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Abstract: This review describes the use of phospholipase D (PLD) to perform the transphosphatidylation
of the most common natural phospholipid (PL), phosphatidylcholine (PC) to obtain polar head modified
phospholipids with real targeted applications. The introduction of different polar heads with distinctive
physical and chemical properties such as charge, polarity and dimensions allows the obtainment of very
different PLs, which can be exploited in very diverse fields of application. Moreover, the inclusions of a
bioactive moiety in the PL polar head constitutes a powerful tool for the stabilization and administration
of active ingredients. The use of this biocatalytic approach allows the preparation of compounds
which cannot be easily obtained by classical chemical methods, by using mild and green reaction
conditions. PLD is a very versatile enzyme, able to catalyze both the hydrolysis of PC to choline and
phosphatidic acid (PA), and the transphosphatidylation reaction in the presence of an appropriate
alcohol. The yield of production of the desired product and the ratio with the collateral PA formation is
highly dependent on parameters such as the nature and concentration of the alcohol and the enzymatic
source. The application of PLD catalyzed transformations for the production of a great number of PLs
with important uses in medical, nutraceutical and cosmetic sectors will be discussed in this work.
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1. Introduction

Phospholipids (PLs) are amphiphilic molecules that are ubiquitous in nature and play a
fundamental structural role in all biological membranes [1–3]. These molecules present a glycerol
backbone which is linked to two fatty acid-derived acyl residues at the carbon positions sn-1, sn-2 and
to a phosphodiester group bearing a polar head at the sn-3 position, as reported in Figure 1.

PL molecules, therefore, present a hydrophobic moiety comprising the two fatty acid chains which
may be either saturated or unsaturated, the glycerol backbone of intermediate polarity and a polar
hydrophilic head group. Most of the different classes of PLs are defined by the nature of the polar
head, but their structural diversity can also be linked to the type of the fatty acid substituents and their
regioisomerism. PLs are widely studied and investigated as they are biologically active compounds.
Besides being the major component of all biological membranes, they present excellent biocompatibility
and have very interesting applications by virtue of the intrinsic properties of the individual molecules
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themselves. They are a nutritious source of fatty acid, organic phosphate and choline, and they are
recognized to possess beneficial effects to human health [4,5]. For these reasons, they are the topic of
many areas of biomedical research, and they can generate model systems of biological membranes
for specific studies [6]. In fact, they are implicated in many cellular functions. They are involved in
processes of cellular regeneration and differentiation in neurological pathways; they are able to promote
the biological activity of various membrane linked proteins and receptors; they play an important
part for molecule transportation through the cell membrane; and they can be used as diagnostic
markers for certain diseases and therapeutic agents [7]. Dietary PLs are essential for preventing a
range of human diseases such as coronary heart disease, cancer and inflammation [8,9]. Furthermore,
the amphiphilic nature of these molecules is the key factor responsible for their unique property of
spontaneous aggregation in aqueous environments. They are able to self-associate spontaneously
forming supramolecular structures such as bilayers, micelles and liposomes, and this characteristic is
very appealing for the drug delivery, diagnostic testing and cosmetic sectors [10–14]. The PL based
drug delivery system has been found to provide an effective delivery of drugs, and a great variety of
PLs formulations has been used for clinical applications [15,16]. In particular, the gastro-resistance
of liposomes is the key factor in the formulation of bioactive molecules: vitamins, antioxidants,
essential oils, flavors, enzymes and fatty acids are some examples of products encapsulated therein.
Additionally PLs possess considerable industrial interest as emulsifiers, food stabilizers, antioxidants,
detergents and surfactants [17–19]. All these applications lead to a strong demand for PL preparation
methodologies [5,15,20,21].
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Figure 1. Structure of the main natural phospholipids (PLs) (PC: phosphatidylcholine;
PG: phosphatidylglycerol; PE: phosphatidylethanolamine; PS: phosphatidylserine; PI: phosphatidylinositol).

PLs are widely distributed in nature and can be obtained from animal products such as milk,
egg yolk, krill, bovine brain and from vegetable sources such as soybeans, sunflower, corn, peanut,
flaxseed, rape (canola) seed and wheatgerm [22,23]. The term lecithin refers to a mixture of PLs
extracted both from animal and vegetable sources which provide a different composition of PLs in terms
of polar heads and acyl chains. Nowadays, lecithins are typically extracted industrially by treatment of
vegetable oils, soy beans, egg yolk, milk, biomass and animal organs [22]. The principle sources in
terms of quantity for commercial lecithins are egg yolk and soybeans. Lecithins are mainly composed
by PLs, triglycerides, carbohydrates and minor components [24]. The most common PLs present
in lecithins are phosphatidylcholine (PC), phosphatidylethanolamine (PE) and phosphatidylinositol
(PI). The commercial value of PLs in the pharmaceutical, cosmetic and food industry increases with
the purity of the product, which refers to the nature of polar head and lipophilic tails which are
fundamental for obtaining the desired functions [25,26]. In fact, the chemical and physical properties
of PLs depend on their molecular structure in terms of the nature of the polar head group and fatty
acid composition, which is highly linked to their origin. For natural PLs, it is well known that the purer
they are, the higher the price. Partial purification of PLs from lecithins is possible after many steps of
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solvent partitioning and chromatographic separations. In this way, PC, the most abundant natural PL,
can be isolated and purified. However, the obtainment of other specific minor PLs that rarely exist
in nature is quite difficult and suffers the high cost of chromatographic separation, which makes it
inappropriate for the purification of PLs in industrial processes.

