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Abstract

The importance of lipid-based formulations in addressing solubility and ultimately the bioavailability issues of the emerg-
ing drug entities is undeniable. Yet, there is scarcity of literature on lipid excipient chemistry and performance, notably in
relation to oxidative stability. While not all lipid excipients are prone to oxidation, those with sensitive moieties offer drug
delivery solutions that outweigh the manageable oxidative challenges they may present. For example, caprylocaproyl poly-
oxylglycerides help solubilize and deliver cancer drug to patients, lauroyl polyoxylglycerides enhance the delivery of cho-
lesterol lowering drug, and sesame/soybean oils are critical part of parenteral nutrition. Ironically, excipients with far greater
oxidative propensity are omnipresent in pharmaceutical products, a testament to the manageability of oxidative challenges
in drug development. Successful formulation development requires awareness of what, where, and how formulation stability
may be impacted, and accordingly taking appropriate steps to circumvent or meet the challenges ahead. Aiming to fill the
information gap from a drug delivery scientist perspective, this review discusses oxidation pathways, prooxidants, antioxi-
dants, and their complex interplay, which can paradoxically take opposite directions depending on the drug delivery system.
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INTRODUCTION

Lipid formulations vary by the excipients and the technolo-
gies used in their development. The simplest example of a
lipid formulation is that of a poorly soluble drug dissolved
in fixed oil(s). Fixed oils are monographed vegetable oils
(e.g., soybean, sesame), with well-defined composition in
triglycerides and fatty acid distribution. Self (micro)-emul-
sifying drug delivery systems (SEDDS, SMEDDS) on the
other hand may consist of fixed oils, partial glycerides,
polyoxylglycerides, polysorbates, and/or propylene glycol
esters combined with a polyethylene glycol (1, 2). Some
preparations may be of liquid consistency, filled into
capsules. Others may be developed as solid particles by
dispersion, adsorption onto solid carriers (3, 4), or melt
granulation/congealing techniques (5). Solid lipid nano-
particles (6—8), microemulsions (9, 10), and liposomal
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carriers should not be excluded from this non-exhaustive
list of possibilities (11-13). Nevertheless, few publica-
tions offer pharmaceutically relevant and aggregated
information on the oxidative stability of such complex
lipid formulations (14—17).

Meanwhile, the core causes of oxidative instability
in lipid-based formulations remain misunderstood due
in part to the large number of parameters and antago-
nisms governing oxidative instability. As a result, the
misperceptions that lipid-based formulations present a
risk of failure during stress and stability testing continue
to linger (18). There is no factual basis for this thinking
because lipid formulations have for many decades been
used in oral, topical, and parenteral applications. Ether-
based polymers with far greater propensity to oxidation
such as polyethylene glycols (macrogols) and polyoxy-
ethylene glycol-polyoxypropylene glycol block copoly-
mers (poloxamers) are commonly found in marketed drug
products (19, 20). At minimum, these achievements are
testament to the manageability of oxidative events in
pharmaceutical products.

Combing the literature, we find confusing reviews, exem-
plified by an article (21) opining on lipids and SEDDS,
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citing them as complex and as carriers of reactive impuri-
ties. Yet, the examples of chemistries cited were solubilizers
based on polyethylene oxide (PEO), polypropylene oxide
(PPO), and polyethylene glycols (PEG). Also cited were the
account of an “unstable” drug X in a SEDDS formulation
of unidentified composition, or the peculiar case of drug Z
reacting with its sole carrier, oleic acid — even though free
fatty acids are known as strong prooxidants. Such anecdotal
references emerge when fundamentals of formulation sci-
ence are overlooked, and formulation attempts fail for the
WIONg reasons.

Undeniably, oxidative change may lead to loss of drug
potency, diminished shelf life, and time to market (22, 23).
Incomplete assessment of oxidative risks may translate to
missed opportunities in applying antioxidants or a wrong
antioxidant system, leading to acceleration of undesirable
reactions (24, 25). However significant, oxidative challenges
are not unsurmountable. Appropriate choices in excipient
selection, formulation/process, and antioxidant selection
are key to successful development. Apprised knowledge
about oxidative pathways becomes an essential part of a new
thinking about lipid-based drug delivery systems. The aim
of this paper is to provide a consolidated review of the cur-
rent understanding of oxidative events encountered in lipid
formulations; to underline oxidative risks, where they lie;
and offer insight on how they can be prevented or managed.

OXIDATION

The term autoxidation has long been used to describe oxi-
dative events in biomolecules, reactions that self-propagate
once initiated or which result from “spontaneous oxidation
in air of a substance not requiring catalysts.” Important to
note is that an uncatalyzed (unmediated) oxidation of bio-
molecules is an unlikely or rather a non-significant event
when dioxygen is in its ground state. A sensitizer such as
light and more commonly a transition metal catalyst must
mediate the conversion of dioxygen into its highly reactive
singlet '*0, state for oxidation to occur. Since biomolecule
oxidations are largely catalyzed by metals, they cannot be

considered autoxidation (26, 27). Despite this subtle dif-
ferentiation, oxidation and autoxidation have become inter-
changeable terms in the cited literature.

Oxidative pathways are complex and can vary by a host
of factors. Once initiated, the process involves a slow and
steady formation of radicals, followed by peroxides and
hydroperoxides, the primary by-products of oxidation. These
highly reactive and unstable species can then go on propa-
gating and eventually decomposing into secondary oxidation
products like small organic acids, aldehydes, and ketones.
The rate and extent of the reactions can also vary by the
nature of the delivery system (liquid, solid, biphasic) and
the concentration of the oxidation prone substrates (excipi-
ent, drug, and or antioxidants) (26, 28—33). The initiators,
substrates, intermediaries, and end products of oxidation are
short listed in Table I.

An unhindered chain of oxidative events has three distinct
phases: initiation, followed by propagation and eventually
termination. These critical phases of oxidation are further
described below.

Initiation

Initiation is a radical producing event, triggered by light (/v)
and oxygen or metal catalysts (M"") and oxygen (Table II),
when a hydrogen breaks off the substrate, leaving what is
universally described as a free radical (R*). The free radical
may consist of an unsaturated fatty acid ester of a glyceride
molecule, an excipient with polyethylene oxide groups, an
oxidation prone drug, or an antioxidant (15, 30, 34, 35).

