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Phospholipids are unique and versatile molecules. They are of natural occurrence and the main components in
cellular membranes. Arranged as a lipid bilayer, phospholipids play a significant role in the structure and
functionality of biological membranes. They are amphiphilic and consist of a hydrophilic headgroup and a
lipophilic/hydrophobic tail.

phospholipids lecithin drug delivery

| 1. Introduction

In phospholipids, the sn-1 and sn-2 position of the glycerol backbone are esterified with fatty acids of varying length
and degree of saturation. The remaining sn-3 position is esterified with phosphoric acid, which, in turn, is esterified
with an alcohol . Depending on the structure of this alcohol, different types of phospholipids comprise, for
example,  phosphatidylcholine  (PC), phosphatidylethanolamine  (PE), phosphatidylglycerol  (PG),
phosphatidylinositol (P1), or phosphatidylserine (PS) [&. The specific and non-random distribution of substituents
over the positions sn-1, sn-2, and sn-3 of the glycerol introduces chirality. Depending on the structure of the polar
headgroup and pH of the surrounding medium, PE and PC are zwitterionic and have a neutral charge at pH 7,
whereas PG, PI, and PS are negatively charged at this pH value. As an example, the chemical structure of 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and the different types with alternative headgroups are

shown in Figure 1.
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Figure 1. Chemical structure of a phospholipid as exampled by 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC) and the different alternative headgroups varying in the type of alcohol: phosphatidylethanolamine (PE) with
ethanolamine, phosphatidylglycerol (PG) with glycerol, phosphatidylserine (PS) with serine, and
phosphatidylinositol (PI) with inositol.

The physiological functions of phospholipids are manifold. For instance, besides their functional role in cell

membranes, phospholipids, mainly PC, have digestion/metabolic functions in bile (as monoacyl-phospholipids, i.e.,

https://encyclopedia.pub/entry/5912 1/13



Phospholipids | Encyclopedia.pub

lyso-phospholipids) to solubilize cholesterol and fatty components in food and lipophilic drug substances [,
Moreover, phospholipids act as lipoprotein components for transport of fat between gut and liver, as source for
acetylcholine (in the case of PC), and as source of (essential) fatty acids and energy . In addition, in lung
surfactant, a specific phospholipid, namely 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), occurs !,
lowering the surface tension at the air/water interface within the alveoli of the lung. PS is a component of the lipid—
calcium—phosphate complex for deposition during bone formation &, and it is active in regulation of blood

coagulation & and apoptosis .

Due to their physiological roles, phospholipids possess a very low toxicity profile and can be used for any route of
administration [, The structural diversity of phospholipids and the resulting variability of chemical, biophysical, and
technological properties leads to wide use of phospholipids in various pharmaceutical formulations [SI[20I[LL][12][13]
They can be technologically used as an emulsifier, wetting agent, solubilizer, and agent in the formation of
liposomes and mixed micelles, to name but a few. From a pharmaceutical perspective, they are used as key
excipients for parenteral administration for solubilizing formulations such as liposomes, mixed micelles, and oil-in-
water (o/w) emulsions; in liposomes for drug targeting and slow release; and for topical administration to the lung
and the skin for slow release and enhanced skin interaction, respectively. After oral administration, phospholipids
are used to suppress gastrointestinal (Gl) side effects of, for example, non-steroidal anti-inflammatory drugs
(NSAIDs) and explored as solubilizers to enhance the oral absorption of poorly water-soluble compounds.
Nevertheless, phospholipids are still not widely applied as excipients for the development and manufacture of
pharmaceuticals, although they represent, as natural compounds, for instance, very effective alternatives to
synthetic (non-natural) emulsifiers such as polysorbates, polyoxyethylene castor oil derivatives, and sucrose
esters. To change this, renowned international scientists conducting research on phospholipids founded the
Phospholipid Research Center Heidelberg (PRC) in 2006 with the support of Lipoid GmbH (Ludwigshafen,
Germany) and PHOSPHOLIPID GmbH (Cologne, Germany) 4. The main vision of the PRC is to translate the
physiological and physicochemical properties and benefits of phospholipids into their optimal pharmaceutical use

as excipients.