The preparation of well-defined and novel PLs is also at the base of the investigation of their
potential properties. There is a great interest in producing a wide variety of innovative PLs with
modulated chemical and physical properties, such as charge, size, polarity, type of polar head or side
chains, for diverse uses. Some applications require, in fact, the preparation of PLs with specific polar
heads and different and defined acyl chains at the sn-1 and sn-2 positions [27,28]. The preparation
of these products is challenging and can be obtained by total synthesis from appropriate homochiral
precursors (such as glycerol derivatives) by performing a multistep synthesis which generally requires
the use of a complex sequence of protection and deprotection steps in order to introduce the desired
functional groups [29–32]; however, this aspect is beyond the focus of this review. A biocatalytic
approach aiming to synthesize the modified PLs is preferred if compared to the chemical synthesis
especially if the product’s destination is for the food or pharmaceutical industry because of the use
of harmless, natural and much safer reagents [33–35]. The use of enzymes offers a higher selectivity;
it allows the use of milder conditions by avoiding the use of strong, unsafe and often corrosive reagents;
and permits the obtainment of products which cannot easily be achieved by classical chemical methods.

PLs have two carboxylic and two phosphate ester bonds: their enzyme-mediated modification
includes hydrolysis, transphosphatidylation and transesterification. The enzymes involved in these
transformations are called phospholipases and are selective for one of the four ester bonds present in
the molecules of PLs, as described in Figure 2 for natural PC (reported as 1-palmitoyl-2-linoleyl-PC).
Phospholipases A1 (PLA1, 3.1.1.32)/A2 (PLA2, 3.1.1.4) remove, respectively, the fatty acids in
position sn-1 and sn-2 producing 2-acyl and 1-acyl-lysophospholipids (1-lysoPL and 2-lysoPL) [29].
Phospholipase C (PLC, E.C.3.1.4.3) cleaves the phosphoric ester on the glycerol side [36] and
phospholipase D (PLD, E.C.3.1.4.4) on the polar head side [37]. Phospholipases are widespread
in nature playing very different physiological roles [38,39]. Enzymes with catalytic capacities, similar
to cell phospholipases from mammals and plants, are also found in bacteria, and thus, that gives
easy access to specific enzymes for practical applications in biocatalysis [40]. Detailed studies of the
structure, mechanism and kinetics of phospholipases have been deeply reviewed [41–44]. All the
phospholipases with potential applications are hydrolytic enzymes that are often secreted outside the
cell. In principle, they are able to catalyze both the hydrolysis and the reverse reaction with the ester
bond formation in the presence of the suitable acceptor or donor.
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Figure 2. Enzymes acting on phosphatidylcholine (here reported as 1-palmitoyl-2-linoleoyl-
phosphatidylcholine) and their specific site of action.

It should be noted that in recent years, there has been a partial shift in the topics of publications
regarding PLD activity; in fact, more attention has been given to the production of molecules with a
specific action rather than to the general screening of enzymatic activities. In this review, the authors
aimed to build an overview of the preparation of polar head modified PLs describing the main strategies
to transform, by PLD-catalyzed transformations, the more abundant natural PL, PC, into these new
PLs in order to extend the spectrum of PLs available for applications in basic research as well as in
biomedical and biotechnological practice.
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2. Polar Head Modification

Polar head modified PLs (PX) find applications in many important fields such as nutraceuticals,
prodrugs, liposome technology and cosmetics. Phosphatidylation of bioactive alcohols has been
demonstrated, in fact, to be a very suitable strategy in order to stabilize and administer active molecules
because the phosphatidyl residue constitutes a nontoxic carrier moiety with a high affinity for cell
membranes and a great hydrophobicity which prevents bioactive moiety degradation.

PX can be prepared starting from PC via a PLD-catalyzed transphosphatidylation reaction. All the
bioconversions described in this review follow a quite simple and well-established procedure which
was already known in the middle of the 1990s and is here presented in Scheme 1 [45].
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Scheme 1. Reaction scheme of a phospholipase D (PLD)-mediated polar head transphosphatidylation
of PC.

The reactions were performed on PC extracted from natural sources as a substrate. PC is one
of the main constituents of the so called lecithins provided commercially by the degumming step of
edible oils. Crude lecithins contain approximatively PLs and oil spanning in a range of 60 to 30 (w/w).
The principal components of PL fraction are PC, PE, PI and PA, which could be all separated and
obtained with a high degree of purity by solvent partitioning and chromatographic steps [46].

The enzymatic approach aiming to modify the polar head of PC, the most abundant natural
PL, exploits PLD which is an extracellular hydrolytic enzyme with a broad substrate specificity.
PLD occurring in animals, plants and microorganisms catalyzes in vivo the hydrolysis of PC to choline
and phosphatidic acid (PA). However, some PLDs from particular sources possess a quite unique
property among hydrolytic enzymes which is essential in practical applications such as the preparation
of polar head-modified PLs starting from crude or purified PC. In fact, in the presence of appropriate
nucleophiles, preferably primary aliphatic alcohols, they show a high transphosphatidylation capacity
even in the presence of water [33,45]. When the bioconversion is conducted in the presence of an
appropriate acceptor (an alcohol), transphosphatidylation can occur in vitro with different ratios
between PA and the new polar head bearing PX, depending on the nature and concentration of
the alcohol, as well as on the enzymatic source and on the overall experimental conditions [47,48].
In the past 30 years, a great number of strains of PLD have been studied, and this bioconversion has
been exploited in different protocols to produce a wide variety of new products with very different
applications [49,50]. However, an exact evaluation of different PLDs is difficult to illustrate because
the enzyme source, the alcohol used as nucleophile, the solvent system and the reaction parameters
prove to be strongly interdependent. Nevertheless, the availability of enzymes with a wide substrate
specificity and high transfer capacity has offered very convenient access to natural and synthetic polar
head modified PLs.