Table Il Initiation of Chain Reactions

Light or metal mediated Oxygen and metal mediated

RH + hv — H" + R® Fe’* + 0, — Fe** + 0, <> HOO*
+H'—R® + H,0,

2 0,”* or 0, *HOO® — H,0, + O,

H,0, + Fe?" — HO® + OH™ + Fe**

HO®* + RH — H,0 + R*®

RH +M** - R*+ H* + M**

Table |l Oxidation Substrates, Initiators, Catalysts, Intermediaries, and By-Products

Examples of initiators, intermediaries, and end-products of oxidative reactions

Substrates Initiators, catalysts Primary by-products Intermediaries Secondary species
Oxyethylene bond RH Light hv Hydroperoxide =~ ROOH Alkoxyl radical RO*® Water
Allylic bonds Triplet oxygen 302 Peroxide ROOR Hydroxyl radical HO® Small organic acids, carbonyl
Drug substance Singlet oxygen 102 Peroxyl radical ROO®  Peroxyl radical ROO* compounds (ketones, alde-
Antioxidant AH Transition metal M*™  Free radical Re Hydroperoxide =~ ROOH hydes)

Antioxidant radical A® Transition metal  +n-1 Volatiles
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Initiation is generally slow and has limited impact on
the integrity of the substrate or the finished product. It does
not normally produce peroxyl radical (ROO?®) except in the
combined presence of light, oxygen, and transition metals.

Propagation

Propagation is characterized by the chain process of the
peroxyl radical (ROO*®) abstracting a hydrogen atom quite
rapidly from another RH group (substrate) to form hydrop-
eroxides (ROOH) (28, 30, 31). The process consumes 0xy-
gen to form more radicals, peroxides, and hydroperoxides
(Table III). As the primary by-products of oxidation, per-
oxides and hydroperoxides are the dominant species during
the early stages of propagation. From reaction schemes in
Tables II and III, it becomes apparent that the rate of hydrop-
eroxide formation during the early propagation is limited by
the substrate concentration and that reaction between atmos-
pheric oxygen and the organic substrate occurs indirectly, via
formation of radicals. Generally, the radicals participate in
reactions at rates that are retarded by antioxidants or acceler-
ated by prooxidants (30, 35-38). Hydrogen abstraction is a
rate-limiting step in the oxidation process because it depends
on the substrate, and more specifically the strength of the RH
bond being broken (28, 39), further discussed below. Also,
hydrogen atom abstraction by lipid peroxides is a reversible
process but may be irreversible for drug entities or other
biochemicals.

The later stages of the propagation phase are associated
with hydroperoxide decomposition. The decomposition of
hydroperoxides into radical species requires high energy
input which is mediated by metal catalysts. Hydroperox-
ide decomposition results in significant increase in the
amounts of free radicals, peroxyl radical (ROO*®), alkoxyl
radical (RO®), and water, further propagating the oxidation
cycle (19, 30, 40). Frequently unstable, hydroperoxides
and other intermediaries may then degenerate into second-
ary compounds (aldehydes, ketones) and other reactive
substructures (41). Eventually, the chain reactions termi-
nate when substrate (drug, excipient, or the antioxidant)
concentration diminishes and or when peroxides being in
abundance, begin encountering each other to form inactive,
stable by-products (42). Briefly, hydroperoxides participate

in the chain reactions, as radicals in the system are formed
and quenched concurrently. Therefore, the peroxide con-
centration measured at any given point in the process rep-
resents the balance between hydroperoxide formation and
decomposition.

Wide-Angle Perspectives of Oxidation

A larger view of the consecutive phases, i.e., initiation, prop-
agation, and termination in a lipid-based system, becomes
apparent by tracing the peroxide concentration. Peroxide
value, an official method for measuring hydroperoxide con-
centration, is commonly used to assess oxidation potential
or the progression of oxidation in the test product, over time.
The test involves an iodometric titration with sodium thio-
sulfate, with the results expressed as the amount of peroxide
oxygen in milliequivalents per kilogram (mEq O,/kg) of the
test substance.

At initiation, peroxide value is low but increases gradu-
ally to take an exponential rise during the propagation
phase (Fig. 1). At propagation, the rate of hydroperoxide
formation exceeds its rate of decomposition. When all
the available oxygen is consumed and or the oxidizable
substrate is depleted, the process reaches a steady state,
indicated by a plateau in the peroxide concentration. At
this point, the rate of hydroperoxide formation is equal
to its decomposition rate. In the absence of an oxidizable
substrate or oxygen, termination phase begins, where the
rate of hydroperoxide decomposition exceeds its formation
(28, 31, 35, 43).

Peroxide value takes meaning when plotted over time and
against other developing parameters, like acid value which
is expressed as mg of KOH required to neutralize a gram
of the test material (mg KOH/g). In freshly produced glyc-
erides such as highly refined oils or fractionated oils, acid
value represents the level of unesterified (free) fatty acids. A
rise in acid value in aged excipients may indicate fatty acids
breaking off from their parent molecules. This applies to
glycerides, polyoxylglycerides, polyethylene glycol esters,
phosphatides, and polysorbates (17, 34, 44, 45). Acid value
can also signify release of smaller carboxylic (formic, acetic)
acids due to oxidative breakdown. Associated with oxidative
stress but hydrolytic in nature, these reactions are catalyzed

Table lll Propagation and
Possible Reaction Schemes for

Formation

Decomposition

Hydroperoxides ROO® + RH — ROOH + R*

ROOH — ROO* + H*

ROO* + R’H — ROOH + R’* Rate limited by substrate

concentration
R* + %0, —» ROO
Quick reaction

ROOH + M** - RO+ OH™ + M**
ROOH + M** — ROO® + H* + M>*
ROOH — RO* + *OH Thermal decomposition

2ROOH — RO* + H,0 + ROO
High activation enrgy reaction
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Fig. 1 Oxidation unhindered. Kinetic schemes for main events during initiation, propagation, and termination phases of oxidation. Dotted circle
indicates tolerance space for peroxide and acid values in pharmaceutical excipients (adapted from Finley and DeMan 2018, Hovorka 2001)

by metals, and further assisted by presence of heat, acid/
alkali, or increased atmospheric pressure. Briefly, acid
value is not a direct measure of oxidation; it is rather an
indicator of a fall out effect of oxidative stress (46). Unlike
peroxide value which rises and eventually drops, acid value
continues to increase over the course of oxidation, the rise
being pronounced in accelerated (heat, humidity) condi-
tions (Fig. 1).

