicle formation. This same phe-
nomenon, in the presence of divalent ions Ca®" and Mg?*, was discussed by
Zhu et al. [69].

Maza and Parra [105] systematically studied the solubilization of unilamel-
lar liposomes by surfactants and found that dodecylbetaine had the lowest Re
parameter among SDS, dodecyl betaine, and Triton-100. Re—namely, the
effective surfactant/lipid molar ratio at which the intensity of light scattering
starts to decrease—reaches 50% of original value (Res,) and leads to total
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FIG.5 Cis conformation with respect to the amide bond of sodium N-lauroylsarcosi-
nate upon vesicle formation in an equimolar mixture with N-dodecylpyridinium chlo-
ride.
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solubilization (Ry,) according to the definition of Lichtenberg [106]. For a
mixed system of dodecyl betaine/SDS [107], when the molar ratio of betaine/
SDS is 0.4, the cmc value reached a minimum, whereas their partition coeffi-
cient between the aqueous phase and lipid bilayer of liposomes exhibited a
maximum. As a consequence, this causes a substantial change in the perme-
ability of unilamellar liposomes. The study of the solubilization of liposomes
by mixtures of SDS/betaines [107] reveals that the solubilization involves two
essential transitional steps of the interaction: the saturation of bilayers by the
surfactant system and the complete solubilization.

Rosen and Zhu [108] have reported on the interaction of N-dodecyl-
N-benzyl-N-methylglycine with cationic C;,H,sN*(CH;); Br~, nonionic
C,H,sEQ;, and anionic C,,SO;Na. The interaction with the anionics is consid-
erably greater (3 = —5.7) and increases with a decrease in the pH of the
solution, whereas the degree of interaction with cationics yields a value of
B = —1.3, which is very close to that with nonionics, having a value of B =
—0.6. Sodium N-acyl-N-substituent glycinate/alcohol ethoxylates at pH 11
were found to have a medium interaction [109], and the interaction was influ-
enced by the structure of the N-substituent group.

Hidaka and co-workers [110,111] studied the mixture of N-(2-hydroxy-
ethyl)-N-(2-hydroxylalkyl)-B-alanines (HAA) and anionics. From the results
of its mixtures with soaps, it is evident that the mixture of tallow soap with
10% of C,,_,, NaHAA or more exhibited better solubility than tallow soap.
Also, the mixtures at any ratios showed a synergistic effect and resulted in
improving fabric detergency. The binary mixture of Na-HAA/soap showed a
lower interfacial tension than the individual one, and the contact angle for the
blend was higher than for soap alone. As a consequence, antisoil redeposition
was enhanced in the Na—HAA/soap mixture, especially for polyester/cotton.
The viscosity of the binary mixture of NaHAA with LAS, SDS, and LES
(sodium laurylether sulfate) was studied at 1.0% total surfactant concentration;
the solutions of mixture of Na-HAA/LAS and SDS were viscoelastic, and
maximal viscosities were obtained at the ratio of Na-HAA/anionic surfactant
7/3 and 8/2 in weight for LAS and SDS, respectively. However, the Na-HAA/
LES binary at any compositions did not show any change in viscosity. More-
over, the interaction between HAA and LAS was studied from the deviation
of the molar extinction coefficient in UV spectra; a complex formation of
HAA with LAS was proposed above and below the isoelectric point of HAA.
For all of the binary systems, excellent detergency and other surface properties
were obtained. In addition, binary systems showed less skin irritation than
individual surfactants alone.
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Takahara et al. [112,113] studied the effect of enantiomerism on the cmc
of amino acid surfactant. The cmc of racemic compounds was slightly higher
than for the corresponding optically pure isomer. This may result from the
difference in the conformation of amino acid moieties in the micelles, due to
intermolecular hydrogen bonding.

Nakama and co-workers [114] studied the interaction between amino acid—
based anionics (Na N-lauroyl-N-methyl-B-alanine) and cationics (stearyltri-
methyl ammonium chloride) in aqueous solution by the use of surface tension,
conductivity, and the NMR method. A strong interaction between anionics
and cationics was observed. By study of the phase diagram of mixtures, an
equimolar mixture was found to show a cloud-point phenomenon at high tem-
perature, at which the solution separated into two liquid phases. For this mix-
ture, no remarkable rise in Krafft point with change in composition was ob-
served, whereas this Krafft point increase was observed for other nonamino
acid—based anionics/cationics. The cmc value of the mixture was much
smaller than for the individual surfactants, and the specific conductance is
found to be the smallest in an equimolar mixture. The NMR showed the signal
of the carbon atom of the carbonyl group shifted to high field in this mixture.
Taking account of these results, it has been concluded that the observed cloud-
point phenomenon is caused by the decreased solute—solvent interaction, re-
sulting in a breaking of the hydrogen bond between water and both the amide
group and the carboxylic group in the ion pair of the mixture, as shown in
Fig. 6. The protein (ovalbumin) denaturation rate was also found to show a
much lower value around the composition of an equimolar mixture; this is
ascribed to the minimum concentration of monomeric surfactants in an equi-
molar mixture.

Ogino et al. [115] studied the dissolution behavior of SDS/amphoteric sur-
factant N,N-dimethyl-N-lauroyl lysine (DMLL). Mixing the two surfactants
resulted in a depression of the Krafft point of the two pure surfactants, to even
less than 0°C at a certain composition. The effect of inorganic salt on the
dissolution of mixed systems was significant, depending on the nature and
concentration of the salt; the dissolution temperature of mixtures at a DMLL
ratio less than 0.4 increases with an increase in the concentration of NaCl,
while the dissolution temperature of the mixture remained almost unchanged
at Xpy > 0.8. The effect of NaSCN is somewhat different; the dissolution
temperature of a mixture at Xp);; less than 0.4 increases when the concentra-
tion of NaSCN increases, while at Xp,,;; more than 0.9, the dissolution temper-
ature decreases. Tsujii et al. [116] attributed this phenomenon to the power
of the anionic ion, corresponding to the lyotropic series, which results in de-
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FIG. 6 Structure of the ion pair of stearyltrimethylammonium chloride and sodium
N-lauroyl-N-methyl-$3-alanine mixture.

creasing the Krafft point. N-Acyl sarcosinates have been found to be very
effective at depressing the Krafft point of anionic surfactants and at increasing
the cloudy point of nonionic surfactants [117]. Addition of 0.5 wt% of Na N-
lauroyl sarcosinate to SDS depresses the Krafft point to 0°C. A mixture of K
salt of N-cocoylglycinate/K salt laurate was found to show a synergism in
foaming and foam stability in an equimolar mixture [118]. The addition of K
salt of myristate to K N-cocoylglycinate causes an increase in Bingham yield,
an index of lather viscoelasticity. Poly(N-methacryloyl-L-methionine) was
found to have a compact conformation in water. The addition of SDS has a
remarkable effect on its conformation [119], indicating the formation of a
cluster of SDS/this polymer surfactant.

In order to clarify whether the influence of the N-substituent group in an
amino acid surfactant on micellization is present in a mixture of N-acyl amino
acid surfactants, Miyagishi et al. [120] determined the cmc values of mixtures
of sodium salts of N-lauroyl amino acid derived from glycine, valine, and
phenylalanine. The results indicate that the steric hindrance of N-substituent
is not always significant in the formation of mixed micelle. The interaction
between the surfactants with and without a substituent group was very small.
The interaction parameter was zero for lauroyl phenylalanine/SDS. A strong
interaction was observed in a mixture of C;,EQq and N-lauroyl valinate.
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The chiral separation of a racemic mixture is a very challenging task facing
separation scientists as well as medical chemists and synthetic chemists, be-
cause the chirality of a compound has proven to be very significant to its
biological activity and toxicological effects. In view of the availability of a
chiral center, amino acid has been widely used in chiral recognition and enan-
tiomer separation. Cohen et al. [121] first succeeded in chiral separation via
micellar electrokinetic capillary chromatography (MEKC) by use of a mixed
micelle chiral ligand consisting of N-dodecyl-L-alanine/SDS and Cu?** ions.
The development and application of MEKC was pioneered by Terabe’s group
[122]. They and other groups have made an extensive study of the use of
various amino acid—based surfactants as a chiral selector for enantiomeric
separation in MEKC [123—130]. Warner et al. [131] have reported that amino
acid—based N-undecylenyl-L-valinate used as a chiral selector plays an impor-
tant role in MEKC to achieve enantioseparation of neutral, acidic, and basic
racemic compounds. In principle, the enantioselectivity of MEKC is achieved
by the different interactions of analyte (here racemic mixtures) with the chiral
micelles as well as the differences in electrophoretic mobilities of the micellar
phase and aqueous phase. It was pointed out that hydrophobic and electrostatic
interaction as well as hydrogen bonding appear to be critical for chiral recog-
nition. Also, the same group reported [132] the effect of amino acid order
in dipeptide surfactants on chiral separation by using polymerized Na N-
undecylenyl-valine-L-leucine (L-SUVL) and Na N-undecylenyl-L-leucine-L-
valine (L-SULV). They found that the order of amino acids has a dramatic
effect on chiral recognition. Also, their results suggest that an increase in en-
antioselectivity appears to be due to some synergism of the dipeptide as com-
pared with the nonpeptide amino acid surfactant, as well as the interaction of
the chiral center of the analyte with the surfactants.

Radley and co-workers [133] reported that when chiral dopants—decyl
esters of amino acids, serine, alanine, leucine, and methionine—were added
to an aqueous solution of alkyl methyl ammonium bromides, mixed with
decanol, amphiphilic cholesteric crystals were formed. They found that the
sense and magnitude of the induced helix by decyl ester of amino acid hy-
drochlorides except decyl ester of alanine are dependent on the achiral
cationic surfactant, alkyl methyl ammonium bromides. The formation of am-
phiphilic cholesteric crystals was interpreted in terms of the trans and cis ro-
tamers of the chiral ester of amino acid, associated with the ester linkage.
Also, they reported [134] that in the case of the ester hydrochloride of proline
as a chiral dopant, a concentration-dependent reversal in helical twist was
observed.
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D. Interaction with Polymer, Bacteria, and Others

Vinardell and co-workers [135] studied the irritation of rabbit eye and skin
from cationic amino acid—derived surfactants N-acyl-L-arginine methylesters.
They found that amino acid—based surfactants are less irritant than a conven-
tional cationic surfactant, cetrimide. Also, the degree of irritation depends on
the chain length of the alkyl group, and a maximum of irritation was observed
for C,, surfactant. The similar effect was reported for alkyl sulfates before
[136], being ascribed to the high monomer concentration of surfactant.

Hocker et al. [137] synthesized anionic N-acylated L-amino acids, oligo-
peptides, and protein hydrolysates and studied the adsorption on wool. In-
creased bath exhaustion and a more intense coloration of wool were ob-
tained during dying of wool by the addition of the studied amino acid surfac-
tants. These surfactants exhibited good biodegradabilities with 68—78%
BODs/COD.

Takehara [138] reviewed the antimicrobial properties of amino acid—based
surfactants. Long-chain N-acylamino acids have antimicrobial activities
against gram-positive bacteria and some fungi. The maximal activities are
obtained at C,, 5 for neutral amino acid and C,¢_;5 for acidic amino acid. In
particular, it is worth noting that N-cocoylarginine ethyl ester showed a broad
antimicrobial spectrum but was not very irritant to the human organism. In-
fante et al. [139] studied the antibacterial activity of acidic and basic N-lauroyl-
arginine dipeptides, having an acidic amino acid, glutamic acid, or basic amino
acid, lysine as the terminal amino acid. The cationic dipeptides are antibacte-
rial agents, whereas the antimicrobial activity of amphoterics is lower. The
cationic methyl ester of N-lauroyl-arginyl dipeptides containing glycine and
phenylalanine [140] was found to have much higher antimicrobial activity
than the methyl ester of N-lauroyl-L-arginyl-L-lysine dichloride. This can be
ascribed to the ability of the guanidinium group to interact with polyanionic
components of the cell surface due to their cationic nature, adsorbing and
allowing the surfactant to penetrate the membrane, thereby inhibiting micro-
bial growth. Arginine dipeptides from collagen [141] did not show very high
antibacterial activity, but they can be used as preservative or protective sub-
stances. From the study of the chiral isomerism of N-alkyl amino acid [142],
no effect of chiral isomerism on antimicrobial activity was found. On the
contrary, the effect of hydrophobic alkyl chain was significant. Sugimoto and
Toyoshima [143] studied the antimicrobial activity of N-cocoyl-L-arginine
ethyl ester (CAE), and they found that CAE shows high antimicrobacterial
activity, especially an inactivating effect on the hepatitis B surface antigen.
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FIG. 7 Molecular structure of nonionic dioleyl L-glutamate ribitol amide.

The CAE caused inactivation at much lower concentrations than even sodium
hypochlorite.

Goto et al. [145] studied the development of surfactant—chymotrypsin com-
plex (CT-complex) as a novel biocatalyst in organic media. The CT-complex
not only enhances enzymatic activity in reaction media but also reduces en-
zyme loss. They found that glutamic acid—based nonionic dioleyl-L-glutamate
ritiol amide, shown in Fig. 7, significantly increased the enzymatic activity of
the CT complex and created a very stable W/O emulsion, which encapsulates
the enzyme in the organic media.

N-(1-Phenylalanine)-4-(1-pyrene)butyramide, shown in Fig. 8, has been
found able to recognize and bind to specific sites of proteins and to cleave
the protein backbone by laser flash photolysis, reported by Kumar et al. [144].
This molecule is composed of the hydrophilic phenylalanine carboxyl group
and the hydrophobic pyrene group; as a consequence, this molecule appears
to lodge only in the sites of a protein where a hydrophilic pocket is very close
to a hydrophobic pocket.

Pulmonary surfactant protein C (SP-C) is a small hydrophobic peptide.
The effect of acylation of SP-C on its structure and function was reported
by Haagsman et al. [146] using the Whilelmy plate method and CD spectra
measurement. Also, SP-C-induced bilayer interaction was studied via the lipid
mixing method by the use of fluorescence spectra of pyrene-PC labeled vesi-
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FIG. 8 Molecular structure of N-(1-phenylalanine)-4-(1-pyrene)butyramide.
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cles consisting of DPPG/PG/Pyrene-PC (63/27/10, w/w/w). For vesicles
(DPPG/PG, 7/3, w/w), the excimer (A = 475 nm)/monomer (A = 377 nm)
(E/M) ratio showed no changes; even the concentration of SP-C added to the
DPPG/PG bilayer is varied, indicating no lipid-mixing is taking place. How-
ever, in the case of DPPC/PC vesicles mixed with pyrene-labeled DPPC/PG,
a decrease in the E/M ratios was observed when changing the SP-C concentra-
tion. This implies that an induced lipid-mixing occurs and the extent of lipid-
mixing is SP-C dependent. No significant differences were found between the
acylated and nonacylated SP-C in the ability to induce lipid-mixing, although
the acylation of an SP-C significantly affected other properties and the struc-
ture of this protein surfactant. It appears that the electrostatic interaction of
the head groups between SP-C and lipid membrane is critical in lipid mixing.

Polymerized anionic surfactants derived from amino acid have been devel-
oped as polyanion inhibitors of HIV and other viruses by Roque and co-
workers [147]. They reported that all of the polyanions proved active against
HIV-1 and HIV-2, their 50% inhibitory concentration (ICs,) ranges from 0.04
to 7.5 nug/mL), while they were not toxic to the host cell (CEM-4 or MT-4)
at concentration as high as 100 pg/ml or higher. The HIV-inhibitory effect
increased with the hydrophilic character of the amino acid moiety. This study
suggests that polyanions with double-charged or multicharged anionic groups
from amino acid may be more promising.