The application of PLDs from bacterial sources has allowed the highly selective transfer of a
nucleophilic component (alcohol) in a water medium to PC with the formation of a new PL and
PA in different ratios [51]. In particular, different bacterial sources of PLD provided very powerful
enzymes with very different transphosphatidylation potential. In 1994, D’Arrigo et al. identified three
Streptomyces species—PMF, PM43, PMR—as microorganism producers of very particular PLDs which
were applied for the transformation of the most abundant natural PL, PC, from soy beans into other
minor natural products (PX), namely phosphatidylserine (PS), PE and phosphatidylglycerol (PG) and
also in a great number of unnatural compounds [52,53]. The reactions were usually carried out in
water–organic solvent mixtures, and the extent of the competing hydrolytic reaction depended on the
nature of the nucleophile and the reaction conditions. The presence of water in the reaction medium
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always caused the formation of the PA as a byproduct of the transphosphatidylation process, lowering
reaction yields and forcing the need to perform further purification steps. The purification of this
class of compounds was not straightforward and required different chromatographic and selective
precipitation steps. Thus, from a synthetic point of view, the possibility to enhance the selectivity of
the reaction could allow to simplify the preparation of these compounds on a relatively larger scale
leading to lower production costs.

2.1. Natural PLs

2.1.1. Phosphatidylserine

Phosphatidylserine (PS, PX-1) has achieved a great commercial interest for a long time as it is a
membrane PL ubiquitously present in all cellular membranes, especially in the brain, and is involved
in many neurological processes [30]. It is a molecule that presents many nutritional and medical
functions as low levels of PS is linked to memory problems, to Alzheimer’s and other mental diseases.
It is demonstrated that the assumption of PS leads to positive benefits in terms of mind and memory
enhancement. It reduces the age-related decline in mental function, it prevents Alzheimer’s and
dementia, it is considered a mood enhancer to cure depression, it improves athletic performance, it is a
stress reducer and it is an important ingredient of liposomes used in drug delivery [54]. The main
drawback is linked to its low availability in nature and high costs of extraction from natural sources [42].

The most common method described by different authors in the 1990s was the synthesis of PS by
using different PLD solutions (from Streptomyces PMF, cabbage, Streptomyces prunicolor) in biphasic
reaction mixtures (as shown in Scheme 2) [33,55]. The best results were obtained with the PLD solution
from Streptomyces sp. In detail, a mixture of enzymatic solution with 0.2 M phosphate buffer at pH 5.6
containing 3.4 M L-serine and CaCl2 was added to an initial solution of PC 17.8 M in ethyl acetate.
The main drawback of the traditional systems was, as usual, the concomitant formation of PA with the
desired PS and the necessary purification steps.
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The modification and the improvements of the reaction conditions for the synthesis of PS have
been the object of many studies taking advantage of new strategies in the biocatalytic field. In particular,
the screening of the use of a great number of novel eco-friendly solvents such as ionic liquids (ILs);
deep eutectic solvents (DES); biobased solvents such as Υ-valerolactone, limonene and p-cymene was
performed. On this topic, in 2012, D’Arrigo et al. started to investigate for the first time the possibility
to switch PLD-catalyzed reactions from water to a nonaqueous green system [56]. Their work aimed to
use the IL [BMIM] [PF6] as an alternative solvent to perform the PLD-mediated enzymatic conversion in
order to obtain the modification of the enzyme selectivity with the suppression of unwanted hydrolytic
side reactions, leading to an easier product recovery by a simple solvent extraction. The reduction or
absence in water leads, in fact, to the absence of the competitive hydrolysis reaction making the product
purification much easier and cheaper due to the limited use of organic solvents, because the purification
steps could be performed without very long chromatographic separations. The bioconversion was
performed by dissolving, at first, PC in toluene at 40 ◦C. A mixture of IL/0.1 M sodium acetate buffer
(90/10) at pH 5.6 containing 3 M of L-serine and CaCl2 0.1 M was added to the solution of PC under
magnetic stirring. PLD from Streptomyces PMF was then added, and the bioconversion was stirred for
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24 h at 40 ◦C, yielding 91.4% of PS with a complete suppression of unwanted hydrolytic side reaction,
which resulted in an easier final product purification.

In the same period, Duan et al. developed the reactions in two other reaction systems to
prepare PS without the formation of PA with an overall yield over 90% using Υ-valerolactone in
2012 [57] and 2-methyltetrahydrofuran in 2013 [58]. The undesired hydrolytic side reaction problem
was also addressed by Chen et al. in 2013, who developed the conditions to perform the PLD
transphosphatidylation of PC in a microaqueous water-immiscible organic solvent in order to prevent
undesired hydrolysis of PLs [59]. The bioconversion was conducted with PLD from Streptomyces
racemochromogenes at 30 ◦C for 8 h, with an L-serine to PL ratio of 20:1, the solvent system contained 6%
of water in butyl acetate. This bioconversion yielded 88% of the desired product reaching a moderately
complete suppression of the undesirable hydrolysis.

More recently, Yang et al. [60] described the use of deep eutectic solvents (DES) as an alternative
inexpensive, environmentally friendly, enzyme compatible solvent to conduct the PS synthesis.
Different types of DES were tested, as a general procedure, the bioconversion was carried out in a
batch reactor at 40 ◦C, the reaction mixture was composed of PC, DES, L-serine, PLD and water (0.5%).
The reaction was conducted using choline chloride/ethylene glycol as DES gave the best results yielding
PS over 90%.

Very recently, Qin et al. performed the synthesis of PS in the eco-friendly and green solvent,
cyclopentyl methyl ether, using a recombinant PLD from Streptomyces chromofuscus expressed in
Escherichia coli which allowed a yield of 84.4% of conversion of PC in a scale-up production of 1 L
volume to be reached [61].