Since the foundation of the PRC, 90 research projects related to phospholipids have been supported as of 2020. In
this comprehensive review, we classify the projects according to the main application route of phospholipid-based
formulations in parenteral (51), oral (20), and topical projects (10). In addition, nine projects related to basic
phospholipid research are included. The distribution of the projects according to their main application route/basic
research as well as the location of the institutes of the principal investigator is provided in Figure 2. Besides the
countries mentioned, the term “other” stands for one project each from Croatia, Finland, France, Iran, Israel,
Nigeria, Poland, Portugal, Sweden, and the United Kingdom, i.e., 46% of all projects are in Germany, 48% in
Europe (without Germany), and 6% in the rest of the world. This review gives an overview of current (drug delivery-

related) phospholipid research and highlights possible future research tendencies 12!,
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Figure 2. Distribution of the 90 research projects supported so far by the Phospholipids Research Center
Heidelberg (PRC) regarding the phospholipids’ administration type/basic research (left) and location of projects

across the world (right), with the number of projects in parentheses.

However, before performing research with phospholipids, their quality (sources, purification, and resulting purity)
and the intended use should be taken into consideration. Depending on the type of application of the

phospholipids, there are different requirements to prove their pharmaceutical quality.

| 2. Phospholipids—General Aspects

First, one must be aware of the different meanings and uses of the term “phosphatidylcholine” and “lecithin”.
According to the United States Pharmacopeia (USP), lecithin is described as “a complex mixture of acetone-
insoluble phosphatides (i.e., phospholipids), which consist chiefly of PC, PE, PI, and phosphatic acid (PA), present
in conjunction with various amounts of other substances such as triglycerides, fatty acids, and carbohydrates, as
separated from the crude vegetable oil source. It contains not less than 50% of acetone-insoluble matter.”
Unfortunately, especially in the American literature, lecithin is also used as a synonym of PC, which is the pure
compound. Descriptions of the phospholipid component in products as “lecithin” leaves open which lipid is used.
We therefore recommend using for natural phospholipids the term “lecithin” only when the product contains less
than 80% by weight total phospholipids and the term “phospholipid” when the product contains 80—100% by weight
phospholipids (e.g., PC, PE); the specific phospholipid should be mentioned when the product contains more than

90% by weight of that specific phospholipid.

2.1. Natural Phospholipids

In principal, one can distinguish between natural and synthetic phospholipids. Natural phospholipids can be
obtained from vegetable sources such as soybeans, sunflower, rape (canola) seed, wheat germ, and flax seed;
and animal material such as hen egg yolk, milk, or krill. The phospholipid and fatty acid profiles of the various
lecithins depend, of course, on the raw material sources. The composition of de-oiled vegetable lecithin from
variable sources and egg lecithin, respectively, are provided as example in Table 1. Besides PC, PE, and PI, other
components can also occur in natural lecithins, namely sphingomyelin (SM), PA, and minor amounts of

phospholipids containing only one acyl chain in the sn-1 position, namely lyso-phosphatidylcholine (LPC) and lyso-
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phosphatidylethanolamine (LPE). In all cases, PC is the main phospholipid component. To convert these materials
into high-quality excipients, meeting pharmacopeial and regulatory requirements for parenteral and other specific

formulations, extraction and chromatography procedures are applied (see Section 2.3).

Table 1. Phospholipid composition of vegetable de-oiled lecithins (derived from product specifications 2€)) and egg

phospholipids of different PC contents (after extraction and chromatography [22)), respectively. Data taken from 2!,

Lecithin and Phospholipids (% w/w)
Phospholipid Egg Egg Egg
Soybean Sunflower Seed Rapeseed (64-79% PC) (80-85% PC) (298% PC)

PC 20-22 20-26 23-31 72 81 99
PE 16-22 4-10 9-15 17 8.5 0.0
PI 13-16 15-19 15-18 - - -
PA 5-10 2-5 5-10 - - -
SM = S - 2.0 2.0 0.4
LPC <3 <3 <3 2.0 2.0 0.0
LPE - - - 1.0 0.3 0.0