The picture gets more complex when an oxidation prone
substrate is added to the picture. Typically, the concentra-
tion of an oxidation prone substrate (drug entity, excipient,
or antioxidant) diminishes slowly at first at the initiation
phase and drops at a faster rate during propagation (15, 44).
Unhindered, the oxidative chain of events can go on pro-
ducing other secondary by-products, non-volatiles followed
by volatile species. The secondary by-products of oxidation
like aldehydes are electrophiles, i.e., seek another atom or
molecule containing an electron pair to bond. Hence, even
at 10-20 pg/g (ppm) level aldehydes may serve as adduct
to DNA, proteins, and other nucleophilic biomolecules or
cause cross-linking in gelatin capsules (39).

From safety standpoint, the primary products of oxi-
dation (Tables I-III), especially at low levels, are of lit-
tle or no concern for most formulations. It is rather the
secondary oxidation products such as aldehydes that are
implicated in cytotoxicity and/or pathogenicity. From drug
product stability standpoint, both hydroperoxide and acid
value in the lipid system need to be at possible minimums.
The smaller dotted circle in Figure 1 represents the lim-
its tolerated for excipients in pharmaceutical applications,
where secondary oxidation products are either absent or if
present, only at significantly low quantities. For instance,
hydroperoxide concentration limits imposed by compendia
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are typically <10 mEq O, kg~!, while the actual values
reported by excipient manufacturers are in the 0.1 to 1 mEq
0, kg™! range.

Challenging the conventional view of oxidation, Scha-
ich (24) proposed a more comprehensive depiction of the
possible pathways. The proposed scheme (Fig. 2) inte-
grates the classical hydrogen abstraction theory (in the
center of the diagram) with other potential pathways,
including potential participation of peroxyl radicals in
multiple scission and cross-linking events. The diagram in
Fig. 2 points to, among others, the by-products of thermal
oxidation, i.e., dimers, polymers, and cyclic polymers of
triglycerides that can form due to long (excessive) expo-
sure to elements, including heat (37). The higher the tem-
perature, the higher the rate of hydroperoxide decomposi-
tion and the higher the reactivity of the transition metal
ions and the greater the rates for redox reactions in gen-
eral. Throughout the concurrent and competing events, dif-
ferent reactions may dominate at different oxidation phases
depending on the test conditions and the concentration of
the reactants. However, the general pattern of degradation
for oxidation prone substrates will over time result in loss
of drug potency and or performance (32, 47).

Briefly, the schemes presented in Figs. 1 and 2
and Tables I-III are generalizations from a century
of research, depicting a wildfire of possible oxidative
pathways elucidated under forced experimental condi-
tions. While necessary for understanding of the oxi-
dative risks, these pathways are largely avoidable in
pharmaceutical settings. Moreover, oxidative potential
for the pharmaceutical grade lipid excipients is (must
be) quite low or near zero, as noted by the dotted circle
in Fig. 1.
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Fig.2 Reaction scheme that
integrates alternate pathways of
lipid oxidation with the tradi-
tional chain reactions driven by
hydrogen abstractions (adapted

Epoxides-
from Schaich 2012)
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Secondary
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N Aldehydes

Evaluating Oxidative Change

Since no single analytical method can provide a full picture of
the potentially occurring events, it is “advisable to use at least
two, if not more, different analytical approaches” (29). Simple
routine testing for acid value, peroxides, and water content can
help assess oxidative changes following critical processing and
formulation steps. Tracing changes in pH, loss of drug solubil-
ity, or loss of dispersion capacity in emulsion systems are other
general yet helpful measures when evaluating lipid formulation
stability. If relevant, measuring rate of oxygen consumption,
or loss of antioxidant concentration over time can provide
important clues to the extent or the mitigation of oxidative
reactions (48). Measuring secondary oxidation by-products
such as aldehydes or formic acid may be more complex, but
critical to biopharmaceutical molecules and/or gelatin-based
capsules. Moreover, the stability testing conditions need to be
relevant to the drug product formulation, mode of production,
and storage before use.

For the specifics of various analytical methods, the reader
may refer to the articles reviewed herein including others
that take a deeper dive into the subject (23, 49-54).

OXIDATION PRONE MOIETIES IN LIPID
FORMULATIONS

Biomolecules (lipid, protein, or RNA) are susceptible to oxi-
dation through various mechanisms such as electron transfer,
peroxide mediated reactions, or radical induced chain events.

R
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Peroxides
Ketones

Hydroxy
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Such reactions may be triggered by “autoxidation” and or
initiated by residual levels of impurities such as transition
metals, peroxides, aldehydes, ketones, and free fatty acids,
being both the source and by-products of oxidative chain
reactions. For lipid excipients, two chemical groups stand
out as potential substrates for oxidation: (i) unsaturated alkyl
chains and (ii) polyethylene or polypropylene oxide groups
in the lipids’ molecular scaffoldings.

Ethylene Oxide Chains

Much of the lipid formulation history is intertwined with
the use of polymeric cosolvents like polyethylene glycol
(PEG) and polyethylene oxide moieties (PEO). These may
be added to a lipid formulation to boost drug solubility in
microemulsions or SEDDS/SMEDDS, or incorporated into
the molecular scaffolding of the lipid excipient in order to
achieve higher solubilization capacity. Polyoxyethylene
sorbitan esters and polyoxyl 40 hydrogenated castor oil are
examples of excipients based on PEG/PEO chemistries (55).
Polyether compounds are highly susceptible to degradation
by molecular oxygen, due to the labile nature of protons at
a-carbon atoms of the ether bond reacting at all temperature
conditions (56).