2.1.2. Phosphatidylglycerol and Cardiolipin

Phosphatidylglycerol (PG, PX-2) is one of the most abundant PLs found in natural membranes.
It possesses an excellent liposome forming ability and has been studied from a long time—since
1985—as an emulsifier for drug delivery systems [62–64]. In fact, PG is known to have unique
surfactant/lubricant properties, particularly when mixed with appropriate proteins. It has been
found, for example, in relatively large amounts in mammalian lungs compared to other mammalian
membranes pushing the research on the development of surfactant preparations for therapeutic
practices for the relief of a variety of diseases such as neonatal respiratory distress syndrome [65].
Although PG is a naturally occurring PL, it is found only in a small amount in nature, and its enzymatic
preparation has been performed by different groups [66]. For example, Piazza et al. demonstrated
that with PLD from Streptomyces sp., PG was obtained in a nearly quantitative yield when the
molar ratio of glycerol to PC was at least 5 to 3 showing that this PLD had a higher selectivity for
glycerol than in cabbage PLD [67]. Moreover, during the preparation of PG catalyzed by PLD from
Streptomyces sp. (as shown in Scheme 3), D’Arrigo et al., in 1996 [68], observed that the prepared
PG under appropriate conditions could be transformed into diphosphatidyglycerol (cardiolipin, CLP,
PX-3) [69]. This molecule is an acidic lipoprotein that is abundant in the inner mitochondrial membrane
and is required for normal respiratory chain enzymic activity [70]. It is particularly abundant in the
mammalian heart. It is also known to be the essential lipid of the antigen in the serodiagnosis of
syphilis. The synthesis was performed starting from PC dissolved in dichloromethane, which was
treated with PLD in sodium acetate buffer 0.1 M at pH 5.6 with CaCl2 0.1 M containing an excess of
glycerol (8 M). The bioconversion was left stirring at 200 rpm at 25 ◦C for 7 h, yielding PG in high
yields. The obtained PG was dissolved in CH2Cl2 and treated again with fresh PLD in the same buffer.
This mixture was left stirring for 24 h at 37 ◦C. Then, the biphasic mixture was allowed to separate in
order to withdraw the aqueous phase and replaced with a fresh enzymatic solution with a complete
conversion in PX-3 after 5 days.
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Scheme 3. Schematic equation of the synthesis of phosphatidylglycerol (PX-2) and cardiolipin (PX-3).

2.1.3. Phosphatidylethanolamine

Phosphatidylethanolamine (PE, PX-4) is another major PL in the membranes of eukaryotic cells.
The importance of PE metabolism in mammalian health has recently emerged following its association
with Alzheimer’s, Parkinson’s and nonalcoholic liver diseases, as well as with the virulence of certain
pathogenic organisms [71,72]. Moreover, PE has a significant influence on the heart to prevent cell
damage. This product also presents good antioxidant activity against free radicals, which is another
characteristic which could provide beneficial effects to human health.

The production of PE from natural sources by solvent extraction constitutes the main strategy
to recover it even if the purity of PE does not always fit industrial requirements. Chromatographic
methods allowed the obtainment of more purified PE samples even if they required high volumes
of organic solvents and multistep procedures [73]. PLD-catalyzed transformations of natural PC
represents the best way to prepare PE in high purity (see Scheme 4).
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The first results were published by Juneja et al. in 1988; they conducted the transphosphatidylation
of PC to PE by testing seven different sources of phospholipase D, one of which was obtained from
cabbage, whilst the others were all obtained from Streptomyces sp. All the bioconversions were
performed at 30 ◦C for 1 h in a biphasic system composed of ethyl acetate and a buffer containing the
enzyme. Different parameters such as the type of buffer (concentration and pH), and the concentration
of PC, ethanolamine and CaCl2, were tested. The best observed conditions in terms of reaction
selectivity around 100% were obtained, on one hand, with PLD from Streptomyces sp. and ethanolamine
4.9 M, and on the other hand, with PLD from cabbage with ethanolamine 2 M [74].

D’Arrigo et al. prepared PE from PC in a biphasic system (ethyl acetate/NaAcO buffer 0.1 M pH
5.6, 0.1 M CaCl2, 1 M ethanolamine) with PLD from Streptomyces PMF and PM43 with a very high
selectivity (PE/PA = 23 and 22, respectively) and yield (96% and 92%, respectively) at 37 ◦C in 3 h [53].

Dippe et al. performed the enzymatic transphospatidylation of 1,2-dioleoyl-sn-glycerophosphocholine
with N- or C2-substituted derivatives of ethanolamine (diethanolamine, triethanolamine, serinol, Tris,
Bistris), by testing two different PLDs from Streptomyces sp. and cabbage, aiming to produce a series
of ethanolamine derivatives with identical charge but with different volumes with an interest in
biotechnological practices [75]. The production of these new PLs was performed in a two phase system
consisting of NaOAc buffer 300 mM at pH 5.6 containing 120 mM of CaCl2 and 2.8 mM of the acceptor
alcohol and diethyl ether to which the enzyme was added. These bioconversions were conducted at
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30 ◦C, shaken at 400 rpm for 5 h in the case of the PLD from Streptomyces sp. and 8 h in the case of PLD
from cabbage.

2.2. Synthetic PLs

The synthetic PLs, which will be described in this section, are summarized in Table 1. The PLD
source and the reaction time as well as its main application is also reported in Table 1.

Table 1. Synthetic phospholipids (PLs) with essential preparation parameters (PLD source, incubation
time, yield) and their main applications.