Tsujii and Tokiwa [148] concluded from the shift in the melting point of
calf thymus DNA that lauroylprolylprolylglycine has a larger influence on the
tertiary structure of the DNA than does SDS. The results showed that the
amino acid sequence in polypeptide surfactants could play an important role
in the interaction with the DNA. They concluded that the primary factor gov-
erning the interaction with DNA is the molecular structure of surfactants,
rather than their surface activity or ionic nature.
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. INTRODUCTION

Surfactants in general are applied to a broad spectrum of industrial products,
where they fulfill emulsifying, detergency, wetting, solubilizing, foaming, or
dispersing functions. With these functions, surfactants are considered indis-
pensable in the industrial sector, and worldwide demand and supply are huge
and growing. As evidenced from various chapters in this book, the last decade
has experienced innovative approaches to surfactant development. This effort
is driven in part by environmental concerns and legislative requirements for
petrochemical-based surfactants and the desire by industry for multifunctional
surfactants.

Because of these reasons and the fact that protein-based surfactants (PBS)
are biodegradable and generally of low toxicity, the market place projection
for PBS is encouraging. The trend is toward mild and biodegradable surfactant
products. The biodegradability issue is expected to be a major consideration
in new product and market development in the 21st century. The technological
approaches presented in this book point to a trend toward new science and
chemistry for developing mild, low-cost, biodegradable, and multifunctional
surfactants.

The niche applications for PBS are envisioned especially for specific end
uses, such as pharmaceutical formulations and personal care products, where
a broad range of functionality is desired (e.g., safety, mildness to skin, high
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surface activity, antimicrobial activity, biodegradability) or for high-volume
uses, such as in detergents, foods, and agriculture.

In this chapter, we provide information on the potential applications of
PBS, with emphasis on the personal care, detergent, food, and agricultural
sectors. Since the personal care and household detergent sectors represent the
largest single use and market share of surfactants in general, the existing and
potential applications of PBS in these two sectors will be extensively dis-
cussed.

Il. PROTEIN-BASED SURFACTANTS
AND PERSONAL CARE PRODUCTS

In the past few years, mildness, gentleness, and safety have become increas-
ingly important for selecting surfactants in the personal care and pharmaceuti-
cal industries. Consumers are genuinely concerned about potential irritation,
toxicity, and environmental issues. The perception is that peptide and protein
derivatives such as PBS possess numerous properties desirable in personal
care products. For example, some have film-forming properties, whereas acyl-
ated proteins exhibit high foaming in both soft and hard water. Amino acids
can penetrate through the hair cuticle into the hair shaft, drawing in moisture.
The PBS are generally known to have a long-chain acyl radical as a lipophilic
group and aminocarboxylic acid as a hydrophilic group. It has been recognized
that PBS generally have good foaming power, are mild to human skin, and
provide a comfortable and soft feeling to the skin during and after use [1].
Because PBS are capable of binding and holding moisture (moisturizing ac-
tion) and are highly biodegradable and rapidly decomposed in sewage, it has
been likened to the natural moisturizing factor (NMF) present in the skin. The
PBS may find application in formulating film-forming skin moisturizers and
lubricants.

The physicochemical characteristics of surfactants, such as adsorption, mi-
celle formation, foam properties, and in vitro skin mildness, as well as the
PBS in personal care products will be discussed.

A. Selected Properties of Surfactants Important
for Personal Care Product Applications

1. Interactions of Surfactant with the Skin and the Hair

Surfactants applied to the skin have to fulfill the following essential but differ-
ent functions [2]. First, surfactants must care for the upper skin layer, the
stratum corneum, by improving the elasticity of the skin surface through the
absorption of fat or fatlike substances into the horny layer without disturbing
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skin functions. Second, surfactants must enhance skin permeability to bring
active ingredients to the horny layer, which will improve its moisture-retention
capacity and thereby simultaneously improve the appearance of the skin by
a light tightening of the horny layer. Third, surfactants must promote a micro-
distribution of substances at the surface of the skin and/or in the stratum cor-
neum, to fulfill the following functions: protection from sunlight, tanning of
the skin, bleaching of the skin, insect repulsion, deodorizing, retardation of
perspiration, and odor releasing. Fourth, they must clean the skin surface. Pref-
erably, only the surface film present on the skin should be removed, consisting
of cutaneous excretions (sweat, fats), flakes, air-carried dirt, etc. This cleaning
should neither result in an elution of the horny layer nor increase skin perme-
ability to substances on the surface.

The keratin of the skin and of the hair has lots of similarities. Since the
isoelectric point of hair is approximately 3.7 [3], its surface bears a net nega-
tive charge at the neutral pH of most shampoos. The binding of surfactants to
hair keratin is determined by the charge of the surfactants, surfactant molecular
structure, the isoelectric point of hair, the pH of the surroundings, and the
electrolyte in the formulation [3]. Anionic surfactants bind via hydrophobic
interaction at the surface of the protein, causing it to become overall negatively
charged and to exhibit a tendency for overall solubilization. The potential for
solubilization decreases with increasing ethoxylation in alkyl ether sulfates
because of increasingly greater head group mobility accompanied by increas-
ing repulsion between the head groups that limits the amount of surfactant that
can be adsorbed at the protein surface. Increased chain branching of anionic
surfactants increases the overall propensity of each molecule for hydrophobic
binding to the protein but reduces the net surface charge density. In the case of
cationic surfactants, the positively charged head group binds to the negatively
charged groups at the surface of the protein associated with aspartyl or gluta-
myl sidechains or sulfonated sites to make the protein surface hydrophobic.
Hydrophobic interaction between this protein at the surfaces inhibits overall
swelling by water.

2. Solubility—Krafft Point Relationship

The Krafft point is the temperature at which the solubility of hydrated surfac-
tant crystals increases sharply with increasing temperature and forming mi-
celles. This increase is so sharp that the solid hydrate dissolution temperature
is essentially independent of concentration above the critical micelle concen-
tration (cmc) and is therefore often called the Krafft point without specifying
the surfactant concentration. The steep increase in solubility above the sharp
bend is caused by micelle formation. Micelles exist only at the temperature
designated as the Krafft point. This is a triple point at which surfactant mole-



230 Nnanna et al.

cules coexist as monomers, micelles, and hydrated solid [2]. Below the Krafft
point, the surfactant exists in molecular form up to the solubility limit. At
higher concentrations, the surfactant molecules are in equilibrium with crys-
tals. Above the Krafft point, the crystals are in equilibrium with micelle and
monomers. It was found, as shown in Table 1, that the Krafft point for surfac-
tants in a homologous surfactant series rises with increasing hydrophobic
chain length [4]. The Krafft point of surfactants depends greatly on the coun-
terion.

The Krafft points of monosodium salts of N-acylglutamic acids were deter-
mined by the electric conductivity method. The Krafft points were a few de-
grees below the clear points, the temperatures at which the surfactant dissolved
completely [4]. The monosodium salt of N-oleoyl-L-glutamic acid hardly hy-
drolyzed because it had an affinity with water and the Krafft point is lower.
Triethanolamine salts of N-acylglutamic acid are generally more soluble in
water and less irritating on the skin and have a lower Krafft point, compared
with the corresponding sodium salts.

In general, a surfactant can satisfactorily show surface activity when used
at a temperature higher than its Krafft point. Anionic surfactants have very
high Krafft points. Because anionic surfactants are major ingredients in per-
sonal wash products, limitation is placed on the condition of their use. Espe-
cially when divalent or higher-valence metallic ions such as calcium ions are
present, the Krafft point sharply increases via the occurrence of ion pair ex-
change of a surfactant. The surfactant precipitates in water within a practical
temperature range as a hydrated solid, such as a calcium salt of the surfactant,
or deposits on an article being washed, thus losing the surface activity. Accord-
ingly, to improve hard-water resistance, the Krafft point of the calcium salt
of a surfactant has to be lowered to a temperature beneath the temperature of
use. As a consequence, good foaming and good detergency in hard water are
ensured. A particularly effective reduction of the Krafft point results from the
introduction of an N-hydroxyalkyl group into N-acyl-glycine [6]. This will

TABLE 1 Krafft Point of Monosodium Salts
of N-Acylglutamic Acids

Acyl group  Krafft point (°C)  Clear point (°C)

Lauroyl 38.1 42.0
Myristoyl 45.8 50.5
Palmitoyl 54.2 58.3
Stearoyl 62.5 66.0

Oleoyl 10.5 14.2
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produce strong steric hindrance. As a result, the crystallinity of the hydrated
solid of the surfactant lowers with a drastic reduction of the Krafft point. In
addition, if the surfactant forms divalent metallic salts, such as a calcium salt,
it dissolves in a micellar form because of the imparting of hydrophilicity with
the hydroxyl group, showing satisfactorily the surface activity in hard water.
This is considered the reason why good foaming and high detergency are
obtained.

3. In Vitro Skin Mildness

Surfactants are major ingredients in personal wash products, such as body
wash, facial wash, and hair shampoo. Personal wash products often contain
irritating ingredients, especially when applied to human skin that is sensitive.
Therefore, it is not surprising that one of the most desirable claims for personal
wash products is that it is “‘mild.”’

There are numerous in vivo and in vitro test methods for evaluating *‘mild-
ness.”” The in vivo irritation tests, such as Flex Wash and the Frosch-Kligman
chamber, have been widely used in the personal care area. The Flex Wash
test is currently the preferred in vivo method for the measurement of surfactant
harshness. It has proved to be a highly sensitive, reproducible measure of
surfactant irritation. The test provides a measure of the irritation of both harsh
and mild surfactants. The concentrations used and the type of washing in-
volved are particularly relevant to skin- and hair-washing products. The bene-
fits of the in vivo test are that it enables the evaluation of an entire living
system’s reaction. The drawbacks of the in vivo test are low reproducibility,
unsuitability for clarification of the toxic mechanism, and the legal issues in
some countries. Therefore many attempts have been made to find simple
in vitro tests to predict surfactant skin irritation without having to resort to in
vivo tests involving people or animals. The most successful methods are Zein
solubilization, acid phosphatase activity, and collagen film swelling and cal-
lous breakdown. The most used screening test is the Zein test, a measure of
the solubilization of the water-insoluble protein ‘‘Zein’’ by anionic surfac-
tants. The Zein method is highly reproducible and gives excellent compatibil-
ity with the ranking obtained from the in vivo Flex Wash method. These meth-
ods involve the surfactant—protein interaction and seem to correlate well with
the action of surfactants on in vivo skin. The in vitro testing methods yield
very consistent results, involve controlled test conditions, and are suitable for
clarifying the toxic mechanism.

Protein-based surfactants are composed of two naturally occurring moie-
ties, amino acid and fatty acid such as acylglutamate. Acylglutamates by them-
selves are not ultramild surfactants by any means. Their in vitro Zein values
are higher than those of alkyl polyglycosides, alkylamphoacetate, amphoteric
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betaine, sodium cocoyl isethionate, etc. [6]. The pH of acylglutamate solution
is approximately 5.5, nearly equal that of normal human skin. One major ad-
vantage for the acylglutamates is their foam enhancement at acidic pH [6];
their irritation potential is also reduced. Therefore at pH around 6, acylgluta-
mate is able to deliver a good lather but will possess a high degree of mildness
compared to other surfactants. It has been used as a primary surfactant for
mild cleansing products. Kanari et al. [7] developed an in vitro cell toxicity
test that best characterized various toxic mechanisms and mild surfactants,
such as sodium monolaurylphosphate, sodium acylmethyltaurate, sodium
acylisethionate, and sodium lauryl POE (3) sulfate, in various cytotoxicity
tests. These evaluations showed that acylglutamate had the lowest irritation
scores. They also conducted dose-response tests on five binary combinations
of 1% surfactant solution, 100/0, 75/25, 50/50, 25/75, 0/100 (acylglutamate/
other anionic surfactant), determined the anti-irritating effect of acylglutamate,
and showed that increasing the acylglutamate level decreased the irritation
potential of the other anionic surfactant in cytotoxicity tests. Lee et al. [§]
investigated the irritant contact dermatitis potential and the possible anti-
irritating potential of sodium lauroyl glutamate in a mixed surfactant system
on human skin by using visual scores and the measurement of transepider-
mal water loss (TEWL). They found that increasing the sodium lauroyl gluta-
mate concentration decreased the visual scores and TEWL values.

ll. COMMERCIALLY AVAILABLE PROTEIN-BASED
SURFACTANTS FOR PERSONAL CARE
PRODUCTS

A. N-Acyl Amino Acids and Their Salts

Personal wash products are required not only to have good detergent proper-
ties, such as detergency and foaming power, but also to provide a low stimulus
to the skin and the eye, especially when they are used in direct contact with
the skin and the scalp. N-Acyl amino acids and their salts are known as mild
surfactants carrying both amino groups and carboxylic acid groups on the
same molecule. In modern usage, the term amino acid is sometimes restricted
to the principal products of the hydrolysis of proteins. In this sense, amino
acids are the monomeric building blocks of peptides and proteins. Most of
the amino acids from natural sources, with the exception of glycine, possess
one or more asymmetrical centers and, therefore, may exist in at least two
optically active forms. Most of the natural amino acids are of the L configura-
tion. Since amino acids carry two types of salt-forming functions, their behav-
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ior in aqueous solutions is dependent on pH. At low pH, the amino group is
protonated, and amino acids act as cations. At high pH, the carboxyl groups
are ionized, and these acids behave as anions. At intermediate pH, the amino
group may partially neutralize the carboxyl group. In this case, the amino acid
exists as a zwitterionic molecule possessing both cationic and anionic charges
on the same molecule. Commercially available products such as, in particular,
N-acyl glutamic acid salts, N-acyl sarcosine salts, N-acyl B-alanine salts, N-
acyl methyl taurine salts, and the like, are broadly used in personal wash prod-
ucts. In the following, an overview of N-acyl amino acid salts recommended
for the preparation of personal care products is presented.

1. Glutamates

Glutamate surfactants are amides derived from L-glutamic acid and natural
higher fatty acids. The commercially available glutamate surfactants include:
cocoyl glutamic acid, disodium cocoyl glutamate, disodium hydrogenated tal-
low glutamate, disodium stearoyl glutamate, hydrogenated tallowoyl gluta-
mate acid, lauroyl glutamic acid, myristoyl glutamic acid, palmitoyl glutamic
acid, potassium cocoyl glutamate, potassium lauroyl glutamate, potassium
myristoyl glutamate, sodium cocoyl glutamate, sodium hydrogenated tal-
lowoyl glutamate, sodium lauroyl glutamate, sodium myristoyl glutamate,
sodium stearoyl glutamate, stearoyl glutamic acid, TEA-cocoyl glutamate,
TEA-hydrogenated tallowoyl glutamate, and TEA-lauroyl glutamate. They
are promoted mainly as mild surfactants resistant to hard water and also are
claimed not to defat the skin to the same extent as other surfactants. Some of
the features of glutamate surfactants include the following [4,10]:

Moderate foaming power and good detergency. The monosodium salt has
lower surface tension and better foaming properties than the disodium salt.
The optimum acyl glutamate chain length lies between lauroyl and myris-
toyl.

In the aqueous solution the monosodium salts show a pH of 5-6.5 and have
the buffer capacity of an unneutralized carboxylic acid; the disodium salts
show a pH of 8-9, which was the same value as for a sodium salt of carbox-
ylic acid.

Comfortable and soft feeling to the skin during and after use.

The monosodium salts are less soluble in water and become pasty at higher
concentration. Triethanolamine salts are highly soluble in water, and no
crystals precipitate at —5°C.

The monosodium salts have better wetting and emulsifying properties than
the disodium salts.