The polyoxyethylene linkages in poloxamers, PEG, or
PEG based lipids (e.g., polysorbates) are prime candidates
for oxidation. The free radical mediated oxidation of the
polyethylene oxide chains occurs at the ends, by a p-scission
from the hydroperoxide, or a C-C cleavage in the “ethylene
oxide” unit. The breakdown is preferentially occurring on
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the monoesters rather than on the diesters of PEG which
are substituted at both ends. The shortening of the chains
produces hydroperoxides and peroxide free radicals that will
continue propagating oxidation. The peroxides emerging
from this breakdown are known cause of oxidative break-
down in a host of drug actives (34). The phenomenon is
accelerated by light, heat, and participation of pro-oxidants
such as Cu®* or Fe*.

The secondary degradation by-products resulting from
oxidation (breakage) of PEO/PEG chains include acetalde-
hyde, formaldehyde, PEG-aldehydes, and short-chain car-
boxylic acids like acetic and formic acids (45, 57, 58). For-
maldehyde and formic acid are implicated in the degradation
of several drugs, notably ones with amino and nucleic acid
moieties (59, 60). Formaldehyde and formic acid are also
responsible for cross-linking in the gelatin capsule shells
(32,42, 57, 59). It is worthwhile to note that PEGs can be a
significant source of impurities like ethylene oxide, 1,4-diox-
ane or alkali catalysts such as sodium hydroxide, potassium
hydroxide, or sodium acetate or lactate which are used to
prepare low-molecular weight PEGs (48). Being not biode-
gradable, the use of PEGs is limited to molecular weights
of <40 kDa, to avoid accumulation in human tissue (61).

Polysorbates

Polysorbates are fatty acid esters of polyoxyethylene sorbitan,
with different alkyl chain lengths depending on the grade. Poly-
sorbate 20 is differentiated from polysorbate 80 by fatty acid pre-
dominance, i.e. by lauric acid in polysorbate 20 and oleic acid in
polysorbate 80. Polysorbates are notorious for undergoing oxida-
tion and hydrolysis and their degradation pathways under phar-
maceutically relevant conditions are relatively well known (62,
63). Polysorbate breakdown can occur in several ways: cleavage
at the ethylene oxide subunits (previous section), hydrolysis of
the fatty acid ester bond to form free fatty acids, and/or oxidation
of the unsaturated hydrocarbon chains of their fatty acids. Medi-
ated by oxygen and/or transition metals, oxidation of polysorb-
ates involves free radical initiated chain reactions and scission
of both C-O and C—C bonds, producing short-chain acids like
formic and acetic acids (45). Formation of the free fatty acids and
shortened polyoxyethylene chains may bring about change in the
HLB value, therefore the emulsification capacity of the excipient.
The POE-Fatty acid radical species can oxidize therapeutic pro-
teins, for example, at methionine and tryptophan residues causing
alterations of proteins or generation of oligomeric species. In the
presence of water, the hydrolysis of fatty acid ester bonds in poly-
sorbates depends on the temperature, surfactant concentration,
and pH of their use. These degradations may occur in neat poly-
sorbate, at ambient temperatures or slightly higher temperatures
in the presence of light and atmospheric oxygen. Hence, storage
below ambient temperature, under inert gas (e.g., nitrogen) is
advised (20, 34, 45, 63).

@ Springer

Polyoxylglycerides

Little is published on polyoxylglycerides from oxidation
potential perspective (48). However, many of the principles
discussed in this review can easily apply to them. Polyox-
ylglycerides are lipid excipients obtained by reacting glyc-
erides (fixed oils, partial glycerides, or fatty acids) with
PEG. Hence, they inherit an improved solubilization capac-
ity, but also the oxidative sensitivities and high levels of
hydroperoxide and aldehyde impurities associated with PEGs.
Interestingly, PEO and PEG, despite being core contributors
of residual prooxidants in the lipid excipients, are not always
acknowledged for their oxidative potential. The glyceride moi-
eties of polyoxylglycerides on the other hand, may be prone
to oxidation due to unsaturation (see below) or quite stable,
depending on the choice of the glycerides in their scaffolding.
The stability of polyoxylglycerides is drastically improved with
the use of saturated fatty esters in their production. Examples
include C8/C10 esters in Labrasol® ALF (caprylocaproyl
polyoxyl-8 glycerides) and C18:0 esters in Gelucire 48/16
(Polyoxyl-32 stearate). In the case of unsaturated oils, prefer-
ence may be given to the mono-unsaturated lipids, or those like
corn oil which are rich in natural antioxidants.

Unsaturation of Fatty Acid Chains

Fatty acids are carboxylic acids, varying in hydrocarbon
chain length (8-22 carbons) and degree of unsaturation (14).
Fatty acids define the identity and phys-chem properties of
lipid excipients. Fatty acids are presented in nature as tri-
glycerides in fixed oils. In synthesized lipids (excipients),
fatty acids may exist as mono-, di-, or tri-esters in fraction-
ated and/or structured lipids (48, 64, 65). Moreover, the fatty
acids may be located in different molecular positions and
to different degrees in polysorbates (34), polyoxylglycer-
ides(48) and phospholipids (64).

Unsaturated fatty acids have one or more double bonds
along their hydrocarbon chains. Lipids with saturated fatty
acids have excellent oxidative stability profiles. Examples
in the latter category are medium chain glycerides (liquid,
C8-C10), and solid excipients like glyceryl dibehenate (pel-
lets and powder, C22), and glyceryl stearate (pellets). Fig-
ure 3 shows the five possible configurations for C18 fatty
acids.

Lipid excipients consisting of unsaturated fatty acids
are subject of oxidative vulnerability, depending on the
degree of unsaturation, treatment temperature, and the
nature of the formulation system. In the example of lin-
oleic acid (C18:2), oxidation is initiated with hydro-
gen abstraction on its C-11, where the bis-allylic subunit
R1-CH=CH-CH2-CH=CH-R?2 is naturally homoconju-
gated. Loss of the hydrogen atom results in an intermediate
and unstable lipid radical which then adds oxygen at either end
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Fig.3 Configuration of the C18
fatty acids with 0, 1, 10H, 2,
and 3 unsaturated bonds

RO o \0
Stearic Oleic

Table IV Relative Rates of Oxidation (100°C) as a Function of Fatty
Acid Unsaturation (Talbot 2016)

Fatty acid No. of (C=C) bonds Relative rate
of oxidation

Stearic 0 1

Oleic 1 10

Linoleic 2 100

Linolenic 3 150

of the subunit, shifting the double bond to the more stable adja-
cent carbons to produce C9- and C13-conjugated diene peroxyl
radicals. These chain-carrying peroxyl radicals become key
substrates and influencers of chain propagation as well as chain
terminating rate constants (37, 66—70).