Compound PLD Source Incubation Time (h) Yield (%) Application

PX-5 Streptomyces lydicus 24 90 Antioxidant
PX-6 Streptomyces lydicus 2 94 Antioxidant
PX-7 Streptomyces sp. 4 18 Tyrosinase inhibitor
PX-8 Streptomyces sp. 3 60 Tyrosinase inhibitor
PX-9 Streptomyces sp. 3 61 Cytotoxic compound

PX-10 Streptomyces sp. 24 90 Antibacterial
PX-11 Streptomyces sp. 24 73 Antibacterial
PX-12 Streptomyces sp. 24 54 Antibacterial
PX-13 Streptomyces sp. 24 17 Antibacterial
PX-14 Actinamadure sp. 24 97 Intracellular antioxidant
PX-15 Streptomyces sp. 2 95 Preparation of anionic liposomes
PX-16 Streptomyces sp. 2 67 Preparation of anionic liposomes
PX-17 Streptomyces sp. 2 23 Preparation of anionic liposomes

PX-18 Streptomyces sp. 22 12.5 Important compound in different
human organs

PX-20 Actinamadure sp. 48 87 Preparation of new liposomes
PX-21 Streptomyces sp. 12 94 Anesthetic and sedative
PX-22 Streptomyces sp. 24 96 Anti-inflammatory

2.2.1. 6-Phosphatidyl-l-Ascorbic Acid

Nagao et al. worked, in early times (1991), on the cellular defense system against oxygen
toxicity and especially against membrane lipid peroxidation [76]. The membrane defense against
oxygen radicals, which occurs at the interface between the aqueous phase and the membrane lipids,
is considerably important. The idea of the authors was to prepare a new PL with antioxidant activity
bearing an appropriate antioxidant residue as a polar head; 6-phosphatidyl-l-ascorbic acid (PX-5)
was selected because L-ascorbic acid is among the important antioxidants in the cellular defense
against oxygen radicals, as well presenting a primary hydroxyl group available for PLD catalysed
transphosphatidylation. The bioconversion was performed in a biphasic system, where diethyl ether
was selected to be the best organic solvent as it reduced the collateral production of phosphatidic acid
(as shown Scheme 5). The reaction mixture contained a solution of PC from egg yolk 10 mM in diethyl
ether, 2 M L-ascorbic acid adjusted to pH 4.5 with KOH and a PLD solution from Streptomyces lydicus
in sodium acetate buffer 10 mM, pH 5.1. The mixture was left shaking at 37 ◦C for 24 h to obtain a PC
conversion of 90%.
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2.2.2. Cyclic Hydroxylated Polar Head Phospholipids

For many years, the use of PLD for the preparation of new synthetic PLs has been a widely studied
topic. However, most of the literature found before 2010 reports the screening and optimization of the
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PLD activity on a great number of potential substrates without evaluating the real applications of the
obtained product. The unique exceptions were the molecules reported in Scheme 6, which bore a cyclic
hydroxylated polar head and were reported in 1994 by the groups of Koga and Takami for specific uses.
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Compound PX-6 (1,2-diacyl-sn-glycero-3-phospho-2′-hydroxyethyl-2′,5′,7′,8′-tetramethyl-6′-
hydroxychroman, named also phosphatidylchromanol) was synthesized in 1994 by Koga et al. by using
PLD from Streptomyces lydicus, and the product obtained presented a very good antioxidant activity
against lipid peroxidation in PL membranes [77]. PX-6 was prepared from egg yolk PC dissolved in
diethyl ether with 2,5,7,8-tetramethyl-6-hydroxy-2-(hydroxyethyl)chroman; this solution was added to
PLD previously dissolved in 10 mM acetate buffer at pH 5.1 with 10 mM CaCl2. The incubation was
performed at 37 ◦C for 2 h, and the desired product was obtained with a 94% yield.

Compounds PX-7 (1,2-dipalmitoyl-3-sn-phosphatidylarbutin) and PX-8 (1,2-dipalmitoyl-3-
sn-phosphatidylkojic acid) were produced in the same year by Takami et al. by using PLD
from Streptomyces sp. These compounds were demonstrated to be tyrosinase inhibitors in the
same manner as the polar heads arbutin and kojic acid, which unfortunately were water-soluble
and instable for cosmetic use. Their derivatization in PX-7 and PX-8, respectively, allowed their
action in cosmetics and pharmaceuticals to be tested in order to prevent overproduction of
melanin in epidermal cells by inhibiting tyrosinase activity [78]. PX-7 was prepared by mixing
1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) with arbutin in a biphasic system composed of
ethyl acetate and sodium acetate buffer 0.2 M at pH 5.6 with 4% of CaCl2 containing PLD. After having
stirred the reaction at 35 ◦C for 4 h, the desired product was obtained with an 18% yield, and the
undesired PA was obtained with a 48% yield. In the case of product PX-8, the reaction conditions were
slightly modified; the initial DPPC was mixed with kojic acid and still treated with PLD, but in this
case, the biphasic mixture was composed of diethyl ether and sodium acetate buffer 0.2 M without
CaCl2. The reaction was performed for 3 h, and the desired product was obtained with a 60% yield
with a much lower production of PA (9%).

Compound PX-9, phosphatidylgenipin, still studied by Takami et al. by using PLD from
Streptomyces sp. presented a very high cytotoxic action against Hela cells, human embryonic lung
fibroblast and MT-4 cells [79]. The insertion of genipin into the phosphatidyl backbone deeply enhanced
its cytotoxicity towards the three cell lines because it represented a very good carrier into cells. For the
preparation of PX-9, DPPC was incubated with genipin in a biphasic mixture composed of ethyl acetate
and sodium acetate buffer 0.2 mM at pH 5.4 with 4% of CaCl2 and PLD. After 3 h of incubation at
35 ◦C under stirring, the product was obtained with a yield of 61%.