Remarkably low irritation potential and anti-irritating effect.
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Acyl glutamate surfactants are carboxylates, and as such their properties
will depend heavily upon the pH of the medium. The optimum acyl group
chain length would appear to be cocoyl, with optimum pH for this species
appearing to be approximately pH 6. In terms of foaming power, monotrietha-
nolamine N-myrestoyl-L-glutamate has excellent foaming power and stability
[10]. N-Oleoyl glutamic acid salt also has good foaming power. The physical
properties of this surfactant, such as low Krafft point and cmc [4], can be
useful in cleansing and skin care applications. The solubilities of glutamate
surfactants follow a similar order to those of soaps. Lower-chain-length fatty
acids are more soluble. Blends—for example, Coco—are more soluble than
their components. Finally, counterions follow the order sodium < potassium
< triethanolamine. The mildness and anti-irritant effect of glutamate surfac-
tants can be dramatically improved at acidic pH by adding coactives [11].
Acyl glutamates are widely used by Japanese companies in skin cleansing
formulations. One of their present Japanese products (Page One, from Lion)
uses acyl glutamate as the major active with other coactives, such as acyl
sarcosinate and soap. Current patent activity is mainly in Japan and is centered
around generally mild anionics, especially acylated amino acid surfactants in
combination with other cosmetic ingredients. Kao patented the following de-
tergent composition containing N-acyl amino acids and their salts to improve
foaming power and give a good skin feel on use [12]:

Component Wt%
N-Lauroyl-B-alanine TEA salt 30.0
N-(N’-Lauroyl-B-alanyl)-B-alanine TEA salt 0.6

Lauric acid TEA salt 5.0
Lauryldimethylamine oxide 2.0
Perfume 0.5
Dibutylhydroxytoluene 0.2
Ethanol 3.0

Water Up to 100%

Although glutamate surfactants are effective and mild cleansing agents,
there are only a few commercially available products. The major reason is
price, for they are relatively expensive (generally 5-10 times the price of
SLES). Clariant has developed a new process for increasing the production
of acyl glutamates. The process is expected to reduce the price from the current
$4.50-5/1b to about $2.50/1b [13].
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2. Sarcosinates
Sarcosinate surfactants are derived from natural fatty acids and an amino acid,
sarcosine (N-methyl glycine). Typically the sarcosinate is used in the form of
its sodium, potassium, or ammonium salt solution. N-Acyl sarcosinates are
produced commercially by the Schotten—Baumann reaction of the sodium salt
of sarcosine with the appropriate fatty acid chloride under carefully controlled
conditions. The commercially available sarcosinate surfactants are cocoyl sar-
cosine, lauroyl sarcosine, myristoyl sarcosine, oleoyl sarcosine, stearoyl sar-
cosine, sodium cocoyl sarcosinate, sodium lauroyl sarcosinate, sodium myris-
toyl sarcosinate, ammonium lauroyl sarcosinate, TEA lauroyl sarcosinate,
ammonium cocoyl sarcosinate, monoethanolamine cocoyl sarcosinate, and
TEA oleoyl cocoyl sarcosinate.

The sarcosinates are modified, or ‘‘interrupted,’”’ soaps that, while being
very soaplike, possess many of the more desirable properties of synthetic sur-
factants [14]:

3

Outstanding lather building and resistance to sebum delathering.
Excellent foaming and wetting properties; good detergency.
Compatibility with quaternary ammonium germicides and conditioners.
Imparting a good feel, softness, and lubricity to skin and hair.
Mildness to skin and eyes; improving of moisture retention in the skin.
Low cloud point; good solubility in wide pH range.

All these characteristics form a composite of functional benefits that give
sarcosinate surfactants their unique identity as anionic conditioning surfac-
tants. Sarcosinate surfactants represent one of the few classes of anionic sur-
factants that are compatible with quaternary compounds. Because they can
adsorb onto proteinaceous and cellulosic surfaces, they are also highly sub-
stantive. Interestingly, sarcosinates are capable of inhibiting corrosion as well
as the growth of certain enzymes and bacteria. The ability of sarcosinates
to display these inhibitory tendencies, coupled with their inherent nature as
conditioning surfactants, gives rise to a number of different applications.

Sarcosinate surfactants have been widely used in personal wash, skin care,
and hair care formulations as coactives. They are particularly useful in provid-
ing a rich, stable lather, especially in the presence of sebum. Lathers produced
from other anionic and amphoteric surfactants are remarkably enhanced by
the addition of sarcosinates. Maximum foaming and detergency are developed
in the pH range 4-8. The adsorption of sarcosinates onto the hair results in
manageability and reduced static buildup. Sarcosinate surfactants are easily



236 Nnanna et al.

adsorbed on the surface of skin, especially within the mildly acidic pH range,
and this adsorbed material has been shown to retard moisture loss from the
skin.

Sarcosinate surfactant has been used mainly as a major toothpaste ingredi-
ent, since it is nontoxic, strongly foaming, and enzyme inhibiting. Recently,
it has been used in skin cleansing formulations as a coactive, especially for the
low-temperature-storage condition. Recently, Woodbury and his co-workers
patented a new process for preparing sodium N-acyl sarcosinates [15]. This
process eliminates the use of phosphorus trichloride or thionyl chloride and
carboxylic acid chlorides by reacting the alkali metal N-acyl amino acid di-
rectly with a fatty acid at elevated temperatures, with constant removal of
water generated in the reaction. It would simplify the process for manufactur-
ing N-acyl sarcosinates and eliminate the environmental drawbacks of the con-
ventional processes. Generally sarcosinates are more expensive than most non-
ionics and anionics, but less so than amphoterics such as betaines.

3. Taurates

Taurate surfactants contain a strongly electronegative sulfonic group and a
cationic amine group. It is known that the dissociation constant of a strongly
electronegative sulfonic group greatly exceeds that of the cationic amine
group. Taurates consequently demonstrate strong anionic tendencies and mini-
mal cationic properties. The commercially available taurate surfactants include
sodium methyl cocoyl taurate, sodium methyl lauroyl taurate, sodium methyl
myristoyl taurate, sodium methyl oleoyl taurate, sodium methyl palmitoyl
taurate, and sodium methyl stearoyl taurate.

Taurate surfactants are similar to those of the corresponding fatty acid soaps
in soft water, but these materials are effective in both hard and soft water, are
not sensitive to lower pH, and are better wetting agents. They show good
stability to hydrolysis by acids and alkali, good skin compatibility, and good
lime soap—dispersing power [16]. This amide structure of the N-acyltaurine
surfactants stabilizes these derivatives of fatty acids against hydrolysis under
acid and alkaline conditions, even at high temperature [17].

4. Selected Related Patents

Ajimonoto patented an excellent detergent composition comprising an N-acyl
amino acid salt, which is highly safe and shows quick, effective, and creamy
lathering and reduced slimy touch to the skin [18]. They conducted intensive
studies by jointly using a salt of a specified N-acyl amino acid and a salt of
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a specified higher fatty acid, by blending them with a specified higher alcohol
or polyhydric alcohol. The N-acyl amino acid salts are cocoyl glycine TEA,
cocoyl alanine TEA, cocoyl glycine potassium, lauroyl -alanine potassium,
etc. The higher fatty acid salts are soap, sodium laurate, potassium myristate,
etc. The higher alcohol molecules are lauryl alcohol, cetyl alcohol, etc. Such
a combination improved lathering, bubble retention, and a refreshed feeling
significantly.

Yuichi and co-workers [19] patented a dermal drug for external use that
had improved stability of urea and a moisture-imparting effect to the skin.
The product contained N-acylglutamic acid salt and N-acylaspartic acid salt
and urea as essential components and was claimed to produce no skin stimula-
tion and to have excellent frothing property. Lynn and co-workers patented a
lipstick composition containing N-acylglutamic acid amide as a gellant. They
claimed that this composition facilitates the retention of emollient oils, particu-
larly under high humidity and temperature and provides good moisturization
of the lip [20]. Kazutami and others [21] patented a hair care composition
containing N-long-chain-acyl dipeptide or salt that exhibits low irritation, an
excellent resistance to hard water, and freedom from turbidity and odor. It has
an excellent feeling upon use, without any creaking feeling of the hair or
stretching feeling of the skin [21]. Ei [22] patented an oil/water type of emul-
sion of high stability by using an oligomeric condensate from fatty acids, glyc-
erol, and dicarboxylic acid as well as N-acyl acidic amino acids or their salt.
This emulsion shows good spreadability on skin and gives a freshened feeling
after being flown off with water. Koji [23] patented a water/oil emulsified
composition containing an oil-soluble N-long-chain acyl acidic amino acid
mono- or diester. The emulsion possessed excellent storage stability over a
wide temperature range.

Hideo and his co-workers [24] used an N-long-chain acyl acidic amino acid
mono salt with an amphipathic substance in water to obtain a composition
capable of thickening and gelling an aqueous phase. A makeup-removal com-
position was made [25] by blending an N-caproyl-L-arginine methyl ester hy-
drochloride, sugar beet pectin, low-viscosity dimethyl polysiloxane, and water
as well as an antibacterial and antifungal agent.

N-Acyl amino acids have been used in various applications, including a
composition or formulation for improving a hair-restoration-stimulating effect,
moisture-retaining activity, and subcutaneous blood-flow-stimulating activity
[26], a treated powder cosmetic or powder-rich foundations [27-29]. The pow-
der cosmetic [29] consisted of a fine-particle ultraviolet-ray-blocking agent
whose surface is treated with an N-mono-long-chain acyl basic amino acid,
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which has transparency in a high visible light region and ultraviolet-ray-
blocking effect and is capable of suppressing surface activity.

B. Acylated Protein Hydrolysates

1. Anionics

This surfactant category was one of the oldest synthetic detergents and was
originally introduced during the early 1930s in Germany as the lamepons [17].
The protein fatty acid condensates are produced from hydrolyzed protein from
scrap leather and other waste protein, such as gelatin, and the condensation
process is by the Schotten—Baumann reaction [30].

They are available commercially as cocoyl hydrolyzed collagen, cocoyl
hydrolyzed keratin, cocoyl hydrolyzed soy protein, isostearoyl hydrolyzed col-
lagen, lauroyl hydrolyzed collagen, lauroyl hydrolyzed elastin, myristoyl hy-
drolyzed collagen, palmitoyl hydrolyzed collagen, palmitoyl hydrolyzed milk
protein, palmitoyl hydrolyzed wheat protein, potassium cocoyl hydrolyzed ca-
sein, potassium cocoyl hydrolyzed collagen, potassium cocoyl hydrolyzed
corn protein, potassium cocoyl hydrolyzed keratin, potassium cocoyl hy-
drolyzed potato protein, potassium cocoyl hydrolyzed rice protein, potassium
cocoyl hydrolyzed soy protein, potassium cocoyl hydrolyzed wheat protein,
potassium lauroyl hydrolyzed collagen, potassium lauroyl hydrolyzed soy pro-
tein, potassium myristoyl hydrolyzed collagen, potassium oeroyl hydrolyzed
collagen, potassium stearoyl hydrolyzed collagen, potassium undecylenoyl hy-
drolyzed collagen, potassium undecylenoyl hydrolyzed soy protein, sodium
cocoyl hydrolyzed collagen, sodium cocoyl hydrolyzed keratin, sodium cocoyl
hydrolyzed soy protein, sodium myristoyl hydrolyzed collagen, sodium
oleoyl hydrolyzed collagen, sodium stearoyl hydrolyzed collagen, sodium ste-
aroyl hydrolyzed soy protein, sodium stearoyl oat protein, sodium/TEA-
lauroyl hydrolyzed collagen, sodium/TEA-undecylenoyl hydrolyzed soy pro-
tein, TEA-cocoyl hydrolyzed collagen, TEA-cocoyl hydrolyzed soy protein,
TEA-isostearoyl hydrolyzed collagen, TEA-lauroyl hydrolyzed collagen,
TEA-oleoyl hydrolyzed collagen, and TEA-undecylenoyl hydrolyzed collagen
[31]. These products were prepared from collagenaceous wastes and were
available as 30—40% active solutions.

The condensate of a hydrolyzed collagen protein can be used as a hair
growth stimulant [32]. Masato and others [33] patented a shampoo composi-
tion containing a quaternary ammonium derivative of a peptide derived from
animal protein and an amino acid type of anionic surfactant, and claimed that
this composition has an excellent conditioning effect on hair and results in
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little damage to the hair on repeated shampooing. Su [34] patented a mild
skin cleansing composition; the prototype formula was described as follows:

Component Wt%
Acylated hydrolyzed animal protein 10.0
(collagen) (30 wt%)
Lauric acid 1.5
Cocoamphodiacetate (50%) 10.0
Acylglutamate (30%) 1.0
Miracare 2MCT 3.75
Sodium tridecth sulfate 4.5
Hexylene glycol 2.25
Isopropanol 0.5
Triethanolamine 1.85
Benzophenone 6 0.03
Dimethicone copolyol 0.5
Aculyn polymer 22 (30%) 7.0
Deionized water up to 100%
Fragrance 0.3
DMDM hydantoin 0.3
Tetrasodium EDTA 03
Colorant (0.01%) 0.3

2. Cationics

This surfactant category represents the quaternized acyl protein hydrolysates,
combining the care effects of the cationic substances with the positive derma-
tological effects of the protein derivatives and making them valuable for per-
sonal care products.

The commercially available surfactants include: cocamidopropyldimonium
hydroxypropyl hydrolyzed collagen, cocodimonium hydroxypropyl hydro-
lyzed collagen, cocodimonium hydroxypropyl hydrolyzed keratin, cocodi-
monium hydroxypropyl hydrolyzed soy protein, laurdimonium hydroxypropyl
hydrolyzed soy protein, laurdimonium hydroxypropyl hydrolyzed wheat pro-
tein, lauryldimonium hydroxypropyl hydrolyzed collagen, lauryldimonium
hydroxypropyl hydrolyzed keratin, lauryldimonium hydroxypropyl hydro-
lyzed soy protein, oleamidopropyldimonium hydroxypropyl hydrolyzed col-
lagen, steardimonium hydroxypropyl hydrolyzed collagen, steardimonium
hydroxypropyl hydrolyzed keratin, steardimonium hydropropyl hydrolyzed
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silk, and steartrimonium hydroxyethyl hydrolyzed collagen. The unique prop-
erties [35,36] exhibited by this class of acylated protein hydrolysates are as
follows:

Are strongly cationic

Are compatible with anionics, cationics, amphoterics, and nonionics
Are foaming proteins

Remain soluble at acidic pH

Have outstanding dermatological characteristics

Exhibit bactericidal properties

Have high tolerance to alcohol

Have a broad application profile

The substantiveness that quaternized acyl protein hydrolysates gives to vir-
gin and permed hair has been investigated [36]. An N-acyl neutral amino acid—
based cationic surfactant was made by Hiroyiki and Yoshiaki [37] and was
reported to have good foaming power and stability and to be soft on the hair
and compatible with an anionic surfactant. The substantiveness of protein hy-
drolysates increases with concentration up to about 5% concentration and then
approaches a plateau. It is this dependence upon concentration that has led to
the belief that to impart significant benefits to hair, more than a token amount
of protein should be present. For the quaternized acyl protein hydrolysates,
hair attains its maximum plateau value of substantiveness at very low active
concentrations (0.5-1%) compared with unmodified protein. Results have
shown a better wet compatibility and feel in dry hair by combining quaternized
protein and alkyl polyglucoside [35]. Healthy hair is hydrophobic and distin-
guished by a negative wetting tension. Hydrophilicity increases with increas-
ing damage of the hair and yields a higher, positive wetting-tension value.
The wetting-tension value can be lowered by adjusting the proportion of cat-
ionic protein. Due to their unique physical and dermatological characteristics,
quaternized protein hydrolysates have been widely used in hair treatments,
shampoo, skin cleanser, and facial cleanser. Masato and his co-workers [38]
have patented an acidic dyeing agent containing quaternized cationic protein
that causes hardly any hair damage but imparts good gloss and moistness to
hair after dyeing. A hair-restoring agent was developed [39] to change hair
structure, restore and strengthen damaged hair, and suppress the fuzzing or
peeling of cuticle or broken hair. The composition was prepared by reacting
an animal protein—derived polypeptide and a vegetable protein—derived poly-
peptide with a cationizing agent. A film-forming polymer, such as an ampho-
teric polymer or a cationic polymer, was formulated with those protein deriva-
tives to provide a hair-strengthening agent.
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3. Ester of Glycine Betaine

Most of the synthetic cationic surfactants used in hair care products, such
as cetyl trimethylammonium chloride, tend to be rather toxic, irritating, and
incompletely biodegraded. A natural source of quaternary ammonium groups
is available, trimethyl glycine, obtained as a by-product of the processing of
sugar beet. Long-chain fatty esters of this material are cationic surfactants that
have been studied as potential alternatives to synthetic surfactants. The use
of long-chain fatty esters of trimethylglycine in hair treatment formulation has
been patented by Wella [40]. So far, trimethylglycine is the only commercially
available natural source of the quaternary ammonium group, sold under the
trade name ‘‘Natural Extract AP”’ from Witco.