A direct correlation between degree of unsaturation and
oxidative vulnerability in oils has been established by various
studies focusing on oxidation rate constants (26, 31, 37, 66,
68, 69, 71). The exponential relationship between unsatura-
tion and oxidative potential in oils can be observed from the
relative oxidation rates for C18 fatty chains (Table IV). It
must be noted that the values listed in Table IV were obtained
at an elevated temperature of 100°C because oxidation of
methyl oleate (C18:1) does not occur at ambient temperature,
whereas methyl linoleate (C18:2) and linolinate (C18:3) can
oxidize at ambient conditions. This is explained by the dis-
sociation energy of the hydrogen of the allylic group in oleic
acid (18:1) which is 10 Kcal/mol greater than that of the
unsaturated fatty acids (18:2; 18:3) translating to a stabil-
ity in the order of C18:0 > C18:1 > C18:2 > C18:3. The
lower the degree of fatty acid unsaturation, the more stable
the vegetable oil is.

The aforesaid rank relationship between degree of fatty acid
unsaturation and oxidative vulnerability holds true in oils but
not in emulsified systems. Demonstrating a direct correlation
between oxidative vulnerability (measured by peroxide value,
and the degree of unsaturation) in triglycerides is an earlier
study by Miyashita(67), where unsaturated synthetic triglyc-
erides of various unsaturated fatty acids were subjected to sta-
bility testing at 40°C/75% RH conditions. Figure 4 shows the
results, where tri-linoleate (LLL) was significantly more stable
to oxidation, relative to tri-linolinate (LnLnLn).

\ 5
4 ) R 4 4
Yo H0\\0

HO __ HO—
\
o
Ricinoleic Linoleic a- Linolenic
300
LnLnL
250
)
s o0 - LnLLn LLnL
> T
% g LnLnLn LLL
X 150
8
e LLLn
100
50
25 50 75 100 125 150 175 200

Oxidation time
(hours)

Fig.4 Hydroperoxide development in unsaturated triglycerides at
40°C, 75% relative humidity. L = linoleic (C18:2) and Ln = linolenic
(C18:3) (Miyashita 1990)

A reverse trend is observed when the glycerides of unsat-
urated fatty acids are in micellar, liposomal, or microemul-
sion systems (72-74). In a later study, Miyashita (74) com-
bined NMR, GC-MS, and digital modelling, to study the
oxidative behavior of polyunsaturated fatty acids (PUFA) in
micellar systems. The results (Fig. 5) depicted the reversal
of oxidative vulnerability, where the highly sensitive PUFAs
like docosahexaenoic acid (C22:6) or eicosapentaenoic acid
(20:5) was incredibly stable in emulsion systems (74), rela-
tive to linoleic (C18:2), and linolenic (C18:3) fatty acids.

One explanation for this unexpected stability of PUFAs in
micellar systems is that the hydroperoxides formed from the
oxidation of eicosapentaenoate (20:5) are more polar than
those generated by linoleate (18:2). As such, they migrate
out of the oil phase toward the polar interfacial region, thus
being removed from the propagation reactions that occur at
the core of the oil micelle droplet (75). A more plausible
explanation of the PUFA stability in emulsions was provided
by Miyashita (74) stipulating that the physical and stereo-
chemical properties of the fatty acids and the tight pack-
ing conformations due to curvature near the double bonds
(Fig. 3) making them less available may have a critical role
to play in the inhibition of hydrogen abstraction from the
bis-allylic positions.
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KEY CONTRIBUTORS TO OXIDATIVE
INSTABILITY

Transition Metals

Transition metals are ubiquitously present in nature and
may be found in pharmaceutical excipients at trace levels
(76). In the presence of trace (parts per billion) quantities of
Cu+, Cu**, Fe?*, or Fe**, hydroperoxides can decompose
to alkoxyl radicals and peroxyl radicals which in turn can
trigger other events cited in the preceding section. Although
copper is the most reactive element (Fig. 6), the prevalence
of iron in nature makes it the most important oxidant in
biochemistry (31, 77, 78).

Due to their ability for electron redox cycling, transition
metals are strong prooxidants and photosensitizers, respon-
sible for formation of highly reactive species like hydroxyl
radical (OH®) and singlet oxygen (l+02). A direct reaction
of dioxygen with the vast majority of biomolecules is spin-
forbidden because ground-state dioxygen is a biradical (79).
Differently put, the activation energy for a direct reaction
between the acyl chain (LH) of a lipid and dioxygen is too
high to occur in ground state because of the opposite spin
directions between the two molecules (80). This suggests
that the oxidation of biomolecules (lipids, proteins) is largely
an occurrence mediated by sensitizers like light, and most
commonly catalyzed by transition metals (22, 29-31). This
point alone underlines the critical importance of adding a
chelating agent to inhibit sensitizing metals, while minimiz-
ing exposure to air, during handling or processing.

Hydroperoxide Impurities

Propensity to oxidation for pharmaceutical preparations is
frequently attributed to the presence of reactive impurities

@ Springer

oxidation of oils (Talbot 2016)

(peroxides, aldehydes, and trace transition metals) in excipi-
ents (20). Hydroperoxide levels, in particular, are cause for
concern if the reaction involves an oxidation prone drug
substance, and if the formulation is destined for a paren-
teral route of administration (81). Hydroperoxide impuri-
ties are not unique to lipids. They are present in commonly
used excipients including povidone, lactose, HPMC, and
polyethylene glycol (20, 22, 32, 36, 49). Table V offers a
sampling of hydroperoxide concentration ranges for various
excipients, including the variabilities noted among differ-
ent manufacturers or batch-to-batch from the same manu-
facturer (22). In actuality, the hydroperoxide levels that are
currently reported for most lipid excipients are negligible
(<10 nmole/g), similar to that reported for medium chain
glycerides in Table V.