2.2.3. Phosphatidylated Terpenes

In 2008, Yamamoto et al. investigated the transphosphatidylation of PC with terpenes in order
to introduce functional terpenes into PLs for food and cosmetic applications (as shown in Scheme 7).
They prepared new phosphatidylated monoterpenes containing geraniol (PX-10), geranylgeraniol
(PX-11), phytol (PX-12) and farnesol (PX-13) which were known to show a markedly antibacterial
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activity and an antiproliferative effect on human cancer cells [80]. The aim was to exploit these
peculiar characteristics and use them for industrial applications in the food and cosmetic industries.
Different bioconversion conditions were studied, the reactions were carried out both in biphasic systems
containing ethyl acetate/water or directly in water without organic solvents. Different PLDs were tested,
deriving from Streptomyces sp., Streptomyces chromofuscus, cabbage and peanut. The bioconversions
were conducted, at first, by dissolving PC and the terpene in ethyl acetate followed by the addition
of PLD in buffer containing CaCl2 and albumin. For the PLDs deriving from cabbage and peanut,
the buffer was sodium acetate 0.2 M at pH 5.6; for the other two PLDs, the buffer was Tris-HCl at
pH 8. The reactions were conducted at 37 ◦C, 350–400 rpm in the dark for 24 h. Only the PLD from
Streptomyces sp. revealed to be a suitable enzyme for terpene-PL synthesis, the yield of which decreased
with the chain length of the terpene used going from 90% for PX-10 to 17% for PX-13.
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2.2.4. Phosphatidyltyrosol

More recently, in 2013, with the same goal of the previous work reported in Section 2.2.3,
of improving the intracellular antioxidant defense systems, Victor Casado et al. decided to introduce
the tyrosol residue in the PLs polar head; in fact, tyrosol was known to exert powerful protective effects
against oxidative injuries in cell systems [81,82]. Authors pointed out that the effectiveness of tyrosol
in some biological systems was related to its capability to penetrate the cells. Then, they studied the
production and scale-up of phosphatidyltyrosol (PX-14) aiming to exploit the known antioxidative
effect of tyrosol, in particular, by augmenting its effectiveness through lipophilization which enhanced
its solubility and capability of penetrating cells.

This bioconversion, reported in Scheme 8, was performed using a food grade PLD from
Actinamadure sp. in a GRAS (Generally Recognized as Safe) biphasic reaction medium composed of an
aqueous phase and ethyl butyrate (1:2 v/v). The aqueous phase consisted of a sodium acetate buffer
0.2 M pH 5.6, 208 mM of tyrosol, 67 mM CaCl2, and the bioconversion was conducted at 40 ◦C and
200 rpm. The studied process was also scaled-up in a 1 L thermostated stainless steel reactor containing
660 g of reaction mixture under N2 to avoid oxidation, allowing the obtainment of the highly purified
desired product PX-14 with a 97% yield in mass.
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2.2.5. Phosphatidyl Saccharides

Another interesting application of new PLs was studied by Song et al. in 2013; they prepared
phosphatidyl saccharides (PX-15 to PX-17)—reported in Scheme 9—for the preparation of anionic
nanoliposomes with enhanced stability [83]. They studied the correlation between enzymatically
conjugated mono-, di- and trisaccharides and the phosphatidyl group with their stability against
dehydration/rehydration processes. Liposomial vesicles have always been considered very useful tools
in the delivery of drugs, nutrients or genes; however, the limited use of PC as a primary constituent
of new liposomes is linked to its low stability [84]. The conjugation of the phosphatidyl group with
different sugar moieties with an increasing bulky structure appeared to be the solution that would allow
the use of PC as a building block as it is stabilized by the presence of the saccharides. The synthesis
of these new PLs was performed in a biphasic medium, where PC was dissolved in ethyl acetate,
whilst PLD from Streptomyces sp. was dissolved in sodium acetate buffer adjusted to pH 5.6. This buffer
was then added to the reactor containing glucose/sucrose/raffinose and stirred for 10 min before the
addition of the PC solution. The reaction was left at 200 rpm at 50 ◦C for 2 h, then quenched by the
addition of chloroform. The yields of the different PLs depended on the steric hindrance of the alcohols:
PX-15 was obtained with a 95% yield, PX-16 with 67% and PX-17 with a 23% yield. These new PLs
presented a higher negative surface charge and were smaller in size compared to PC nanoliposomes.
The enhanced stabilizing effect, showed by these nanoliposomes based on the phosphatidyl saccharides
PX-15/16, prevented the aggregation and fusion during storage. This was due to the presence of many
OH functionalities which resulted in a higher electrostatic repulsive force and a higher formation
of H-bonds, whilst the increasing amount of sugar rings from glucose to raffinose incremented the
critical micelle concentration (CMC). The results proved that the compounds PX-14/16 could form
nanoliposomes without the further addition of stabilizing excipients, and they could be used for the
preparation of noncytotoxic and serum stable delivery systems.

Catalysts 2020, 10, x FOR PEER REVIEW 11 of 19 

 

nanoliposomes with enhanced stability [83]. They studied the correlation between enzymatically 

conjugated mono-, di- and trisaccharides and the phosphatidyl group with their stability against 

dehydration/rehydration processes. Liposomial vesicles have always been considered very useful 

tools in the delivery of drugs, nutrients or genes; however, the limited use of PC as a primary 

constituent of new liposomes is linked to its low stability [84]. The conjugation of the phosphatidyl 

group with different sugar moieties with an increasing bulky structure appeared to be the solution 

that would allow the use of PC as a building block as it is stabilized by the presence of the saccharides. 

The synthesis of these new PLs was performed in a biphasic medium, where PC was dissolved in 

ethyl acetate, whilst PLD from Streptomyces sp. was dissolved in sodium acetate buffer adjusted to pH 5.6. 