C. N-Acyl Glutamic Acid Cholesteryl Ester

N-Acyl glutamic acid cholesteryl esters are cholesteryl derivatives synthe-
sized from N-acyl glutamic acid and mixed alcohol, including cholesterol.
Such esters also include: cholesteryl/behenyl/octyldodecyl lauroyl gluta-
mate, cholesteryl/octyldodecyl lauroyl glutamate, diethyl palmitoyl aspartate,
dihexyldecyl lauroyl glutamate, dioctyldodeceth-2 lauroyl glutamate, dioctyl-
dodecyl lauroyl glutamate, dioctyldodecyl stearoyl glutamate, disteareth-2
lauroyl glutamate, and disteareth-2 lauroyl glutamate.

Sakamoto and coworkers have investigated the recovery effect of lipo-
amino acid cholesteryl derivatives for damaged skin, and whether lipo-amino
acid cholesteryl derivatives could be used as a substitute for ceramide [41].
The recovery effect was evaluated in damaged skin using dermal scores,
water-holding capacity (conductance), and transepidermal water loss (TEWL).
Cholesteryl esters showed a better recovery effect upon visual and instrumen-
tal assessment than petrolatum and cholesteryl hydroxy stearate. These results
indicate that cholesteryl esters applied on damaged skin may be incorporated
into the lipid component in the stratum corneum to reconstruct damaged lipid
layers. N-Acyl glutamic acid cholesteryl esters are derivatives of an amino
acid bearing an amide group and having a structural resemblance to ceramide.
Ceramides have been reported to be the main component in stratum corneum
lipids that form the lamellar structure. The results showed the models with
ceramide and cholesteryl ester both produced virtually the same recovery ef-
fect in damaged skin. Cholesteryl esters contributed to the formation of the
lamellar structure in the same way as ceramide, and this structure promotes
the recovery by holding water between the intercellular lipid bilayers.

Ajinomoto [42—-44] patented cosmetics and pharmaceutical preparations
containing N-long-chain acyl amino acid esters, which are novel compounds
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with excellent emulsifying and hydrating performance. They found that when
the cholesteryl esters of N-acyl amino acid are incorporated into skin cosmetics
such as face wash cream, cleansing cream, massage cream, moisture cream,
and baby skin protectors, they exhibit extremely excellent performance as an
oily base and an emulsifier and impart an affinity to the skin.

D. Amphoteric Amino Carboxylic Acids
and Their Salts

Amphoteric surfactants are characterized by a molecular structure containing
two different functional groups, with anionic and cationic character, respec-
tively. An amphoteric surface-active amino acid derivative should contain op-
posing acidic and basic groups with pKa and pKb values of about 2—4 to
minimize the predominance of one group over the other. Some factors that
can influence the neutralization and zwitterionic properties of amphoterics are
the proximity of the acidic and basic functions to the hydrophilic group and
the positioning of such group on a sidechain. The ampholytic materials dis-
cussed are pH-sensitive zwitterionic. The pH where these ionic groups neutral-
ize each other is called the isoelectric point or isoelectric area. These materials
show the properties of anionics above the isoelectric area and those of cation-
ics below the isoelectric area. In the vicinity of their isoelectric points they
exist mainly as zwitterionics and show minimum solubility in water and mini-
mum foaming, wetting, and detergency [16]. Examples include derivatives of
amino acids and their salts. The cationic functionality of aminocarboxylic
acids is generally a protonated secondary or tertiary amine group (in so-called
weak nitrogen amphoterics). The weak nitrogen amphoterics are protonated
only at lower pH levels [45]. These compounds make up a unique family of
amphoteric surfactants. They may be described as N-substituted amino acid
derivatives (B-alanines). They are derived by the condensation of fatty primary
amines and acrylic monomers. This reaction can be controlled to give two
types of the commercially available products: N-fatty aminopropionates and
N-fatty iminodipropionates [46].

N-Fatty B-aminopropionate has an equal number of anionic and cationic
groups. A number of N-fatty B-aminopropionates, under the trade name Deri-
phat (Henkel products), has been used in shampoo formulations. Deriphats,
as shown structurally in Table 2 [45], either singly or in combination, have
shown promise in shampoo formulations. A shampoo with good cleaning and
foaming properties has been obtained by combining N-dodecyl-f-alanine and
a cationic surfactant (dioctadecyl dimethylammonium chloride). The presence
of Deriphats in a shampoo formulation could reduce eye irritation and sting
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TABLE 2 Chemical Structures of Deriphats

Trade name Chemical name Structure

Deriphat 151 Sodium N-coco-B-aminopropionate RNHCH,CH,COONa

Deriphat 151C  N-Coco-B-aminopropionic acid RNHCH,CH,CHCOOH
Deriphat 170C  N-Lauryl/myristyl--aminopropionic RNHCH,CH,CHCOOH
acid
Deriphat 154 Disodium N-tallow-B-iminodipropio- RN(CH,CH,CHCOONa),
nate
Deriphat 160 Disodium N-lauryl-B-iminodipropio- RN(CH,CH,CHCOONa),
nate
Deriphat 160C  Partial sodium salt of N-lauryl-§3- CH,CH,CHCOOH
iminodipropionic acid /
RN
\
CH,CH,CHCOONa

Source: Ref. 45.

caused by sodium lauryl sulfate or ether sulfate. Deriphats could also counter-
act the dry feel of hair, often attributed to electrostatic charge on each hair
strand.

Deriphat 151C is another Henkel product that functions effectively as a
wetting agent. The isoelectric range for Deriphat 151C is 2.9-4.5 [46]. It is
very soluble in aqueous solutions of strong acids and alkalis at different tem-
peratures and an excellent wetting agent. Solubility is low in most organic
solvents, including ethanol and isopropyl alcohol. The product exhibits good
emulsifying action for semipolar and slightly polar materials.

As for N-fatty B-iminodipropionates, they have an unequal number of an-
ionic and cationic groups. The commercially available products from Henkel
are Deriphat 154, 160, and 160C. The isoelectric ranges of these surfactants
are from 1.3 to 4.2 [46]. They are more soluble in water than those monopropi-
onic acid derivatives. They show a very low order of skin and eye irritation.
They may be removed from substrates onto which they have adsorbed at pH
below their isoelectric points by raising the pH [16].

Aminocarboxylic ampholytes have been used extensively in hair care and
other cosmetic formulations. These materials are substantive to hair and have
also been claimed to possess antistatic and bacteriostatic properties [45]. Many
amphoteric surfactants have poor foaming properties and are blended with
foaming anionics. The triethanolamine salt of Deriphat 170C shows excep-
tional foam volume. Optimum foaming properties of the N-alkyl--aminopro-
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pionates and dipropionates are at pH value above the isoelectric point of
4.3-4.7. Although their best foaming properties are demonstrated in a weakly
alkaline pH range, the amphoteric compounded shampoos exert their optimum
effect on hair manageability at an acid pH. Therefore, amphoteric shampoos
formulated specifically to improve hair manageability will inevitably show a
decrease in foaming.

E. N-Acyl Amino Acid Amides

N-Acyl amino acid derivatives used as a gelling agent include n-acyl
amino acid amides and n-acyl amino acid esters, which include n-lauroyl-
glutamic acid diethylamide, n-lauroylglutamic acid dibutylamide, n-lauroyl-
glutamic acid dihexylamide, n-lauroylglutamic acid dioctylamide, n-lau-
roylglutamic acid didecylamide, n-lauroylglutamic acid didodecylamide,
n-lauroylglutamic acid distearylamide, n-stearoylglutamic acid dibutylamide,
n-stearoylglutamic acid dihexylamide, n-stearoylglutamic acid diheptyla-
mide, n-stearoylglutamic acid dioctylamide, n-stearoylglutamic acid didecy-
lamide, n-stearoylglutamic acid didodecylamide, n-stearoylglutamic acid dite-
tradecylamide, and n-stearoylglutamic acid distearylamide.

The gelling agent, commonly referred to as GP-1, is N-acyl glutamic acid
diamide, from Ajinomoto [47]. GP-1 has N-acyl amino acid in it as a basic
skeleton, which is a condensate of amino acid and fatty acid. Ajinomoto mar-
kets it as an oil-structuring agent [47]. GP-1 was found to form self-supporting
gels with a wide range of the solvents commonly used in cosmetic products.

There are a number of antiperspirant stick patents from Procter & Gamble
containing dibutyl lauroyl glutamide and 12-hydroxystearic acid as the gelling
agent [48—50]. The primary structurants are the dibutyl lauroyl glutamide and
12-hydroxystearic acid. The combination of these two gelling agents is very
effective because the conventional sticks use a total of 18% wax as structurant,
whereas the stick containing these two gelling agents uses only 8% to achieve
a similar hardness. The 12-hydroxystearic acid is a natural product derived
from castor oil and used for thickening various oils.

Atsuko and his co-workers [51-56] patented antimicrobial and low-irritant
cosmetic compositions containing N-long-chain acyl basic amino acid deriva-
tives, plant extracts, and other ingredients. They can be widely used as a skin
cosmetic, a makeup cosmetic, or a hair care formulation.

F. Section Summary

It is clear from the foregoing that N-acyl amino acids and their salts have
played a dominant role in the personal care sector. Although the preceding
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overview was not intended to be exhaustive, it provides insights into various
applications and the huge market potential for PBS in the personal care indus-
try. The patent literature is replete with numerous PBS applications, which
are growing. The suppliers of PBS worldwide are also growing, as shown in
Table 3. The increasing popularity of mild and environmentally friendly prod-
ucts is expected to boost the research and development of novel PBS with
unique applications.

IV. PROTEIN-BASED SURFACTANT APPLICATIONS
IN THE DETERGENT AND RELATED INDUSTRIES

Major manufacturers of consumer goods (i.e., laundry detergents and other
home cleaning products) are paying close attention to new products and tech-
nological improvements of existing products. It has been estimated that United
States demand for detergent additives will increase 5.5% annually to nearly
$4 billion in 2001, propelled by more expensive specialty additives. The PBS
fit into the so-called specialty additives and can potentially improve detergent
efficiency by improving water properties and/or function as an enzyme stabi-
lizer.

As with the personal care industry, the detergent industry is aware of the
environmental concerns and is looking into product development innovation
as a way to grow the business. This implies that innovative additives such as
PBS that can impart new or improved properties to cleaning products would
be particularly attractive. A number of areas in the detergent or related indus-
tries offer interesting prospects for PBS, and some selected areas are discussed
in this section.

A. Household Detergents

A surfactant with ampholytic and chelating properties derived from aspartic
acid is an effective detergent [57]. N-Alkyl-B-amino-ethoxy acids blended
with anionic detergents are employed in reducing skin-irritating effects in de-
tergent applications. Liquid detergent containing N-coco-f-aminopropionate
(Deriphat 151) is claimed to be an effective cleanser for ‘‘burnt-on’’ grease
spots on metallic surfaces [58]. Aminocarboxylic surfactants, such as
C,CHOHCH,NHCH,—-COONa are used for laundering textiles, cleaning car-
pets, and washing hair, food, and glass [59].

It is reported that 2-hydroxy-3-aminopropionic-N,N-diacetic acid deriva-
tives are used as good complexing agents, bleaching agent stabilizers, and
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TABLE 3 Supplier Information

Nnanna et al.

Surfactants

Trade name

Supplier

Acyl alaninates

Acyl aspartates

Acyl glutamates

Acyl sarcosinates

Acyl taurates

Acyl hydrolyzed protein
(anionic surfactant)

Acyl hydrolyzed protein
(cationic surfactant)

Glycine betaine amino-
carboxylic acids

Surfactin

Amide of acyl
aminoacid

Cholesteryl/octyldodecyl
lauroyl glutamate

Nikkol alaninate

Monosodium N-lauroyl-L-
aspartate

Amisoft
Hostapon

Amilite
Crodasinic
Hamposyl
Maprosyl

Nikkol sarcosinate
Oramix

Sarkosine

Soypon

Vanseal

Adinol
Geropon
Hostapon
Jeepon
Nikko
Somepon
Tauranol

Aminofoam

Foam-Coll, Foam-Keratin
Lamepon

Maypon

May-Tein

Monteine

Nikkol

Peptein

Texatein

Promois

Croquat

Lamequat

Promois

Quat-Coll, Quat-Soy

Natural Extract AP
Deriphat

Miranol

Mirataine

Unitex

Surfactin

GP-1

Eldew

Nikko

Mitsubishi Petrochemical

Ajinomoto
Clariant

Ajinomoto
Croda
Hampshire
Stepan
Nikko
SEPPIC
Hoechst
Kawaken
Vanderbilt

Croda
Rhodia
Hoechst
Jeen
Nikko
SEPPIC
Finetex

Croda
Brooks
Henkel
Inolex
Maybrook
SEPPIC
Nikko
Hormel
Lanaetex
Seiwa Kasei

Croda
Henkel
Seiwa Kasei
Brooks

Witco
Henkel
Rhodia
Rhodia
UPI

Wako chemical

Ajinomoto

Ajinomoto
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builders in detergents. The calcium-binding power and iron-binding power of
such complexing compounds are given in Table 4 [60,61].

An N-(N’-long-chain acyl-f-alanyl)-B-alanine is used in detergent compo-
sitions to impart good foaming power, foaming stability, foam breakage, and
good feel after washing without showing slimy feel, different from conven-
tional products [62]. A typical composition is exemplified in Table 5.

Sano and Hattori [63] patented detergent compositions that comprised vari-
ous acyl amino acid salts. The compositions were all rated favorably on vari-
ous quality characteristics, as shown in Table 6. Kao Co. [64] developed a
detergent composition having a combination of low skin irritation with high
detergency and high hard-water resistance, which comprised N-acyl-1-N-
hydroxyalkyl-B-alanine, including alkali metal, ammonium, alkanolamine,
and alkyl-substituted ammonium. Ajinomoto Company [65] has offered amino
acid derivatives, such as L-glutamic acid, L-lysine, and L-arginine derivatives,
as functional ingredients for detergent products, shampoos, and cosmetics,
claiming special features such as biodegradability and low irritation, moderate
foaming, and good detergency properties: The specification and detergency
of some N-acyl glutamates are shown in Table 7.