In the absence of transition metals, lipid hydroperoxides
are relatively stable at room temperature. Otherwise, they
can readily decompose to peroxide, peroxyl, and alkoxyl
radicals, in which case, other (secondary) reactive spe-
cies such as aldehydes, ketones, acids, esters, alcohols, and

TableV Hydroperoxides in Pharmaceutical Excipients (Adapted from
Wasylaschuk, 2007)

Hydroperoxides

Excipient (nmole/g) mEqO,/kg
Polyvinlypyrrolidone 3600 to 11000 12-37
PEG 400 1000 to 3300 3-11
Polysorbate 80 180 to 4600 0.6-15
Hydroxypropyl cellulose 50 to 890 0.17-3
Poloxamer (3 grades) 10 to 50 0.03-0.17
PEG 3400, 4600, 6000 Up to 40 <0.13
Medium chain glyceride <10 <0.03
Microcrystalline cellulose <11 < 0.04
Mannitol <12 < 0.04
Lactose <13 < 0.04
Sucrose 10to 20 < 0.05
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short-chain hydrocarbons may begin to form (37). These can
subsequently affect the quality of the excipient, drug stabil-
ity, and the eventual integrity of the formulation (19, 36, 60).

To minimize potential for oxidative change, it is advisable
to begin work with excipient(s) that have the lowest possi-
ble hydroperoxide impurities. In parallel, it is necessary to
consider the sensitivity of the excipient(s) to the conditions
of storage and use. One study investigated the effect of light,
oxygen, and initial peroxide levels in polysorbate 80 and the
peroxides formed during stability testing (34). As part of the
study, 20% solutions of polysorbate 80 were stored at 40°C
under various conditions: exposed to air under fluorescent
light, exposed to air in the dark, or exposed to light without
air exposure. The results shown in Fig. 7 demonstrate how
exposure of polysorbate 80 to light alone, under vacuum
(without oxygen), did not produce hydroperoxides, whereas
the presence of air in the headspace in the dark led to signifi-
cant increase in the hydroperoxides level. The most dramatic
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Fig. 7 Formation of hydroperoxides in polysorbate 80 solutions incu-
bated at 40°C under different light, air exposure conditions (Ha 2002)
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rise in the hydroperoxides was noted when the samples were
exposed to light and air combined, where peroxide levels
rose from 1 to 1300 mEq within a 5-week incubation period
at 40°C, eight times higher than that observed under air,
without light.

As part of the same study, the stability of an oxidation-
prone model protein, IL-2 mutein, was investigated in solu-
tions made up of two different batches of polysorbate 80
— one with initially low and the other with high peroxide
level. The samples of the initially low-peroxide (0.33 pEq
0, kg™!) and the stressed, high-peroxide (25 pEq 0, kg™h
polysorbate batches were incubated at 40°C under differ-
ent light and air exposure conditions, alongside the control
solution (without polysorbate 80). At the end of the 30-day
incubation period, the study recorded a 5% drug loss from
the control samples (Fig. 8), affirming the general sensitivity
of the drug. Meanwhile, there were significant drug losses
in the solutions consisting of polysorbate 80, where IL-2
mutein losses amounted to 35—45% in the high-peroxide and
10-13% in the low-peroxide batch of polysorbate 80. This
study underlines the impact the initial hydroperoxide levels
may have on drug stability.

PEGs tend to have varied but significant levels of hydrop-
eroxide impurities. Additionally, their chains become sub-
strates for formation of even higher levels of hydroperoxides
during oxidation. PEGs of varying molecular weight are
commonly used as solvents or cosolvents in lipid formula-
tions. Lower molecular weight PEGs (<400 Da) are viscous
liquids, whereas those above 1000 Da are solids at ambient
temperature. In a comparative study involving PEGs of dif-
ferent molecular size stored under identical conditions, there
were significant increases in peroxide levels, 17-fold and
70-fold, respectively, for PEG 1450, and PEG 20000 (19).
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The differences in the rates of hydroperoxide formation were
attributed to the higher fraction of water present in PEG 20000
solution. This water-related increase in oxidative instability has
been explained in part by a higher amount of dissolved oxygen
in the PEG system. Additionally, water may play a key role in
the solubilization and distribution of transition metals in the
aqueous media (19, 28, 47, 77, 82). The peroxides emerging
from the aforesaid mechanisms are the known cause of oxida-
tive breakdown for a host of drug actives (34).

Aldehydes and Short-Chain Acid Impurities

As indicated, the secondary byproducts like acetaldehyde,
formaldehyde, acetic acid, and formic acid are formed dur-
ing progression of oxidation (38, 81). The low-molecular-
weight aldehydes (C1-C8), may also be present in neat
excipients as trace impurities. They may also be generated
due to exposure to heat or atmospheric oxygen following
reception, storage, and most likely during handling and man-
ufacture (81). Aldehydes have the capacity to then react with
the drug substance, forming degradation by-product, and/or
react with the gelatin capsule shells.

Exemplifying the contribution of formaldehyde to the
formation of a drug degradant is a study by Nassar and
colleagues (81) . The work involved injectable emulsions
of a BMS drug in polysorbate 80 and PEG 300, where an
unknown impurity was identified to be the drug-formal-
dehyde adduct being formed at temperatures of 5 to 25°C.
Several formulations at 1, 10, and 100 mg/g of API were
spiked with 0.1, 1.0, and 10 mg formaldehyde. The results
established a clear correlation between formaldehyde levels
in polysorbate 80 (16 + 8.5 pg/g) and PEG 300 (41.4 + 69.3
pg/g), compared to zero aldehydes in alcohol as control. As
a result, aldehyde content was identified as critical material
attribute to be closely monitored and controlled (81).

Actives with amino acids or nucleic acid moieties may be
subject of cross-linking or chemical modification of the amino
group of the N-terminal amino acid residue in the presence of
formaldehyde, more so than with peroxides (59). The stability
of O%-benzylguanine, a chemotherapeutic agent, for example
was directly correlated with the presence of formaldehyde,
which reacted with the drug to form a methylene-bridged
product containing two O°-benzylguanine. In this work, the
hydrolysis of the drug substance in 40% PEG 400 solutions
was attributed to the significant rise from 0.5 pg/mL to 194
pg/mL between fresh and aged PEG 400. Ultimately, a sta-
ble formulation was possible by selecting fresh samples with
aldehyde levels below 3 ppm, pH adjustment, and by minimiz-
ing exposure to heat and oxygen. Storing the fresh samples in
refrigerated conditions under argon was helpful in maintaining
low formaldehyde levels (59).