This buffer was then added to the reactor containing glucose/sucrose/raffinose and stirred for 10 min 

before the addition of the PC solution. The reaction was left at 200 rpm at 50 °C for 2 h, then quenched 

by the addition of chloroform. The yields of the different PLs depended on the steric hindrance of the 

alcohols: PX-15 was obtained with a 95% yield, PX-16 with 67% and PX-17 with a 23% yield. These 

new PLs presented a higher negative surface charge and were smaller in size compared to PC 

nanoliposomes. The enhanced stabilizing effect, showed by these nanoliposomes based on the 

phosphatidyl saccharides PX-15/16, prevented the aggregation and fusion during storage. This was 

due to the presence of many OH functionalities which resulted in a higher electrostatic repulsive 

force and a higher formation of H-bonds, whilst the increasing amount of sugar rings from glucose 

to raffinose incremented the critical micelle concentration (CMC). The results proved that the 

compounds PX-14/16 could form nanoliposomes without the further addition of stabilizing 

excipients, and they could be used for the preparation of noncytotoxic and serum stable delivery 

systems. 

 

Scheme 9. Schematic equation of the saccharides–phosphatidylderivatives (PX-15/17). 

2.2.6. 1-Phosphatidyl-β-D-glucose 

1-Phosphatidyl-β-D-glucose (1-PGlc, PX-18) is a PL which has been discovered in red blood cells 

of the human umbilical cord and is found in epithelial cells of various human organs, in human 

neutrophils and in the subventricular zone of the adult mouse brains [85]. In order to study 

thoroughly the function of this compound, a preparation method was required since the amount of 

lipid obtained from natural sources was very limited. However, the transphosphatidylation with 

wild type-PLD from Streptomyces PMF allowed the preparation of 6-phosphatidyl-β-D-glucose (PX-

19) which is the isomer of PX-18, as reported by D’Arrigo et al., because of the higher reaction rate of 

Scheme 9. Schematic equation of the saccharides–phosphatidylderivatives (PX-15/17).

2.2.6. 1-Phosphatidyl-β-d-glucose

1-Phosphatidyl-β-d-glucose (1-PGlc, PX-18) is a PL which has been discovered in red blood cells
of the human umbilical cord and is found in epithelial cells of various human organs, in human
neutrophils and in the subventricular zone of the adult mouse brains [85]. In order to study thoroughly
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the function of this compound, a preparation method was required since the amount of lipid obtained
from natural sources was very limited. However, the transphosphatidylation with wild type-PLD from
Streptomyces PMF allowed the preparation of 6-phosphatidyl-β-d-glucose (PX-19) which is the isomer of
PX-18, as reported by D’Arrigo et al., because of the higher reaction rate of the primary hydroxyl group
of -β-d-glucose (as shown in Scheme 10) [33]. Therefore, more recently, in 2016, Inoue et al. proposed
the use of an engineered enzyme for the same reaction constituted by a variant of PLD from Streptomyces
187K/191W/385Y (KWY) [86]. In detail, the optimized protocol was performed by dissolving PC in
ethyl acetate and mixing it with a saturated solution of NaCl and 50 mM glycylglycine-NaOH buffer
at pH 7.5 containing KWY-PLD and glucose. The reaction was left shaking for 22 h at 20 ◦C in order
to produce the desired product PX-18, which was obtained with a final yield of 12.5% due to the
formation of undesired positional isomers as byproducts.
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Scheme 10. Schematic equation of the synthesis of 1-phosphatidylglucose (1-PGlc, 1,2-dioleoyl-
phosphatidyl-1-glucose, PX-18) and 6-phosphatidylglucose (6-PGlc, 1,2-dioleoyl-phosphatidyl-
6-glucose PX-19).

2.2.7. Phosphatidyl-Batyl Alcohol

In 2017, Arranz-Martinez et al. studied the enzymatic transphosphatidylation between PC
and batyl alcohol to produce a novel PL-glyceryl ether, phosphatidyl-batyl alcohol (PBA, PX-20,
see Scheme 11) with the purpose of obtaining new liposomes [87]. In order to optimize the bioconversion,
the authors investigated the following parameters: the type of organic phases (in particular the use
of GRAS organic solvents), the different ratios between aqueous and organic phase, the amount of
calcium chloride, the reaction temperature, the percentage of PLD and the molar concentration of the
reactants. This study presented a very promising tool that could be applied for the synthesis of highly
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valuable ingredients, which can potentially be used as bioactive lipids or as drug delivery vessels.
The best results, which allowed the obtainment of 70% of PX-20, was performed by using 5% (w/w)
of PLD, an equimolar ratio of reactants and limonene/acetate buffer with a volumetric ratio of 1:3.
This process was optimized and scaled up allowing the obtainment of similar results in terms of yield
and composition. The concentration of both substrates in the reaction mixture was 126 mmol/L, and the
ratio of organic phase (limonene)/sodium acetate buffer 0.1 M at pH 5.5 was 1/3. The incubation was
performed at 50 ◦C for 48 h in the presence of 67 mM CaCl2. After centrifugation, this allowed the
obtainment of two liquid phases and a solid one; the solid interface was washed twice with organic
solvent and three times with distilled water before being centrifuged again. The solid phase was then
freeze-dried in order to obtain a solid residue. With this procedure, the desired product PX-20 was
obtained (87% yield) with a purity higher than 70%, which allowed it to be tested as a bioactive lipid.
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2.2.8. Phosphatidylhydroxybutyrate