The polyaspartic acids o,B-poly[(2-hydroxyethyl)-d-l-aspartamide] with
good biodegradability are used in detergents and cleaners. They are prepared
by polycondensation of aspartic acid in the presence of phosphoric acid in a
molar ratio of from 1:0.5 to 1:10 at a temperature of at least 120°C to give
polysuccinimide. Subsequent hydrolysis of the polysuccinimide with bases is

TABLE 4 Metallic Iron-Binding Power in Detergent Solution

Iron-binding

power, Perborate
mg Fe’t/g in (%) detergent
RT/pH 11 80°C/pH 10 active substances formulation

Ca-binding power,
mg CaCO;/g active

2-Hydroxyl-3- 275 200 113 433
aminopropionic
N,N-diacetic acid
NTA/Na; 350 250 54 24.5
Na Triphosphate 215 150 — —
EDTA/Na, 275 240 44 20

Source: Ref. 60.
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TABLE 5 Detergent Composition Containing Amino Acid

Surfactants

Composition % by weight
N-Lauroyl-B-alanine triethanolamine (TEA) 30
N-(N’-Lauroyl-B-alanyl)-alanine TEA salt 0.6

Lauric acid TEA salt 5
Lauryldimethylamine oxide 2

Perfume 0.5
Dibutylhydroxytoluene 0.2
Ethanol 3

Water The balance
Characteristic

Foam volume (mL)

Immediately 240
After 2 min 225

Feel at use
Foam breakage in rinsing Very good
Smoothness in rinsing Very good
Smoothness after rinsing Good
Smoothness after drying Good

performed to give at least partially neutralized polyaspartic acid, as an additive
to detergents and cleaners in amounts of from 0.1 to 10% by weight based
on the detergents [66].

N-Acylamino acid surfactants, including those based on glutamic acid,
methylglycine, alanine, aspartic acid, and serine, have been used as aqueous
liquid cleansing agents [67]. The derivatives showed no increase in viscosity,
even at a low temperature. Thus they can be pushed out easily from a foamer
container to give uniform foam at a low temperature [67].

B. Detergents Containing Enzymes

Enzyme demand in detergent formulations is rising worldwide. The enzyme
types used in detergents are proteases, lipases, amylases, and cellulases. New
enzymes with unique properties are already being applied to replace the clean-
ing power of chlorine, while others are being developed for bleaching applica-
tions. These enzymes, as protein molecules, would be subjected to harsh con-
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TABLE 6 Detergent Composition Containing Glycine or Alanine Salt

Sample, % by weight

Acyl amino acid salt 1 2 3 4 5

Lauroyl glycine TEA 90

Lauroyl glycine Na 92

Mpyristoyl glycine K 90

Lauroyl alanine TEA 90

Lauroyl B-alanine K 90

Results:
Bubble volume (mL) 300 310 320 315 300
Creaminess of bubbles v.c. v.c. v.c. v.c. v.c.
Retention of bubbles 98 95 99 97 00
Touch of bubbles Good Good v.g. v.g. v.g.
Jarring feeling v.g. v.g. v.g. v.g. v.g.
Sliminess Good Good Good Good Good

v.c. = very creamy; v.g. = very good.
Source: Ref. 63.

ditions that may inactivate them. Nonionic PBS can potentially promote
enzyme activity by either providing a protective effect or enhancing substrate
adsorption.

Protease-containing liquid aqueous detergents are well known, especially
in the context of laundry washing, where they attack protein-based stains. A
commonly encountered problem in such protease-containing liquid aqueous
detergents is the degradation second enzymes (e.g., lipase, amylase, and cellu-
lase, or protease itself) by the proteolytic enzyme in the composition. As a

TABLE 7 General Properties of the N-Acyl Glutamates

Fatty acid Solubility, 40°C Purity

moiety Salt Form (1% active matter) (%)

Lauroyl Mono Na White Soluble >93

Myristoyl Mono Na White — >93

Cocoyl/tallowyl Mono Na White Soluble hazy >93

Stearoyl Mono Na White Soluble with >93
precipitate

Source: Ref. 65.
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result, the stability of the second enzyme or the protease itself in the detergent
composition is affected and the detergent composition consequently performs
less well. In response to this problem, it has been proposed to use various
protease inhibitors or stabilizers, such as benzamidine hydrochloride, lower
aliphatic alcohols, a mixture of a polyol, a boron compound, or aromatic borate
ester.

Labeque (Procter & Gamble Co.) et al. [68,69] proposed the use of a low
level of peptide trifluoromethyl ketones as reversible protease inhibitors in
aqueous liquid detergent composition. This approach is attractive and particu-
larly critical in the formulation of concentrated liquid detergent compositions.

C. Wool Finishing

Anionic N-acylated L-amino acids, oligopeptides, and protein hydrolysates can
be used in the wool finishing process. An increased bath exhaustion and a
more intense coloration of wool were obtained during the dyeing of wool by
the addition of N-acyl-L-amino acids or commercially available protein—fatty
acid condensates [70].

D. Drug Delivery

The potential for the use of novel PBS in drug delivery is interesting and
needs research attention. Recently, several glutamic acid dialkyl amides with
varying alkyl chain length bearing a variety of peptides (1-4 amino acids)
{peptide-glu-(NHC,H,,.1, n = 12, 14, 16)} have been rapidly and efficiently
converted into high-axial-ratio microstructures (HARMSs) in aqueous buffer
at physiological pH and ionic strength or in buffer containing methanol or
ethanol. Helical ribbons and tubular HARMs were produced that were stable
for as long as 6 months below the phase-transition temperatures of the com-
pounds. Such lipopeptide particles can retain their morphology long enough
in vivo to be useful as drug delivery vehicle axial-ratio microstructures from
peptides modified with glutamic acid dialkyl amides [71].

E. Antimicrobial Agents

Many natural substances possess antibacterial and/or indiscriminate cytotoxic
properties. For example, these include PGLa (frog skin), defesins (human
phagocytes), cecropins (silkmoth pupae or pig intestine), apidaccins (honeybee
lymph), melittin (bee venom), bombinin (toad skin), and the magainins (frog
skin), which consist primarily of protein and a system of cellular immunity
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in the producing organism. Knowledge of these natural protein-based antimi-
crobial agents and an understanding of their modes of action have been and
will continue to be useful in developing new antimicrobial PBS.

Previous chapters have amply demonstrated that several amino acid surfac-
tants and peptide surfactants have good antimicrobial activities. Understand-
ably, several of the antimicrobial surfactants are still at the experimental stage,
but it is important to note that many commercial PBS have been widely used
as efficient and safe antimicrobial agents. The biological activity of the PBS
antimicrobial activity can range from being specifically bacteriocidal or fungi-
cidal.

Some studies have been devoted to understanding the structural basis of
the antimicrobial activity of certain PBS. This subject is discussed in some
detail in previous chapters, and the reader is referred to sections in the various
chapters. Here, we point to perspectives based on amino acid sequences. Lee
et al. [72,73] described the preparation of basic model synthetic peptides con-
taining highly conserved amino acid sequences (leu, ala, lys, and arg) possess-
ing antimicrobial activity especially against gram-positive bacteria. The anti-
microbial activity of these products is parallel to their alpha helix content and
correlated with the position of the basic and hydrophobic groups in the se-
quence. Thus, high alpha-helix content corresponds to high biological activity
and peptides, where the hydrophobic groups and the hydrophilic cationic
groups are segregated on the face of the helix exhibit the most potent biological
activity. Houghten and Blondelle [89] describe that there is no antimicrobial
activity when the length of the peptide exceeds 25 amino acids or contain
fewer than 8 amino acids and that the most active sequences contain hydro-
philic content of between 50 and 60%. Furthermore, when the charge content
of the sequence exceeds 54%, the oligopeptide loses potent activity against
gram-negative bacteria even though an amphiphilic secondary structure is
maintained. Haynie [72] provided a series of non-natural oligopeptides that
share a common amino acid sequence, referred to as the core oligopeptide,
that have activity against gram-negative and gram-positive bacteria and
against yeast but that are not indiscriminately cytotoxic. Here, the term core
oligopeptide refers to the peptide given by the formula (leu-lys-lys-leu-leu-
lys-leu),, wherein the amino acid sequence occurs from left to right as shown
or from right to left and where n = 1, 2, or 3. The core oligopeptide may be
as short as 7 amino acids and as long as 21, where a length of at least 14
amino acids is preferred. It is found that the N-addition analogues have greater
antimicrobial activity than the core oligopeptides that have an amphiphilic
helical secondary structure, resembling naturally occurring antimicrobial
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peptides. The experimental results showed that the minimal inhibition con-
centration (Lg/mL) of core oligopeptide was 15.6 for E. coli and 31.2 for S.
aureus, while that of N-addition analogues was 7.8 for E. coli and 15.6 for
S. aureus [74].

V. PROTEIN-BASED SURFACTANT PROSPECTS
IN FOOD APPLICATIONS

Many foods contain mixtures of oil-soluble and water-soluble components;
such foods invariably require surface-active agents. In a broad sense, special
ingredients like surface-active agents, also called emulsifiers or stabilizers, are
needed to ensure uniform quality and shelf life stability of food emulsions
and foams. Generally, the function of surface-active materials in food systems
can be one or more of the following: (1) to promote emulsion stability, control
agglomeration of fat globules, and stabilize aerated systems; (2) to improve
texture and shelf life of starch-containing products by complex formation with
starch components; (3) to modify the rheological properties of wheat doughs
via interactions with gluten proteins; (4) to improve the consistency and tex-
ture of fat-based products by controlling polymorphism and the crystal struc-
ture of fats [75].

Food-grade emulsifiers are esters of edible fatty acids originating from ani-
mal or vegetable sources and polyvalent alcohols like glycerol, propylene gly-
col, sorbitol, and sucrose [75]. These products can be modified by making
derivatives with ethylene oxide or by esterification with acetic acid, diacetyl
tartaric acid, succinic acid, citric acid, or lactic acid, which makes it possible
to tailor-make surface-active materials with specific properties [75].

As amply discussed in Chapter 2 [Secs. III, IV], proteins from different
sources can be modified to produce a wide variety of PBS. Some of the tech-
niques used in protein modification have been indicated in Chapter 5 [Secs.
II-VII], with reference to PBS produced via a degradation process such as
proteolysis and deamidation, in addition to the cases of the surfactants pro-
duced by covalent attachment of nonprotein moieties. Enzymatic modification
of proteins with specific reference to food application has been discussed in
Chapter 1, Section II.B. Briefly, it was hypothesized that by reacting a hydro-
philic protein as the substrate with highly hydrophobic amino acid ester as
the nucleophile, a product with amphiphilic properties would result from the
localized regions of hydrophobicity [76]. To obtain adequately hydrophilic
proteins as substrates, succinylation could be used to modify the proteins prior
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to their use as substrates for the one-step process [76]. To obtain adequately
hydrophobic nucleophiles, amino acid esters with specific functional proper-
ties were produced [76]. For example, application of the papain-catalyzed one-
step process for L-norleucine n-dodecyl ester attachment to succinylate o-s;-
casein yielded a surface-active 20-kDa product with increased emulsifying
activity compared to 0.-s;-casein or succinylated o.-s;-casein [77]. The one-step
process has been applied to prepare PBS with different hydrophile—lipophile-
balance (HLB) values by using as nucleophiles L-leucine, n-alkyl esters of
varying chain length and commercially available proteins as hydrophilic sub-
strates [76]. The commercial proteins used in the experiments were gelatin,
fish protein concentrate, soy protein isolate, casein, and ovalbumin. Generally,
the succinylation (acylation) of these proteins caused an improvement in whip-
pability, foam stability, and emulsifying activity [76]. Furthermore, the attach-
ment of leucine alkyl ester of short chain length (C,) to the succinylated pro-
teins was more effective in enhancing their functional properties than was
longer chain length (C,,) [76].

As seen in Chapter 4 [Sec. II], extensive research has been done throughout
the pastcentury in the area of PBS, especially leading to the commercial develop-
ment of N-acyl amino acids. The salts of long-chain N*-acyl peptides have been
finding increasing utility in detergents, cosmetics, pharmaceuticals, and foods,
as cited in Chapter 6 [Sec. I]. A number of N-acylated peptides with different
hydrophobic contents are manufactured commercially from hydrolyzed animal
protein (collagen and keratin) or from plant proteins (soy, wheat).

The foregoing is intended to provide some insight into the potential re-
search and application opportunities of PBS in the food sector. The surface
activity of food proteins is regarded as the most important property, for it
influences the quality and utility of emulsions and foams. Accordingly, en-
hancement of the surface activity of food proteins is very important and can
be achieved by hydrophobic modification. The contribution of amino acids or
peptides per se to the overall hydrophobicity of food proteins is limited, com-
pared to the contribution of a hydrophobic tail in classic surfactants, such as
ethoxylated fatty acids [78]. Therefore, it can be expected that the incorpora-
tion of long hydrocarbon chains will affect significantly the surface activity
of proteins.

It is our opinion that progress has been slow in developing commercial
PBS for food applications. Acylation processes (acetylation and succinylation)
have been applied successfully to some extent to improve the functionality of
proteins or their hydrolysates. What seem to be needed now are novel ap-
proaches (chemical or enzymatic) to develop new surfactants with enhanced
surface activity and utility for food applications. The trend toward safer emul-
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sifiers will justify more research and development in enzyme technology for
the preparation of new surfactants.

VI. POTENTIAL APPLICATIONS OF PROTEIN-BASED
SURFACTANTS IN AGRICULTURAL SECTORS

The prospects for PBS in agricultural sectors are seemingly huge, especially
in crop protection via pesticide application, biomass conversion, and animal-
feed-utilization improvement.

Currently, the active ingredients and adjuvants of the products used for
crop protection in agriculture are nonrenewable (generally of petrochemical
origin) and present industrial and environmental risks [79]. The role of surfac-
tants in modifying pesticide behavior has been reviewed on a number of occa-
sions over the past 25 years [References in Ref. 80]. Many published reports
have shown that the incorporation of surfactants into pesticide sprays im-
proved efficacy [80]. Since most surfactants used in pesticide formulations
are petroleum based, it is conceivable that the growing propensity toward
products that are environmentally friendly will work in favor of PBS as poten-
tial replacements.

On the other hand, the application of surfactants in biomass conversion and
feed-utilization improvement is mostly at the stage of research and develop-
ment. Reports on surfactant utility in biomass conversion [81-85] and feed
utilization [86] are relatively scanty but growing.

The following are discussions on the current and/or potential roles of sur-
factants in pesticide formulation and crop protection, biomass conversion, and
feed utilization.

A. Surfactant Roles in Pesticide Formulation
and Crop Protection

Surfactants are often incorporated into pesticide formulations to function as
emulsifiers, wetting agents, and dispersing agents, especially to facilitate the
dispersion and distribution of insoluble active ingredients during spraying.
The activity of compounds used in spray applications critically depends on
the deposition and adhesion of the active ingredients involved [87]. In nearly
all cases, active ingredients are dispersed or suspended in an aqueous medium
before being sprayed onto the plant surface [87]. Due to the hydrophobic char-
acter of the plant surfaces involved, these aqueous solutions produce drops
that have a tendency to ‘‘rebound’’ (bounce) off the surface, which leads to
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poor adhesion and delivery of the active ingredient [86]. Often, less than 50%
of the initial spray is retained by the plant surface (e.g., foliage), which leads
to both increased costs and contamination risks [87]. For this reason, surfac-
tants are added to the spray tank to aid droplet adhesion and the wetting of
foliage [80]. The main effect of the surfactant will be to reduce the contact
angle, thereby encouraging larger droplets to adhere.