The fatty acid composition of typical batches of vegetable de-oiled lecithins and egg phospholipid of different PC
content, respectively, is given in Table 2 €. The corresponding fatty acids are listed in their short notation, with the
first digit indicating the number of carbon atoms and the second digit the numbers of cis-double bonds: C14:0,
myristic acid (tetradecanoic acid); C16:0, palmitic acid (hexadecenoic acid); C18:0, stearic acid (octadecanoic
acid); C18:1, oleic acid (octadecenoic acid); C18:2, linoleic acid (octadecadienoic acid); C18:3, oa-linolenic acid
(ALA, octadecatrienoic acid); C20:0, arachidic acid (eicosanoic acid); C20:4, arachidonic acid (ARA,
eicosatetraenoic acid); C22:0 behenic acid (docosanoic acid); C22:4, docosatetraenoic acid; C22:5,
docosapentaenoic acid (DPA); and C22:6, cervonic acid (docosahexaenoic acid, DHA). The presence of the

polyunsaturated fatty acids (PUFAs) C20:4 and C22:6 is typical for hen egg yolk phospholipids.

Table 2. Fatty acid composition of vegetable de-oiled lecithins (derived from product specifications 8l and egg

phospholipids of different PC contents (after extraction and chromatography 17), respectively. Data taken from [,

Lecithin and Phospholipids (% w/w)

Fatty Acid Egg Egg Egg
Soybean Sunflower Seed Rapeseed (64-79% PC) (80-85% PC) (298% PC)

C14:.0 0.1 0.1 0.1 0.2 0.1 0.2

C16:0 21 16 10 31 31 34
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Lecithin and Phospholipids (% w/w)

e Soybean Sunflower Seed Rapeseed 6 4_53‘2) PC) (80—559‘33 PC) (zgg%gpc)
C18:0 4.7 5.3 0.8 15 14 12
ci1s:1 9.9 21 49 24 28 28
Cc18:2 57 54 31 16 15 16
Cc18:3 5.0 0.2 4.4 - - -
C20:0 0.1 0.3 0.1 - - -
C20:4 - - - 5.6 4.8 3.6
C22:0 0.4 1.5 0.1 - - -
C22:4 - - - 0.3 0.3 0.2
C22:5 - - - 0.2 0.2 0.1
C22:6 - - - 2.2 1.8 1.8

2.2. Synthetic Phospholipids

Due to the presence of unsaturated fatty acids in natural phospholipids, the liquid crystalline to gel phase transition
temperature (Ty) is below 0 °C. These phospholipids are at ambient temperature in the liquid crystalline state (La
phase) and form upon hydration flexible structures/mesophases [, suitable for specific pharmaceutical
technological applications. In some formulations, however, when, for example, more physically stable liposomes
with increased stability in blood plasma or phospholipids with more powder-like properties are required,
phospholipids with higher Ty, are preferred [18] Phospholipids with saturated fatty acids possess these properties
and can be obtained by hydrogenation of natural phospholipids with unsaturated fatty acids [19] resulting in, for
example, HSPC (hydrogenated soybean PC). The progress of the hydrogenation can be followed by monitoring the
iodine value, which is a measure of the degree of unsaturation of fatty substances.

Nowadays, alternative biochemical synthesis routes via enzyme-catalyzed reactions serve as a viable alternative to
organic-chemical synthesis steps. In that respect, the use of enzymes for phospholipid modification has moved
quickly in recent years, not only in academic research but also in industry 29, The fast-growing use of enzymes for
polar lipid modification arises from factors such as milder reaction conditions, less environmental pollution, better
specificity for improved quality, and higher efficiency of reactions. Specific enzymes are suitable for different
modification purposes to modify/synthesize phospholipids. For acyl modifications, natural enzymes such as
phospholipase A1l and A2 (PLA1 and PLA2), which selectively cleave the fatty acid in sn-1 and sn-2, respectively,
leading to lyso-phospholipids, can be used. Phospholipase B (PLB) is an enzyme with a combination of both PLA1
and PLAZ2 activities; that is, it can cleave acyl chains from both the sn-1 and sn-2 positions. Phospholipase C (PLC)

can hydrolyze the bond between the glycerol oxygen and the phosphate group, leading to the formation of
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diacylglycerol and phosphocholine. Unfortunately, this enzyme family is only active for the hydrolysis reaction and
not for the reformation process. Therefore, PLC and PLB are not used industrially. Finally, phospholipase D (PLD)
is the only potential enzyme for polar group modification. This enzyme cleaves the bond between the phosphate
and the choline. Examples of enzyme-modified (“semi-synthetic”) natural phospholipids prepared from natural PC

are lyso-PC, soybean PE, soybean PG, egg PG, and their saturated analogs.