Aldehydes require complex detection/quantification
methods. Applying gas chromatography coupled with mass
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spectrometry (GC-MS), Li et al (49) validated a method for
analysis of C1-C8 aliphatic aldehydes. Method accuracy was
verified by spiking excipient samples with known concentra-
tions of aldehydes followed by analyzing the percent recovery
of the analyte added to the samples. Subsequently, 30 excipients
commonly used in oral capsules were tested. The aldehydes
measured in more than a dozen lipid excipients ranged between
0 and 5 pg/g (Fig. 9). It is important to note that no aldehydes
were detected in corn oil, medium chain glycerides, or propyl-
ene glycol esters of caprylate/caprate (C8/C10). This limited
capacity for aldehyde formation may be explained in part by
the saturated nature of the medium chain, C8/C10 fatty acid
esters and in the case of corn oil, by the potential presence of
natural antioxidants. Meanwhile, the aldehyde levels detected in
most of the lipid excipients were by one to three orders of mag-
nitude smaller than those determined for the PEGs (Fig. 10).
Among the PEG’s, those with average molecular weights of
200, 400, and 600 had the highest aldehyde levels (49).

Aldehydes, namely, acetaldehyde and formaldehyde, can
oxidize respectively into acetic and formic acid which are
known to cause cross-linking in gelatin capsules. Gelatin is
sensitive to heat, humidity, and is susceptible to reactions
with trace levels of formaldehyde and formic acid, impu-
rities of the PEG/PEO based excipients. When stored in
accelerated (high relative humidity) conditions, formalde-
hyde, and its by-product, formic acid cause cross-linking
of the gelatin polypeptides. Cross-linking manifests itself
with the formation of a water-soluble film, loss of plastic-
ity, increased opacity, and brittleness of the shell. Due to
the potential adverse effect on gelatin capsule integrity, it is
necessary to monitor aldehyde levels as part of the standard
excipient evaluation procedure (21, 49, 83).

Hemenway and colleagues (58) developed a 2,4-dini-
trophenylhydrazine (DNPH) precolumn derivatization
HPLC-UV method to quantify formaldehyde and acet-
aldehyde levels in PEG 400 solutions at 1:1 dilution with
water. As part of the study, the group evaluated for up to
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Fig. 10 Total aldehydes detected in liquid and solid polyethylene gly-
cols (Li 2007)

90 days at 40°C, the total PEG aldehydes emerging under
various experimental conditions, like (i) increased acidity
by addition of 0.012 M HCI or 2% citric acid, (ii) raising
the incubation temperature from 40 to 50°C, or (iii) spik-
ing of the samples with 100 ppm of Fe?*. In all cases, the
formaldehyde levels increased within 21 days of the study.
Meanwhile, formic acid levels rose continually and dra-
matically, reaching 10 times their initial values. Reported
as total PEG aldehydes (Fig. 11), their findings appear to
suggest that acidity and temperature had more prominent
effects on total aldehydes formation, more so than with
samples spiked with 100 ppm Fe?*. One may speculate
that the PEG 400 solution spiked with Fe>* (Fig. 11) had
lower aldehyde levels in part because it may have sped the
oxidation of aldehydes into acids.

Fig. 11 Effect of lowered 800
pH, increased temperature,

and addition of Fe** on the
total aldehyde levels in 50%
solutions of PEG400 in water
incubated at 40°C for up to 90
days (adapted from Hemenway,
2012)
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Extreme cross-linking is known to produce brittle cap-
sule shells, subject to breakage and leaking of the contents.
Even if the capsule shells are not fully compromised, a small
degree of crosslinking may lead to failure during the in vitro
dissolution testing (49, 83). To determine whether a change
in dissolution profile in vitro has relevance to in vivo con-
ditions, official pharmacopoeia methods allow addition of
digestive enzymes (bromelain or papain) to the in vitro dis-
solution media for gelatin capsules. Figure 12 shows the
seemingly failing release profile of acetaminophen from
cross-linked capsules (red dotted line) compared to dis-
solution in the media consisting of digestive enzymes (55,
84). In addition to the USP dissolution method of assessing
cross-linking, a variety of capsule shell compositions have
emerged. One example is that of compositions based on cel-
lulosic polymers and or starch and carrageenan (Optishell).

Formulation uniformity, dosage accuracy, and stability
are of critical importance in both hard and soft gelatin cap-
sules. Whereas hard gelatin capsules are amenable to solid
and semi-solid formulations, soft gelatin capsules are mainly
suited for liquid to viscous formulations. Some have sug-
gested that soft gelatin capsules provide easier blending, bet-
ter control of fill material, and inert encapsulation conditions
that are conducive to oxidative stability (85, 86). Meanwhile,
the two-piece hard shells are gaining a competitive advan-
tage over the soft capsule, thanks to the introduction of new
and less sensitive shell compositions. However, the overall
perspectives are bound to change as new lipid formulations
techniques such as amorphous solid dispersion, melt con-
gealing, or high shear spheronization continue to emerge.

The capsule fill material is typically heated by 10-15°C
above the highest melting point excipient in the formulation
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Fig. 12 Acetaminophen dissolution profiles from cross-linked gelatin
capsules using the enzymes bromelain and papain in pH 5.0 acetate
buffer (adapted from Gray 2014)

to ensure all excipients are well blended in molten free flow-
ing fluid state prior to filling. Thus, the heating step may
exceed 60°C (depending on the excipients) and the mixture
may be held for 24 to 72 hours prior to filling into capsules.
Attention is therefore needed to avoid exposure to air, mix-
ing time, and addition of appropriate antioxidants to mini-
mize oxidative reactions in the mixing tank.