A number of commercial formulations, which contain substantial quantities
of surfactant for enhancement purposes, are now available [80]. Most are aque-
ous solutions of herbicides, e.g., paraquat and glyphosate; but there are exam-
ples of fungicides, which have limited solubility in water, e.g., ethirimol and
diclobutrazol. The most commonly used surfactants are nonionics [80], alkyl-
phenol ethoxylates, alkanol ethoxylates, and alkylamine ethoxylates. Another
example is the Roundup™ formulation, which contains glyphosate as an active
ingredient and surfactant, tallow amine, C;sN[(CH,CH,0),s—H],. The concen-
trated product contains 5—-15% of surfactant and is diluted to ~0.1% upon
application. A solution containing tallow amine (e.g., Ethomeen T25, a cat-
ionic) and glyphosate is sprayed onto the plant (leaves). The surfactant may
initially dissolve the surface wax and penetrate through the cuticles and mem-
branes to the cell walls. Evidence indicates that tallow amine causes chemical
abrasion of the membrane and possibly of the cell walls, resulting in a por-
ous environment. This facilitates the effective delivery of glyphosate to the
cells and causes the inhibition of the targeted enzyme(s) and ultimate plant
death.

B. Surfactant Roles in Biomass Conversion

Surfactants have been reported to enhance enzyme stability and hydrolysis.
Certain surfactants have been shown to increase the rate of hydrolysis as well
as prolong the life of the enzyme [85]. Many investigators have studied the
effective utilization of cellulosic materials, with an emphasis on enzymatic
conversions of cellulosic materials to glucose [84]. Cellulosic materials (e.g.,
plant biomass) are annually renewable resources [82]. Utilization of the glu-
cose stored in cellulosic substrates for the production of industrial chemicals
and microbial protein requires the previous hydrolysis of the polysaccharides
by acid or enzymatic treatment [82]. Limitations in acid treatment have fa-
vored enzymatic hydrolysis. However, cost analysis revealed that enzyme pro-
duction accounts for about 60% of the process cost of manufacturing sugar
from waste cellulosic materials [82]. Therefore, recycling and optimizing en-
zyme usage during hydrolysis would substantially improve its economics. This
has prompted several studies [81—85] aimed at exploring the potential of sur-
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factants in enhancing enzyme hydrolysis and stability during cellulose sac-
charification. Ooshima et al. [84] showed that nonionic (Emulgen 147, Tween
20, Tween 81), amphoteric (Anhitole 20BS), and cationic (Q-86W) surfactants
enhanced the saccharification, while anionic (Neopelex F-25) surfactant did
not. Further, it was noted that cationic (Q-86W, 0.008%) and anionic (Neo-
pelex F-25, 0.001%) denatured cellulase. Tween 20 was the most effective in
enhancing saccharification.

Other studies [85] have shown that cationic bacitracin, anionic AOT, and
nonionic Tween 80 all enhanced cellulose hydrolysis, implying that the charge
of the surfactant was not an important consideration. In fact, Tween 80 (0.1%)
increased the rate and extent of saccharification by up to 40% [82,85]. The
structure of the hydrophilic head group of the surfactant also had little signifi-
cance [85]. Those with a sugar group, sophorolipid and rhamnolipid, worked
well, as did bacitracin, which has a peptide hydrophilic group [85].

To rationalize the mechanism by which surfactants influence cellulose hy-
drolysis, several hypotheses have been proposed. Because hydrolysis involves
the transport of enzymes and soluble sugars between the solid substrate and
the bulk reaction fluid, it follows that modification of the interfacial energy
may have some impact on this transfer [85]. The enzymatic hydrolysis of
cellulose is a heterogeneous reaction, with soluble cellulolytic enzymes con-
verting solid cellulose into soluble sugars [85]. The first step in this reaction
is adsorption of cellulolytic enzymes from the reaction medium onto the sur-
face of the cellulosic substrate [85]. It has been reasoned that perhaps certain
surfactants may facilitate mass transfer and the cellulase adsorption—desorp-
tion process. Another school of thought has implicated the hydrophobic—hy-
drophilic nature of cellulose, suggesting a hydrophobic interaction between
surfactant and cellulose. Cellulose is known to have hydrophobic regions,
which may attract surfactants by hydrophobic interaction, resulting in align-
ment of the polar head groups in the surrounding aqueous medium and an
increase in hydrophilicity of the substrate [85].

According to Helle et al. [85], surfactants probably have two effects on
cellulose hydrolysis. The first is the disruption of cellulose, making the cellu-
lose more accessible to the enzymes. The second is prevention of the adsorbed
enzyme from becoming inactive, probably by facilitating its desorption before
inactivation occurs.

As indicated previously, the cost of cellulase enzymes account for a large
proportion (60%) of the total cost of cellulosic material conversion [82]; the
use of surfactants will result in substantial savings [85]. This is an area that
awaits PBS application.
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C. Surfactant Roles in Feed-Utilization Improvement

Feed remains the most important cost of animal production; as a consequence,
strategies are needed that improve feed efficiency and reduce the pollution
associated with manure. During the last two decades, the feed efficiency of
ruminants has remained unchanged, while that of pigs and chickens has been
dramatically improved by improved feeding strategy and breeding.

The normal diet of the ruminant animal is forage [88], which provides fiber
for the maintenance of healthy rumen function, energy, and protein for milk
production. Forage includes grasses, legumes, and cellulolytic by-products of
agricultural production [88]. These are fed fresh as either pasture or green
chop; in a dry form as hay; or in a preserved state as silage. The ability to
utilize these materials as sources of nutrients is possible only as a result of
pregastric bacterial fermentation in the rumen, the nonfundic portion of the
animal’s stomach [88]. Here, bacterial action reduces the complex structural
carbohydrates, cellulose, hemicellulose, and lignin, and the associated non-
structural carbohydrates, pectin, starches and sugars, to either fatty acids or
more chemically simplistic carbohydrate forms, which are subjected to gastric
action in the fundic stomach and small intestine [88]. Forage utilization is
limited, due to the slow rates of rumen fermentation. The slow rate has been
attributed in part to the limited accessibility of enzymes to the substrates. The
limited accessibility is presumed to be due to the steric hindrance imposed by
the structure and association of the cell wall polysaccharides.

The PBS can potentially enhance forage digestibility as feed additives or
forage conditioner to provide the following functions: (1) facilitate substrate
accessibility by rumen bacteria via modification of the interfacial energy;
(2) increase the wettability and dispersibility of substrates; (3) provide enzyme
stability in cases where enzyme supplementation is practiced.
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Current Market Developments

and Trends in Amino Acid-
and Protein-Based Surfactants

KAZUTAMI SAKAMOTO Ajinomoto Company, Inc., Kanagawa, Japan

. GENERAL FEATURES OF THE SURFACTANT
MARKET

Surfactants are molecules with distinguishing structural and functional charac-
teristics, which can be described as amphiphilic structure and property. They
have been commonly explained as the molecules with dual affinities, to oil
(hydrophobicity) and to water (hydrophilicity); thus surfactants tend to accu-
mulate at the interfaces of oil and water, to change the physicochemical prop-
erties of a system. These properties, i.e., surface activities, are exploited in
our daily life and in industrial processes in the form of agents that foam,
emulsify, create dispersion, clean, wet, etc. With these functions, surfactants
are indispensable, and worldwide demand and supply are huge and growing.

Surfactants are consumed in various industrial applications directly or indi-
rectly connected to our daily lives. Market shares of surfactants in the United
States in 1997 are shown in Figure 1. Consumption of household cleansing
products, personal care products, and industrial and institutional (I&I) cleans-
ing products exceeds more than 60% of the 5.14 billion pounds of surfactants
produced in the United States in 1997 [1]. In Japan, I1&I consumption exceeds
over 50% of total production [2]. Anionic surfactants are the most common
type utilized for every application because of their highly effective detergency
and relatively lower cost. Thus anionic surfactants dominate household clean-
ing products.

Nonionics are expanding their share, especially in I&I cleansing products,
where the weakness of nonionics in foaming power is not a determinant prop-

261



262 Sakamoto

Other
39%

Household

49%

12%

FIG.1 Surfactant consumption in the United States (1997), estimated from SRI data.
Personal care excludes soaps and syndet bar.

erty or a disadvantage for the actual application. In Europe, nonionics are
gaining share rather rapidly (5% per year annual growth) and are even esti-
mated to exceed the share of anionics by 2002. Amphoterics show an even
faster annual growth, up to 6%, although the current market share for ampho-
terics is much smaller than for anionics and nonionics, that is, only 14 million
pounds out of 3 billion pounds consumed for household and I&I use in the
United States [1]. In the personal care market, such trends are more evident,
as seen in Figure 2, where the market share of amphoterics is almost half of
nonionics in western Europe. The development of new surfactants and applica-
tions are focused mainly on functionality and cost reduction. Intensive re-
search and development under competitive circumstances established today’s
huge surfactant market.

Recently, it has been noticed that excessive use of surfactants sometimes
causes problems to humans and the environment. This concern opened the
door for the nonionics and amphoterics to penetrate into the anionics market
due to their better functionality and lower adverse impact on humans and the
environment.

Therefore, environmental concerns and low-toxicity requirements are pro-
viding new incentives and opportunities for the development of specialty sur-
factants. Amino acid— and protein-based surfactants (AAS, PBS) are the can-
didates most likely to fulfill these requirements because of their structural and
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FIG. 2 Surfactant consumption (thousand metric tons) for personal care products
(1997), estimated from SRI data, excluding soaps and syndet bar.

functional likeness to the natural system. Although the current production scales
of amino acid- or protein-based surfactants are too small to be reflected in the
statistics, market demand and growth are remarkable. To provide a better under-
standing and to encourage further developmental effort, the characteristics of
and prospects for amino acid—related surfactants are explained in this chapter.

Il. MILDNESS AS A MEASURE OF CONCERN
IN PERSONAL CARE PRODUCTS

The history of surfactant applications in personal care products can be traced
back to the ancient Egyptians. Soap was the only available surfactant in those
early centuries. It was not until the Second World War that synthetic surfac-
tants were developed and formulated into daily personal care products. Diver-
sification and expansion of synthetic surfactants based on the technological
and economical advances of the oleochemical and petrochemical industries
made surfactants indispensable for daily life in industrialized countries such
as the United States, western Europe, and Japan, and the same trends are ex-
panding throughout the world. We now face a controversial problem: cleans-
ing ability as the primary function of surfactants versus gentleness to humans
and environmental impact.

Synthetic surfactants such as sulfates, sulfonates, and ethoxylates were de-
veloped to be superior in surface activity, along with cost effectiveness. An



264 Sakamoto

abundance of consumer products with high-potency cleansers and excessive
shampooing and cleansing often cause skin troubles, especially for people with
sensitive skin. As a result, mildness has become a measure of concern, and
even of market opportunity, in the personal care industry. For this reason,
product formulators are looking for surfactants with superb mildness. Amino
acid- and protein-based surfactants are the molecules most likely to satisfy
such market demand.

lll. HISTORY OF AND TRENDS IN MILD
SURFACTANTS

Acylproteins have been used in personal care formulations for many years,
mainly because of their perceived attractiveness on the ingredient label. The
acylproteins are usually derived in part from hydrolyzed protein or peptide.
The acylproteins are rather expensive, because they are manufactured on a
small scale. Another drawback related to the use of acylproteins is that they
always contain mixtures of various reaction products and residual raw materi-
als. For these reasons, extensive study of their mildness was required to war-
rant the application of acylproteins in personal care products.

Acylsarcosinates were the first commercial surfactants applied in personal
care products at a meaningful concentration. The main application of acylsar-
cosinate was as a foaming additive for toothpaste but it was never a leading
surfactant to create mildness.

In the late 1960s, extensive research and development was conducted on
acylglutamate as a mild anionic surfactant. The evaluation included a primary
skin and eye irritation test, a maximization test, and an acute and even chronic
toxicity test for animals. This was followed by clinical studies, including pa-
tients with skin troubles, as shown in Table 1 [3—6]. Ajinomoto Co. Inc.
launched acylglutamate in Japan in 1972 and applied it to the solid bar
cleanser, which was launched by Yamanouchi Pharmaceutical Co. through
pharmacy channels and was purchased mainly by patients with a doctor’s rec-
ommendation. The bar cleanser has three significant mildness features: (1) it
is nonalkaline (actually weakly acidic, the same as skin pH); (2) it is nonaller-
genic (hypoallergenic) and nonfragrant (probably the first product involving
the concept of hypoallergenic; (3) it is nonirritating [7].

Several years later, as a line extension, paste-type or cream-type facial
cleansers were launched with the same idea, which helped expand the mild-
cleanser market in Japan. At the same time there were epidemic problems of
hyperpigmentation by some cosmetic products in Japan. Nakayama et al. [8,9]
proposed an allergen-controlled system (ACS) to treat such patients, and



TABLE 1

Clinical Safety Evaluation for Acylglutamate

Test Object

Material

Result

Closed patch test 40 healthy males
Percutaneous sensitization
Phototoxicity and photo-

sensitization

Closed patch test 40 healthy males

47 Patients with
eczema and derma-
titis

Closed patch test

Use test 48 healthy males
Hand, facial washing, and Patients with eczema
bathing and dermatitis as
their stage toward re-
mission
Use test Patients with
Hand, facial washing, and eczema and derma-
bathing titis

AGS
0.1%, 0.5%, 1%, 3%

CS-11, LS-11, GS-11

CT-12, LT-12, SLS
and Soap

(0.5% & 1.5% aq.)

AGS, SLS, Soap
(1.5% solution)

AGS solid bar
AGS solid bar

AGS solid bar

0.1%, same as water

5%, Extremely weak primary irritation
No abnormality found

No abnormality found

Material
Blank (no treatment)
LS-11, CT-12, LT-12
Soap (all 1.5%)
Distilled water
LS-11, CT-12, LT-12 (all 0.5%)
CS-11, GS-11 (both 0.5 &

Extent of irritation
Almost none (0—-1.0)
Slight (0.26-1.0)

Light (1.1-2.0)

1.5%)
Soap (0.5%), SLS (0.5%)
Moderate (2.1-5.0) None
Strong (>5.0) SLS (1.5%)

Irritation order
Water = AGS = soap < SLS

No abnormality found
Safely applicable

Safely applicable

LS-11: monosodium lauroylglutamate; CS-11: monosodium cocoylglutamate; LT-11: monotriethylammonium lauroylglutamate; CT-12: monotri-
ethylammonium cocoylglutamate; GS-11: monosodium cocoyl/stearoylglutamate; AGS: monosodium cocoyl/stearoylglutamate; AGS solid bar: AGS/

cetylalcohol.
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cleansers based on acylglutamate played a key role in the system due to its
hypoallergenic and mild properties. This phenomenal result led other pharma-
ceutical companies to launch similar mild cleansing products. Professional
hair care manufacturers and cosmetic companies followed the trend by estab-
lishing a mild-cleanser market. In 1980 the mild-cleanser market reached 50
billion yen, or about 5% of the total soap market, which was a significant part
of the personal care cleanser market at that time [10].

This trend was further boosted in the early 1980s by Kao’s launch of a
facial cleanser formulated with monoalkylphosphate, with a similar mildness
claim. Shiseido expanded the mildness concept to the hair care market in the
late 1980s, with acylmethyltaurate as a primary surfactant. It is noteworthy
that facial cleansers in solid bar and paste products by Yamanouchi Pharma-
ceutical Co. contained acylglutamate as a primary surfactant and were mar-
keted for over a quarter of a century and merely had claims for their package
but almost none for adverse skin troubles, and they continue to hold a signifi-
cant market share in the mild-cleanser category sold through pharmacies and
drug stores in Japan.