Very recently, in 2019, Li et al. described the preparation of a novel PL, phosphatidylhydroxybutyrate
(PB, PX-21), for the application in the field of anesthetic and sedatives [88]. The new PL, was prepared
by transphosphatidylation of PC with sodium γ-hydroxybutyrate (NaGHB, as shown in Scheme 12).
NaGHB is a naturally occurring neurotransmitter produced by the central nervous system metabolism
and has many applications in the medical field being a psychoactive molecule. GHB is an anesthetic
and hypnotic agent that enables patients to physiological sleep. It is employed to treat symptoms of
alcohol dependence and opiate withdrawal syndrome. Moreover, it is also employed as an adjuvant
for diseases such as Parkinson’s and Alzheimer’s. However, NaGHB being a hydrophilic and small
molecule has difficulties to pass the blood–brain barrier in order to act on the central nervous system
and is rapidly metabolized. For those reasons, high dosages of NaGHB should be used in order to be
active, with many adverse side effects. For that reason, the authors decided to attach the NaGHB as the
polar head of a new PL aiming to decrease the hydrophilicity of the drug, to increase the solubility in
lipids and, therefore, obtain an improvement of the mobility through cell membranes. It was noticed
that after the absorption into the human brain of PX-21, the widely present PLD hydrolyzed the polar
head and released the drug in loco. Two general synthesis procedures were studied, one using an
aqueous–solid system and one a liquid–liquid system. The aqueous–solid procedure started with the
dissolution by ultrasounds of PC in ethylacetate, followed by the addition of nanoscale silicon dioxide
and acetone, and the mixture was left shaking at 400 rpm for 3 h at room temperature. This procedure
was performed to absorb the PC on the silicon dioxide, which was then collected by centrifugation at
15 ◦C for 20 min at 3500× g. This precipitate was washed at first with distilled water and suspended in
0.2 M of acetate buffer at pH 5.5 containing PLD and NaGHB. The incubation was conducted at 35 ◦C
at 400 rpm for 12 h. This method was also compared with a liquid–liquid process where a solution
containing PC in diethylether was mixed with a PLD solution containing NaGHB. This incubation
was performed at 30 ◦C and 400 rpm. The aqueous–solid system appeared to be much better for
various reasons: firstly, the conversion rate of PC was close to 100%, and the purity was up to 97%;
secondly, it was an environmentally friendly method which was scaled up from 2 to 250 mL of reaction
volume yielding 94% of PX-21 and just 2.3% of PA; and at the end, the free PLD solution was reused
for different cycles, allowing a yield of 70.7% of PB after the 5th cycle.
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2.2.9. Phosphatidylpanthenol

In the current year (2020), Yamamoto et al. exploited the PLD-catalyzed transphosphatidylation
of PC to prepare a new PL, the phosphatidylpanthenol (PX-22, see Scheme 13). In fact, D-panthenol is
known to be a pro-vitamin B5 and to possess many interesting properties such as being wound-healing,
anti-oxidative and anti-inflammatory. However, its high hydrophilicity requires the use of emulsifiers.
The idea of the authors was to link the D-panthenol as the polar head of a new PL, in order to enhance
its biocompatibility and to test its anti-inflammatory activity on the macrophagelike RAW264.7 cell.
The results were very interesting showing that the PX-22 was better than the D-panthenol from an
anti-inflammatory point of view. The synthesis was performed as follows: 31 mM soyPC in ethyl
acetate was incubated with PLD from Streptomyces sp. in sodium acetate buffer 0.2 M at pH 5.6, 10 mM
CaCl2 and D-panthenol with a concentration of 0.625 M. The incubation was performed at 37 ◦C for
24 h and provided, after precipitation and extraction, the desired product PX-22 with a 96% yield.
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Scheme 13. Schematic equation of the synthesis of phosphatidylpanthenol (PX-22).

3. Conclusions

The inclusion of a bioactive nucleophile in the PL backbone as the polar head part of the molecule
is a very suitable strategy in order to stabilize and to allow a better release of active alcohols in vivo
because the PL residue represents a nontoxic carrier moiety with a high affinity for cell membranes and
a great hydrophobicity which prevents bioactive moieties degradation. For those reasons, the polar
head modified PLs (PX-1 to PX-21) reported in this review present distinctive properties, which are
actually exploited in very diverse fields of applications and can be considered as prodrugs. In this
mainframe, the development of practical methods for the preparation of the structurally variable polar
head-modified PLs is an important prerequisite to achieve the establishment of structure–activity
relationships of these compounds. A biocatalytic approach for the synthesis of modified PLs is
preferred when compared to the chemical processes especially due to the very high selectivity and
the use of safer reagents and milder conditions. The modification of the polar head of PC (the most
abundant natural PL) is performed by using the PLD from bacterial sources. This enzyme catalyzes
the hydrolysis of PC to choline and PA, but in the presence of an appropriate acceptor (an alcohol),
it performs the transphosphatidylation reaction, which allows the modification of the polar head.
Parameters which may affect the ratios between the production of the new PLs and PA and the overall
production yield depends on the reaction conditions, in particular, the concentration and nature of the
alcohol, as well as the enzymatic source. Very different strains of PLD have been studied, some of
which was shown to be highly able to perform transphosphatidylation reactions. The availability
of enzymes which possess a very high substrate specificity and high transfer capacity offers a very
appealing approach which allows the synthesis of natural and synthetic polar head modified PLs to be
performed, without any comparison with chemical approaches. All the bioconversions described in
this review follow a relatively simple and well-established procedure already known for the general
scheme in the middle of the 1990s, which allows the recovery of numerous new products and the
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investigations on their potential effects both in the medical field as new drug delivery systems, as well
as for the cosmetic industry, thanks to their antibacterial and antioxidative activities. This overview
will hopefully constitute a source of inspiration for new potential investigations on PLs’ fertile area
of research.
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