To study more mechanistic biochemical or biophysical aspects of phospholipids at the molecular level in natural
environments or in model membranes, various synthetic approaches to chemically well-defined phospholipids have
been developed. These “full-synthetic” phospholipids are then homogeneous with respect to the polar headgroup
and fatty acid composition 229211 Thjs aspect has been reviewed by Hoogevest and Wendel &, and we refer to
this review and the literature cited therein. In addition to the need for synthetic analogs of natural phospholipids,
further synthetic phospholipids were designed to, for example, optimize the drug targeting properties of liposomes.
Examples are the PEGylated phospholipids, which are phospholipids bearing a polyethylene glycol (PEG) chain of
variable length attached to their headgroup [22 and the cationic phospholipid 1,2-diacyl-P-O-
ethylphosphatidylcholine 23!, to name but a few.

For the preparation of “full-synthetic” phospholipids, several starting compounds are conceivable. The classical
approach to synthesize diacyl-PCs is to start from d-mannitol. However, this synthetic method is lengthy, requires
toxic chemicals and solvents in large excess, and reaction intermediates may be unstable and subject to partial
racemization 2425 A simpler method to synthesize symmetrical glycerophospholipids, which are phospholipids
bearing two identical fatty acids, is a method starting from (R) or (S) glycidyl tosylates 28, The enantiomerically
pure glycidyl derivative is, however, expensive, making large scale syntheses of glycerophospholipids impractical
2. Another route to produce phospholipids with defined fatty acids is to start from glycerophosphocholine (GPC),
which is also termed sn-glycero-3-phosphocholine, I-a-glyceryl-phosphorylcholine, a-GPC, or choline alfoscerate.
GPC can be synthesized in an enantioselective manner using a biotransformation procedure based on the
phosphorylation of glycerol by adenosine triphosphate (ATP) catalyzed glycerol kinase [2dor, preferably, produced
by means of alkaline hydrolysis from natural PC maintaining the natural stereoisomeric structure. Starting from the
latter, symmetrical phospholipids can be synthesized in a one step process using activated acyl derivatives, such
as acylimidazolides or anhydrides 21128 and various coupling reagents such as dicyclohexylcarbodiimide (DCC) in
combination with 4-(dimethylamino)pyridine (DMAP) 29 or 2-methyl-6-nitrobenzoic anhydride (MNBA) B9, For the
further synthesis from GPC to asymmetrical, i.e., mixed fatty acid chain phospholipids, organic chemical methods
as well as enzymatic procedures can be applied. Which synthesis route will finally be selected is, from an industrial

perspective, dependent on the (commercial) availability of key intermediates or starting materials.

2.3. Industrial Production of Phospholipids

To exemplify the production process of natural phospholipid excipients starting from plant oil, the production
process of soybean lecithin is given. First, crude soybean lecithin is isolated by degumming of the crude soybean

oil as obtained by extraction from soybeans B! (Figure 3).
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Figure 3. (Left) Flow chart of isolation process steps of soybean PC derived from crude soybean oil. (Right) Visual

appearance of soybean lecithin/PC fractions with variable PC content.

The crude soybean lecithin obtained serves as starting material for production at a large scale of soybean lecithin
fractions with higher PC content. These fractions are obtained in high yields by extraction methods using the non-
toxic solvents acetone and ethanol followed by chromatographic purification procedures and appropriate solvent
removal methods. All solvents can be recycled and reused. By selecting appropriate sequential extraction and
chromatography methods, several lecithin fractions differing in PC content from 20 to 80% up to pure PC (=98%)
and in ratios of phospholipids to non-polar lipids can be reproducibly achieved. This procedure applies to soybean
oil and all vegetable oils used to produce lecithin, and high-purity phospholipids/PC. Furthermore, egg
phospholipids are isolated from hen egg yolk with similar extraction and chromatography methods as for soybean
lecithin.

2.4. Regulatory and Safety Aspects

Natural phospholipids are in general well known to regulatory authorities. Moreover, their track record as excipients
with very high tolerability and biocompatibility is outstanding. The World Health Organization (WHO) places no limit
on the oral intake of lecithin. Furthermore, no limit for the value of acceptable daily intake (ADI) for lecithin as a
food additive is given 2. The pediatric oral use of phospholipids (soybean) is in general allowed, of course with
precautions for soybean allergy (see below). Alternatively, sunflower phospholipids, with no allergy warnings, can
be used. After parenteral administration, egg and soybean lecithin—unsaturated and saturated variations—are well
tolerated.