In the United States and Europe, the mildness concept is led by isethionate
for a cleansing bar by Lever Brothers (Unilever Affiliate), followed by an
amphoteric surfactant and nonionic alkylglycocide, which are really secondary
surfactants to reduce the potential for irritation with a combination of typical
anionics. The utilization of acylamino acid surfactants has just started in West-
ern markets. In Europe, Biersdorf was the first company to use acylglutamate
in a product for the mass market, although several upscale cosmetic cleansers
pioneered its use on a small scale.

In the United States, Germain Monteil first applied acylglutamate to facial
cleansers in the mid-1980s, but the market was not yet ready to acknowledge
such mild products at that time. Recently, a major launch has been achieved by
Bath & Body Works for their bath product with acylglutamate in the formula.

A. Substantiation of Mildness

Cleansing products, by physicochemical action, are used to wash and remove
materials deposited from outside or excreted from the skin. This helps to keep
the skin clean and facilitate normal physiological and homeostatic skin func-
tions. Without proper cleansing, residual materials on the skin might decom-
pose or be denatured by oxygen, UV radiation, or microbial transformation
to the undesirable material that interferes with skin metabolism or even dam-
ages skin, especially sensitive skin, such as atopic or dry skin. On the other
hand, surfactant, as a major component of the cleansers, has side effects such
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as potential irritation because of its nature to strip precious constituents, such
as water-soluble natural moisturizing factor (NMF) and skin lipids, which pro-
vide a natural emollient to reduce the barrier function. Surfactants cause a
further undesirable effect as an irritant when they penetrate the skin. Thus,
skin irritation might be an outcome of successive and complicated physical
and physiological responses caused by the surfactant as a foreign substance
[11,12].

There are many in vivo and in vitro approaches to assessing the irritation
potential of surfactants. For overall results, in vivo applications and observa-
tions are the most useful and realistic measures. The Draize method has been
utilized for many years for this purpose and been found useful for assessing
irritation potential. Recently, it has become controversial to utilize the Draize
method with animals because of concerns for animal welfare, despite its pur-
pose of isolating caustic materials in order to avoid human exposure. Many
in vitro methods have been developed recently that are useful alternatives to
the animal tests and even as functional tools for analyzing the cause of irrita-
tion [13,14].

Extensive studies have been conducted comparing acylglutamate with other
anionic surfactants, along with isolating the possible cause from outside to
inside the skin. As shown in Figs. 3a and b [15], acylglutamate has sufficient
detergency to remove the surface lipid, e.g., squalene, but does not to strip
the constitutive lipid in the stratum corneum, e.g., cholesterol. Thus selective
detergency for squalene is higher for acylglutamate compared to other anion-
ics. Also notice that the stripping of NMF was relatively insignificant, as
shown in Fig. 4 [16]. From these results, it can be assumed that acylglutamate
caused less damage to the skin barrier function. In vitro measurement, by the
ESR method, of the mobility and orientation of intercellular lipid bilayers for
the human stratum corneum further supported the mildness of acylglutamate
(Fig. 5). This preservation of the barrier function is confirmed by in vivo
human test by means of transepidermal water loss (TEWL) measurement,
which is a well-accepted parameter corresponding to the skin barrier function
(Fig. 6) [18].

Skin penetration by acylglutamate has been found rather small compared
to that of soap or alkylsulfate. The cytotoxicity of acylglutamate for human
keratinocyte was significantly lower than for other anionics, including acyl-
methyltaurate, as shown in Fig. 7.

Thus acylglutamate has been demonstrated by several tests to show extreme
mildness when tested in vivo with animals and humans or when the actual
product is used. Acylmethyltaurate also showed a relatively lower irritation
potential by these test methods.
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FIG. 3 (a) Loss of skin surface lipid: The amount of squalene removed from the skin
by a 1% surfactant solution represents lipids secreted from the sebaceous glands.
(b) Loss of intercellular lipid: The amount of cholesterol removed from the skin by a
1% surfactant solution represents lipids. AGS: acyl glutamate; MAP: monoalkyl phos-
phate; AMT: acylmethyl taurate; SSS: sulfosuccinate; LES: lauryl ether sulfate. (From
Ref. 11.)



Current Trends in AAS and PBS 269

20

100(™

T

Water Soap AGS MAP

Total Amino Acid Extracted
nmol/em?

FIG. 4 Loss of NMF: The amount of amino acid extracted from the skin by surfac-
tant. (From Ref. 16.)

Order Parameter : S=1
|

LIl
LILLILILLLL
L
S TR VT Water S=0.89
PTT w f ASenTl ' ‘spinlaheling agent AGS 0.73
. l.i.'lllll]. = water Soap 0.65
J.;:l— Disordering LES 0.62
o B SLS  0.47
Vel e
7 S :—:2 - Order Parameter : S=0
- ./
L

: |
s S WWMW
BN

FIG. 5 Disordering of intercellular lipid layers in stratum corneum: Ordered struc-
tures of intercellular lipid bilayers in the stratum corneum are measured in terms of
the order parameter (S) by the in vitro ESR spin-probe method. Intact stratum corneum
showed a higher S value. With SLS treatment, structural deformation is evidenced by
a smaller S value. (From Ref. 17.)
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FIG. 7 1In vitro safety assessment: Cytotoxicity for human keratinocyte. AGS: acyl
glutamate; AMT: acylmethyl taurate; SCI: cocoyl isethionate; MAP: monoalkyl phos-
phate; SLS: lauryl sulfate; LES: lauryl ether sulfate. (From Ref. 11.)
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IV. PRODUCT DEVELOPMENT
A. Anionic Surfactant

Commercially available amino acid— and protein-related surfactants are listed
in Table 2. Anionic surfactants include most varieties, and glutamic acid and
sarcosine are two major amino acids utilized. Acylglutamates successfully cre-
ated a mild-surfactant market in Japan, as mentioned before. The reason is
not only their extreme mildness but also, and more importantly, their versatile
process adaptability for making products with a suitable selection and combi-
nation of acyl radicals and type of base and degree of neutralization. Thus,
most types of mild cleansing products with a high mildness can be prepared
with acylglutamate as a primary surfactant. Regular anionic surfactants do not
have this flexibility, because their anionic group is either too water soluble,
such as sulfate or sulfonate, or poorly water soluble, such as carboxylate, to
accommodate versatile formulations, from clear solution to solid bar, in a sin-
gle anionic moiety without losing the appropriate cleansing efficiency. An-
other distinguishing property of acylglutamate is that it leaves skin feeling
soft and moist after use, which makes the skin supple.

Sometimes there are difficulties in combining acylglutamate as cosurfactant
to the traditional anionic surfactant system in terms of the viscosity and lath-
ering of shampoo or bath cleansers. Acylsarcosinate and acylmethylalaninate
can be used as a tertiary cosurfactant or as an alternative to acylglutamate for
this purpose [19]. Acylmethyltaurate has also been used as a primary surfac-
tant for mild-shampoo formulation [20,21].

Recently, further developments have enabled better choices for formulators
in selecting amino acid-related surfactants. Acylglycinate and acylalaninate
make up the first class of this new anionic surfactant; both give a creamy and
resiliant foam as a primary surfactant and even as cosurfactant with other
traditional anionics. They exhibit synergistic effects with soap for lathering
volume and retention. After the use of acylglycinate and acylalaninate the skin
feels clean and fresh without the tautness that soap produces. Various types
of formulations, i.e., shampoo, facial cleanser, and body wash, can be prepared
with the appropriate selection and combination of amino acid residue, fatty
acid residue, and counterion [22].

Another class is the amino acid salt of fatty acid. In this case, a basic amino
acid, such as lysine or arginine, can be used as a base to neutralize fatty acid
instead of a regular organic base, such as ethanolamines. Soaps with these
basic amino acids have better foaming properties over a wider pH range than
soaps with triethanolamine (TEA). Additionally, these amino acids have suit-



TABLE 2 Amino Acid-based Anionic Surfactants on the Market

INCI or chemical name Amino acid Trade name Supplier Reference no.*

TEA-cocoyl alanate Alanine Amilite ACT-12 Ajinomoto 1 (p. 14)

Arginine cocoate Arginine Aminosoap AR-12 Ajinomoto 1 (p. 14); 2 (p. 1821)

TEA-palmitoyl aspartate Aspartic acid 3 (p. 238)

Cocoyl glutamic acid Glutamic acid Amisoft CA Ajinomoto 1 (p. 14); 2 (p. 1821)

Disodium cocoyl glutamate Amisoft ECS-22 Ajinomoto 1 (p. 14); 2 (p. 1821)

Disodium hydrogenated tallowyl glu- Amisoft HS-21 Ajinomoto 1 (p. 14); 2 (p. 1821)

tamate
Hydrogenated tallowyl glutamic Amisoft HA Ajinomoto 1 (p. 14); 2 (p. 1821)
acid

Lauroyl glutamic acid Amisoft LA Ajinomoto 2 (p. 1821)

Potassium lauroyl glutamate Amisoft LK-11 Ajinomoto 1 (p. 14); 2 (p. 1821)

Potassium cocoyl glutamate Amisoft CK-11 Ajinomoto 1 (p. 14); 2 (p. 1821)

Sodium cocoyl glutamate Amisoft CS-11 Ajinomoto 1 (p. 14); 2 (p. 1821)
Hostapon KCG Hoechst Celanese 2 (p. 2050)

Sodium lauroyl glutamate Amisoft LS-11 Ajinomoto 1 (p. 14); 2 (p. 1821)

Sodium myristoyl glutamate Amisoft MS-11 Ajinomoto 1 (p. 14); 2 (p. 1821)

Sodium stearoyl glutamate Amisoft HS-11P Ajinomoto 1 (p. 14); 2 (p. 1821)

TEA-cocoyl glutamate Amisoft CT-12 Ajinomoto 1 (p. 14); 2 (p. 1821)

TEA-lauroyl glutamate Amisoft LT-12 Ajinomoto 1 (p. 14); 2 (p. 1821)

Caplyroyl glycine Glycine 2 (p. 1874)

Potassium cocoyl glycinate Amilite GCK-12 Ajinomoto

Sodium cocoyl glycinate Amilite GCS-11 Ajinomoto

TEA-cocoyl glycinate Amilite GCT-12 Ajinomoto

Lysine cocoate Lysine Aminosoap LYC-12  Ajinomoto 1 (p. 14); 2 (p. 1821)

Lauroyl methyl alanine Methyl alanine

Sodium cocoyl methyl alaninate Alanon Kawaken Fine Chem. 3 (p. 359)

cle
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Sodium methyl cocoyl taurate

Sodium palmitoyl methyl taurate
Caplyroyl collagen amino acids

Capryloyl hydrolyzed animal keratin

Capryloyl hydrolyzed collagen
Capryloyl hydrolyzed keratin
Capryloyl keratin amino acids
Capryloyl pea amino acids
Capryloyl quinoa amino acids
Capryloyl silk amino acids
Lauroyl hydrolyzed collagen
Lauroyl hydrolyzed elastin
Lauroyl silk amino acid
Potassium cocoyl hydrolyzed ani-
mal protein
Potassium cocoyl hydrolyzed col-
lagen

Potassium cocoyl hydrolyzed soy
protein
Sodium TEA hydrolyzed keratin

TEA cocoyl hydrolyzed soy protein

TEA cocoyl hydrolyzed collagen

TEA hydrolyzed animal protein

Methyl taurine

Neoscope CN-30
Nikkol CMT-30
Hostapon CT
Nikkol PMT

Lamepon S

Maypon 4C
May-Tein C
Lamepon PA-K
NIKKOL CCK-40
Promois ECP
Promois ESCP

May-Tein KTS
May-Tein SY
Lamepon

May-Tein CT
Promois ECT

Touhou Chem.
Nikko Chem.
Hoechst Celanese
Nikko Chem.

Henkel

Inolex Chemical
Maybrook, Inc.
Grunau

Nikko Chem.
Seiwa Chem.
Seiwa Chem.

Maybrook, Inc.
Maybrook, Inc.
Grunau
Henkel
Maybrook, Inc.
Seiwa Chem.

3 (p.
3 (p.
2 (p.
3 (p.
2 (p.
2 (p.
2 (p.
2 (p.
2 (p.
2 (p.
2 (p.
2 (p.
2 (p.
2 (p.
2 (p.
1 (p.

1 (p.
1 (p.
2 (p.
3 (p.
3 (p.
3 (p.

1 (p.
1 (p.
2 (p.
2 (p.
1 (p.
3 (p.

360)

360)

2050)
238)

1874)
1874)
1874)
1874)
1874)
1874)
1874)
1874)
2093)
2093)
2093)
107)

124)
124)
2088)
355)
355)
355)

124)
124)
2088)
2088)
124)
356)
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TABLE 2 Continued

INCI or chemical name Amino acid Trade name Supplier Reference no.”
TEA-abietoyl hydrolyzed animal Lamepon PA-TR Henkel 1 (p. 107)
protein
TEA-cocoyl collagen amino acids AminoFoam C Croda Inc. 1 (p. 14)
Ammonium lauroyl sarcosinate Sarcosine Hampsyl AL-30 Hampshire Chem. Co. 1 (p. 90)
Cocoyl sarcosine Hampsyl C Hampshire Chem. Co. 1 (p. 90)
Soypon SCA Kawaken Fine Chem. 3 (p. 357)
Vanseal CS R.T. Vanderbilt Co. 1 (p. 207)
Lauroyl sarcosine Hampsyl L Hampshire Chem. Co. 1 (p. 90)
Vanseal LS R.T. Vanderbilt Co. 1 (p. 207)
Mpyrisroyl sarcosine Hampsyl M Hampshire Chem. Co. 1 (p. 90)
Vanseal MS R.T. Vanderbilt Co. 1 (p. 207)
Oleoyl sarcosine Vanseal OS R.T. Vanderbilt Co. 1 (p. 207)
Sodium cocoyl sarcosinate Hampsyl C-30 Hampshire Chem. Co. 1 (p. 90)
Soypon SC Kawaken Fine Chem. 3 (p. 357)
Vanseal NACS-30 R.T. Vanderbilt Co. 1 (p. 207)
Sodium lauroyl sarcosinate Maprosyl 30 BASF Co. 1 (p. 120)
Hampsyl L-30 Hampshire Chem. Co. 1 (p. 90)
Crodasinic LS-30 Croda Inc. 1 (p. 49)
Closyl LA Boehme Filatex 1 (p. 48)
Vanseal NALS-30 R.T. Vanderbilt Co. 2 (p. 2050)
Sodium myristoyl sarcosinate Hampsyl M-30 Hampshire Chem. Co. 1 (p. 90)
Stearoyl sarcosine Hampsyl S Hampshire Chem. Co. 1 (p. 90)
TEA-lauroyl sarcosinate Soypon SCTA Kawaken Fine Chem. 3 (p. 357)
Hampsyl TL-40 Hampshire Chem. Co. 1 (p. 90)
Hostapon KTW Hoechst Celanese 2 (p. 2050)
Sodium methyl oleyl taurate Taurine Hostapon T Hoechst Celanese 2 (p. 2050)

“Ref. 1: McCutheon’s Emulsifiers & Detergents, 1998 North American edition; Ref. 2: International Cosmetic Ingredient Dictionary and Handbook,

7th ed., 1997, CTFA; Ref. 3: JCID/Japan Cosmetic Ingredients Dictionary.
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able solubility for liquid-product formulation. The soaps with basic amino
acids have improved mildness and biodegradability compared to TEA soap,
and they give the skin a supple feeling [23].

B. Cationic Surfactant

Cocoyl arginine ethylester (CAE) as PCA salt is the only amino acid—based
cationic surfactant commercially available, as shown in Table 3. Cocoyl argi-
nine ethylester has unique properties, such as disinfecting and antimicrobial
action [34], antistatic and conditioning effect for hair, excellent mildness to
skin and eyes, and high biodegradability [25]. With these characteristics, CAE
has been utilized in personal care products as a cationic surfactant and a germi-
cidal agent. Examples are hand sanitizer, mouthwash, hair rinse and condi-
tioner, shampoo, and skin cream and lotion [26]. Quaternary acylproteins are
another example of cationic surfactants based on hydrolyzed proteins, as listed
in Table 3. These materials are used mainly in hair care products as a condi-
tioning agent.

C. Amphoteric Surfactant

Only two amphoteric surfactants derived from amino acid are known, as
shown in Table 4. Lauroyl lysine (LL) is a condensate of lysine and lauric
acid, as explained in Chapter 4. Because of a strong intramolecular neutraliza-
tion, LL is insoluble in almost all kinds of solvents except strong acidic or
alkaline solutions in spite of its amphoteric structure. And LL has high lubric-
ity and a low frictional coefficient as an organic powder and excellent adhesive
properties to hydrophilic surfaces to impart hydrophobicity to the substance.
Thus LL has been widely used as a surface modifier in makeup products and
as a lubricant in skin creams and hair conditioners [27].

Alkyloxy(2-hydroxypropyl) arginine (AA) is another amino acid—based
amphoteric surfactant recently developed (Table 4). As an amphoteric mole-
cule, AA changes its ionic structures in different pH. Because of a strong
cationic moiety guanidine group in arginine residue, AA shows cationic prop-
erties under neutral to acidic conditions. Thus AA has a substantive condition-
ing effect for hair. And AA exhibits extreme mildness and biodegradability
when compared to traditional cationic surfactants commonly used in hair care
preparations, such as alkyl quaternary ammonium salts. As such, AA with its
functionality and gentleness to humans and the environment is expected to be
utilized widely in personal care products as an alternative to quaternary cat-
ionic surfactants.



TABLE 3 Amino Acid—Based Cationic Surfactants on the Market

INCI or chemical name Amino acid Trade name Supplier Ref. no.*
PCA salt of cocoyl arginine ethylester Arginine CAE Ajinomoto 1 (p. 29)
Cocodimonium hydroxypropyl hydrolyzed kera- Protein Promois WK-HC Seiwa Chem. 3 (p. 51)
tin protein
Cocodimonium hydroxypropyl hydrolyzed silk Promois S-CAQ Seiwa Chem. 3 (p. 53)
protein
Hexadecyl ester of hydrolyzed animal protein Promois AH Seiwa Chem. 3 (p. 82)
Lauryldimonium hydroxypropyl hydrolyzed ca-
sein
Lauryldimonium hydroxypropyl hydrolyzed col- Lamequat Henkel 1 (p. 107); 2 (p. 2088)
lagen Lamequat Grunau 2 (p. 2088)

Lauryldimonium hydroxypropyl hydrolyzed ker-
atin

Lauryldimonium hydroxypropyl hydrolyzed silk

Lauryldimonium hydroxypropyl hydrolyzed soy
protein

Stearyldimonium hydroxypropyl hydrolyzed col-
lagen

Stearyldimonium hydroxypropyl hydrolyzed ker-
atin

Stearyldimonium hydroxypropyl hydrolyzed silk
protein

Promois W-42SA
Promois W-HSA

Promois S-SAQ

Seiwa Chem.

Seiwa Chem.

Seiwa Chem.

3 (p.
3 (p.

3 (p.

53)
53)

53)

“Ref. 1: McCutheon’s Emulsifiers & Detergents, 1998 North American edition; Ref. 2: International Cosmetic Ingredient Dictionary and Handbook,
7th ed., 1997, CTFA; Ref. 3: JCID/Japan Cosmetic Ingredients Dictionary.
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TABLE 4 Amino Acid-Based Amphoteric Surfactants on the Market

INCI or chemical name Amino acid Trade name Supplier Ref.
Alkylhydroxypropyl Arginine  Amisafe Ajinomoto

arginine
Lauroyl lysine Lysine Amihope L Ajinomoto CTFA p. 1820

Ref.: International Cosmetic Ingredient Dictionary and Handbook, 7th ed., 1997, CTFA.

D. Nonionic Surfactant

Amino acid—based nonionic surfactants are listed in Table 5. Most of the mate-
rials are used either as a coemulsifier or as an emollient in skin care and
hair care products [28—-30]. Acylglutamate cholesteryl ester (AGCE) promotes
recovery of damaged skin, which is similar to the effect found for ceramides,
key constituents in the lipid membrane of the stratum corneum [31].

V. FUTURE PROSPECTS

Because of increasing concern for the effect of industrialization on human life
and the environment, every chemical material or process is scrutinized for
safety and compatibility to minimize impact. Surfactants are functional chemi-
cals in principle, so many synthetic surfactants are developed to improve their
cost effectiveness.

In nature, there are many physiological structures and functions supported
by amphiphilic molecules (namely, surfactants), such as lecithin, fatty acid,
lipoamino acids, and lipopeptides. From this viewpoint, amino acid— and
protein-based surfactants are logically one of the most important materials to
be reviewed and developed.

In this chapter, the development and usefulness of many amino acid— and
protein-based surfactants has been discussed. The cost of amino acids and
proteins and complicated manufacturing processes were the prohibiting factors
for the broad utilization of this class of surfactants. Large-scale production
and market consumption of certain amino acids, such as glutamic acid and
lysine, have helped to alleviate this limiting factor.

Increased market application of acylglutamate and acyllysine, still in the
niche area though, helped to increase awareness of these surfactants and will
drive expansion of their applications, which eventually will lead to a larger
cost reduction. The combination of synthetic and biological processes will be
another prospective driving force to help reduce the production cost of amino



TABLE 5 Amino Acid-Based Nonionic Surfactants on the Market

8/¢

INCI or chemical name Amino acid Trade name Supplier Ref. no.*
PCA salt of cocoyl arginine ethylester Arginine CAE Ajinomoto 1 (p. 29)
Diethyl palmitoyl aspartate Aspartic acid ASP Nippon Chem. 3 (p. 238)
Di(cholesteryl,behenyl,octyldodecyl)N-lauroyl glutamic Glutamic acid  Eldew CL-301 Ajinomoto 1 (p. 158)
acid ester
Dioxyethylene octyldodecyl-diester of lauroyl glutamic Amiter LGOD-2  Ajinomoto 1 (p. 15)
acid ester
Dioxyethylene stearyl-diester of lauroyl glutamic acid Amiter LGS-2 Ajinomoto 1 (p. 15)
ester
Octyldodecyl-diester of lauroyl glutamic acid Amiter LGOD Ajinomoto 1 (p. 15)
Aminopropyl laurylglutamine Glutamine 2 (p. 1821)
2-Ethylhexyl PCA PCA 3 (p. 425)
Lauryl PCA 2 (p. 2093)
PCA monoolein ester Amifat P-30 Ajinomoto 1 (p. 14)
POE(25) glycerin monoPCA monoisostearic diester Pyroter GPI-25 Ajinomoto USA 1 (p. 155)
POE(40) hydrogenated castor oil monoPCA monos- Pyroter CPI-40 Ajinomoto USA 1 (p. 155)

tearic diester

“Ref. 1: McCutheon’s Emulsifiers & Detergents, 1998 North American edition; Ref. 2: International Cosmetic Ingredient Dictionary and Handbook,
7th ed., 1997, CTFA; Ref. 3: JCID/Japan Cosmetic Ingredients Dictionary.
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acid— and protein-based surfactants. With all of this improvement, the food
and industrial applications of amino acid— and protein-based surfactants will
be promoted even further.
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liberated, 129
primary structure of, 125
trifluoromethyl ketone, 250
Peptide bond, cleavage, chemistry of,
25
Peptide H, 125
helical wheel structure of, 125
Peptide R, 126
Peptide S, 126
Peptide surfactants, 8, 186
amphoteric-N-lauroyl-L-arginine, 9
antimicrobial, 9
cationic versions, 9
DEA of N-lauroyl dipeptides, 8
perfluoroalkylated homologues of
amino acid, 9
polyfluoro-alkyl groups, 9
Peptidoamine, perfluorocyl-, 186
Peptidoglutaminase, 128
phosphorylation, 129-130
Peptidoglycan, 29
Perfluoroalkyl acyl carnitine, 183
Perfluoroalkyl-B-alanine, 189
pL-perfluoroalkyl-B-alanyl-histamine, 190
Perfluoroalkyl ester of aspartic and glu-
tamic acids, 180-183
Perfluoroalkyl lysine, 11
quaternization of, 195
Perhydrogenated apolar chain, 179
Perhydrogenated carbon chain, 169
Personal care, 228-244
Personal wash, 231-232
Pesticide, 254
N-(1-Phenylalanine)-4-(1-
pyrene)butyramide, 219
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Photobleaching (FRAP), 50
Physicochemical properties of, 86—100
pH-stat-controlled reaction system, 34
Plastein

catalyzed one-step method, 5

of L-methionine, 5

modified type of plastein, 4

reaction, one-step method of, 133—

134
Polyaspartic acids, 247
Polymanosyl lysozymes, 132
Polymerization of protein, 36
Polymer surfactants, 207
Polymethacryloyl-L-methionine, 216
Post transitional modification of protein,
21

{-Potential of protein surface, 19, 48
Precipitation of protein, 15
Proline-containing surfactants, 187
Protease

acidic, 34

aclase, 35

alkaline, 34

aspartyl, 24

containing liquid surfactants, 249

cross linked protein conjugates, 38

cross linking of proteins by, 38

cysteine, 24

metallo, 24

neurase, 35

nonionic-surfactant interaction, 50

serine, 24

surface activity of, 41

transglutaminase, 37
Proteins

adsorption hysteresis of, 17

building blocks, 9

cereal prolamines, 127

chemical modification of, 123

collagen, 23

conformation

loop-shaped, 16
random-coil, 16
deamidation of, 127-129

Index

[Proteins]
denaturation of, 19
displacement of, 19
by excess amount of surfactant, 49
by water-soluble surfactant, 49
enzymatic cross linking, 36
enzymatic hydrolysis, 124
general, 3
glycosylated, 132
glycoxylation, 22
films, viscoelastic properties of, 46
flexible structure, 21
fold component structure, 143
glycophorin A, 23
glycosylated, 22
o-helix of, 16, 52, 127
hydration of, 17
hydrolysates, 32-33
equivalents (h), 26
preparation, 32
surface activity, 35-36
hydrolysis of, degree, 26
hydrophobicity, 3
interaction, 48
intrinsic factors of, 18
ionic strength effects on, 19
isopiestic equilibration, 17
membrane, 23
molecular properties of, 3
modification by enzymatic hydrolysis,
25-29
naturally occurring, 21
nonionic surfactant interaction, 50
nonregular structures of, 16
phosphorylated, 129
physicochemical properties of, 15
polymerization, 36
posttransitional modification of, 21
precipitation of, 15
quaternary structure of, 16
regular structure of, 16
relationship of proteolysis and
changes of functional properties
of, 124
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[Proteins]
solubility of, 11
succinylated, 253
surface active property of, 21
tertiary structure of, 16
thermodynamic compatibility of, 18
on cross linkage, 37
thermodynamic incompatibility of,
38

three dimensional structure of, 15, 16

three finger structure of, 52

transmembrane, 23

turns, reverse turns, or B-turns, 15

unfolding of, 20

viscoelastic film of, 48

Protein-based surfactants (PBS)

in agricultural sectors, 254

amphoteric, 134

as antimicrobial agents, 250

application, 12, 227, 232, 245, 260,
271

in biomass conversion, 255-256

building block—hydrophobic and hy-
drophilic groups, 9

current market developments and
trends, 261, 272

in detergents, 246-247

in drug delivery, 250

in feed utilization, 257

in food application, 252

general, 2, 3

in herbsides, 255

in personal care products, 228, 232—
244

in pesticide formulation and crop pro-

tection, 254
in wool finishing, 250
Proteinase, 25
Proteolysis, 25, 124, 128
Proteolytic dehydration (DH), 26-27
Proteolytic reaction
on different peptide bonds, 31, 32
mixed, 29-30, 32
Pulmonary surfactant, 219
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Quaternized acyl protein hydrolysates,
239
Quaternary acylproteins, 275-276

Raceme mixture, chiral separation, 217
Racemerization of lysinoalanine, 128
Rayleigh and Yamakawa Theory, 204
Regular structure of protein, 16
Relationship
change of aggregation numbers of mi-
celles of N-lauroyl-L-glutamate
and degree of neutralization, 95
change of functional properties of pro-
teins and proteolyzing of pro-
teins, 124
chemical shift of carboxylic group
and the degree of neutralization
of N-lauroyl-glutamate, 99
cme and surface tension of N-lauroyl-
L-amino acid, 89
foaming power, emulsifying power
and degree of neutralization of
triethanol ammonium N-lauroyl-
glutamate, 92-93
surface tension and degree of neutral-
ization of N-lauroyl-L-glutamate,
92
Relationship of hydrophobicity
detergency of N-lauroyl-L-amino acid,
90
emulsifying power of N-lauroyl
amino acid, 88-91
foaming power of N-lauroyl amino
acid, 90
log cmc of N-lauroyl-L-amino acid, 88
surface tension of N-lauroyl-amino
acid, 88
wetting ability of N-lauroyl-L-amino
acid, 89
Relative remaining activity, 62
Remaining activity
of thermolysins immobilized, 66
Rhamnolipid, 68
Ruminant animal, 257



290

Saratamic acid, 76

Sarcosinate surfactants, 235

Sarcosyltaurine, 78

Scotten—Baumann method, 84-85

Selective detergency, 268

Self diffusion coefficient, 204

Skin cleaning composition, mild, 259

Skin in vivo, in vitro, 267

Skin irritation, 266, 267

Self-consistent-field theory, 46

Serine protease, 24

Shampoo composition, 235

B-Sheet, 16, 127, 147

Solubility of N-acyl glutamic acid, 230

Solubility-Krafft point relationship,
229

Soybean 11S globulin, 142-143

Squalene, 267

B-Strands, 16

Structure—function—relationship

of amino acid surfactants, 7—8
of anionic amino alkoxypropionate,

98

Succinylation, 85, 252—-253

Sugar-alkylalanines, 131

Superecritical carbon dioxide (scCO,), 58

Surface activity of protein, 21

Surface tension and degree of neutaliza-
tion of N-lauroyl-L-glutamate, 92

Surfactant-coated enzyme, 54, 55

Surfactin, 68-69

Taurates, 26
TEA acyl hydrolyzed collagen, 238
Tertiary structure of protein, 16

Index

Thamnolipids, 68
Thermodynamic compatibility of protein
substrates on cross linkage, 37
Thermolysin, stability of, 65-66
Three-dimensional structure of, 15-16
Three-finger structure of protein, 52
Transepidermal water loss (TEWL),
267
Transgalactosylatin, 57
Transglutaminase, 37, 129, 131-132,

142

catalyzed polymerization SDS-PAGT
profile, 40

cross linked protein conjugates, 18,
41

Transmembrane o-helices, 127
Trends in PBS, 261
in mild surfactants, 264
Triethanolamine acyl glutamates
(AGTn), 6
NE-N°-Nt-t-Trimethyl-N*lauroyl-L-lysine
methyl (LLM,) iodide, 6

Unfolding of protein, 20, 35
Unilamellar liposome, 210

Viscoelastic film of protein, 48, 214
Viscoelasticity of adsorbed B-casein, 48
Viscosin, 68

Viscosity of protein, 49

Whippability, 109

Zein solubilization, 231
Zein test, 271