The European Commission declares that lecithin is a food additive (E322) “generally permitted for use in
foodstuffs” [23l. Furthermore, no ADI value has been fixed for lecithin in Europe; the material may be used quantum
satis 24, The US Food and Drug Administration (FDA) assigned the generally recognized as safe (GRAS)

affirmation for lecithin 221 and enzyme-modified lecithin 281,

Although phospholipids on their own do not have an allergy potential, phospholipids derived from soybean and hen

egg yolk must be labelled as potentially allergenic because of the soy and egg origin B8], |t is known that these
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allergies are caused by residues of soy and egg proteins. In purified soybean phospholipids used for
pharmaceutical application, the protein residues were found to be below the lower limit of detection (LLOD) of a
soybean specific enzyme-linked immunosorbent assay (ELISA), which was 1 ppm B2, The egg protein content of
purified egg lecithin for parenteral administration was tested by Lipoid GmbH 9. The most sensitive immunological
detection method of proteins showed less than the LLOD of 0.5 ppm of egg protein in purified egg phospholipids.
Since, however, from an immunological perspective one molecule of soy protein or egg protein represents a
theoretical risk, still the origin of such products has, according to regulatory authorities, to be labelled to alert
allergic individuals. In a recent study on a propofol emulsion with soybean oil and egg phospholipids as emulsifier
and its parenteral use in children with allergies to egg, peanut, soybean, or other legumes, it was concluded that

genuine serious allergic reaction to product was rare and is not reliably predicted by a history of food allergy 44,

2.5. Use of Phospholipids in Pharmaceutical Formulations

Phospholipids—natural as well as synthetic—are broadly used in pharmaceutical technology as wetting agents,
emulsifiers, and builders or components of different lipid mesophases such as liposomes, micelles, mixed micelles,
inverted micelles, cubosomes, etc. 2. These functional properties are applied in many types of pharmaceutical
formulations such as suspensions, different types of emulsions, solid dispersions, lipid nanoparticles,
drug/phospholipid complexes, etc. 42431, With respect to their physiological role, phospholipids possess a very low
toxicity profile and can be used for any route of administration, namely parenteral, oral, and topical. Regarding the
versatility, phospholipids are superior excipients compared to synthetic non-biodegradable polymers, which are not
suitable to be used for every administration route and which are, by definition, un-physiological. In case natural
phospholipids derived from hen egg yolk or soybean are selected, attention should be paid to the minimal quality in
phospholipid content, which depends on the administration route. For oral and dermal administration, natural
phospholipids with at least 45% PC can be used, whereas for parenteral use, at least 70% PC is common ¥4, For
specific high-tech parenteral products (for injection), more expensive, synthetic, and chemically well-defined
phospholipids of high purity may be the best choice, whereas for topical and oral administration (and of course

other parental applications), cost effective natural phospholipids are better.

The categories of pharmaceutical formulations, which are of interest to study the occurrence of natural and
synthetic phospholipids, respectively, are products used for parenteral administration &, These are mainly
liposomes, o/w emulsions, mixed micelles for intravenous (i.v.) use and slow release and vaccine vehicles, and
drug suspensions for intramuscular (i.m.) and subcutaneous (s.c.) administration. Liposomal products for i.v.
administration are formulated with synthetic as well as natural phospholipids. Liposomes can also be used as
vehicles for slow release after local parenteral administration, i.e., at the surgical site, epidural or intrathecal. In this
case, mainly synthetic phospholipids are applied. Egg phospholipids are used in o/w emulsions for parenteral
nutrition (for example Intralipid) ¥ and as carriers for oil-soluble drug substances 8. In mixed micellar
formulations, including phospholipids and different choate salts, exclusively soybean phospholipids are used. Here,
the phospholipids act as solubilizer for poorly water-soluble substances or as active principles (soybean PC),
through the presence of PUFAs for treatment of liver disorders ¥4, Considering finally products comprising

phospholipids for pulmonary administration, natural and synthetic phospholipids are applied. Most of these
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products are used for respiratory distress syndrome in infants 28 or bacterial lung infections 2. More details

regarding the use of phospholipids in pharmaceutical formulations, including a variety of examples and drug

products, can be found in the literature (B2,
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