Oxygen and Light

Generally, the rate of peroxide formation depends on oxy-
gen supply, proportional to the concentration of the oxygen
dissolved in the aqueous or oily phase of the formulation
(47, 87). Exposing the product to air facilitates the dissolu-
tion of atmospheric O, into the product. Thus, the oxygen
consumption in stability testing can be an indicator of oxi-
dative developments for samples that are stored in closed
vessels. Cuvelier (88) measured the amount of oxygen dis-
solved in polar and apolar solvents as a function of tempera-
ture, between 5 to 50°C. Water served as the highly polar
and dodecane as the apolar points of reference. The results
(Fig. 13) confirmed that both sunflower oil glycerides and
propylene glycol diesters of C8/C10 (MCM) can solubilize
4 to 5 times higher concentrations of oxygen compared to
water. Another key observation was the drop in concentra-
tion of the dissolved oxygen with increasing temperature.
This very interesting effect associated with oxidation kinet-
ics suggests that oxidation may occur at a higher rate at
refrigerated temperatures, compared to ambient or acceler-
ated study conditions.

Many studies pointing to the quantum mechanics, ther-
modynamic, and kinetic aspects of reactions involving diox-
ygen indicate that it can become reactive due to sensitizers
like light and metal catalysts (26, 79, 87, 89). The reactivity
of singlet oxygen ('0,) is 1500 times greater than that of
oxygen in ground state (44). In the presence of ultraviolet
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Fig. 13 Temperature dependent solubility of oxygen in oils, esters,
and water (Cuvelier 2016)

and visible light (300-800 nm range), singlet oxygen reacts
directly with oxidation prone bonds (drug or excipient) to
form hydroperoxides. This type of reaction skips radical for-
mation and has no induction period (30, 32,47, 71, 90, 91).

Therefore, ensuring low levels of transition metals while
preventing exposure to oxygen are the first line of defense
against oxidative degradation. Using inert gas in the over-
head/headspace of containers or applying vacuum to the
headspace of vials containing polysorbate solutions in order
to remove trapped oxygen in liquid formulations is reported
to significantly reduce the peroxide concentrations and to
help prevent drug degradation. Decanting/pouring liquids
onto the inner side of the receiving container is another way
to reduce exposure to air.

Time length of the exposure to air, temperature, and or
light can drastically change the rate of oxidative reactions.
Progressively, oxidation takes place at a higher rate in the
presence of moisture, metals (Fe, Cu), and process condi-
tions like heat, mixing time, and mixing speed (92). Physi-
cally removing oxygen or peroxides is a last but possible
option for highly sensitive (e.g., injectable) forms of pro-
tein and peptide formulations. Drying under vacuum (0.1
mm Hg, 48 h) at 25°C to remove residual peroxides from
various PEG solutions has been reported to be a successful
approach, reducing peroxide levels by up to 90% (19).

Free Fatty Acids

Free fatty acids are naturally present in the unrefined vegeta-
ble oils but are almost entirely removed during the refining
process and manufacture of lipid excipients. The degree to
which free fatty acids participate in the oxidative process
depends on their degree of unsaturation, in the following
order linolenic (C18:3) < linoleic (C18:2), < oleic (C18:1).
Free fatty acids are more susceptible to oxidation than their
corresponding esterified fatty acids (35); they speed up the
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rate of hydroperoxide decomposition, and cause hydrolysis
of triglycerides into mono and di-glycerides (48).

Free fatty acids behave as prooxidants due to their capac-
ity to influence the surface charge in emulsified dispersions,
the properties of reverse micelles in the bulk oil, or by par-
ticipation in the chain of oxidative events by oxidizing
themselves (44). Addition of small amount of oleic acid to
an oil-in-water emulsion, as low as 0.1% in the lipid phase
has been shown to increase the hydroperoxide and volatile
compound formation. Investigating the effect of free fatty
acid concentration on the oxidative stability of oil-in-water
(O/W) emulsions, Waraho (93) observed an increasing rate
of oxidation as concentration of the free fatty acid (oleic acid)
increased (Fig. 14).

In dispersed (aqueous) systems, free fatty acid solubil-
ity drops by hydrocarbon chain length but increases with
rising pH. At pH ranges above their pKa, free fatty acids
become negatively charged and so, may impact the surface
charge of the emulsion droplets. At pH ranges below their
pKa however, free fatty acids may fall out of solution and
form insoluble particles. This is an undesirable occurrence,
especially in aqueous dispersions involving proteins or
RNA, where non-ionic surfactants like polysorbates have
been added to prevent protein aggregation. The free fatty
acids released from polysorbates are cause for formation of
insoluble complexes. Doshi and colleagues (62) investigated
the solubilities of the main fatty acids found in polysorbate
20 namely lauric (C12), myristic (C14), or palmitic (C16)
acids and their effect on particle formation in two monoclo-
nal antibody formulations. Overall, particle formation was
found to be a function of the individual fatty acids’ solu-
bility limits, hence their concentrations and pH conditions.
Increase of surfactant concentration and raised pH produced
an opposite effect, i.e., increased the solubility limits of the
free fatty acids.

Free carboxylic acids may also be responsible for loss of
tocopherols, the natural defense of oils against oxidation.
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Fig. 14 Formation of lipid hydroperoxides as a function of free fatty
acid (oleic) concentration in soybean oil emulsions during storage at
15°C in the dark (Waraho 2009)

One study has demonstrated that complexation with free
fatty acids renders tocopherols unavailable for antioxidant
activity (43). This type of loss may well explain the loss
of oxidative stability in modified oils, the inconsistencies
reported in oxidative stability of fixed oils, or conversely the
differences found in the efficacy of tocopherols as antioxi-
dants. Hence, evaluation of tocopherols should ideally par-
allel an assay of free fatty acids in the individual excipients
and their evolution in the formulation over time. Excipient
manufacturers may provide information, whether appropri-
ate process parameters are in place to ensure certain levels
of tocopherol concentrations.

Water Activity and Relative Humidity

Water is naturally present in seed oils (~300 ppm) and is
intentionally kept below 0.2% in the production of refined
oils and lipid excipients. Several studies have reported that
water at low levels (230-1000 ppm) has no effect on the
oxidation of an oil despite the presence of a high interfacial
tension. It is thought that at these levels, water is bound to
the polar compounds in the oil, trapped in multilayer asso-
ciation colloids (41).

Among the few and the earliest works on the effect of
relative humidity on lipid oxidation is a study by Maloney
(94) which was later adapted for review by Nelson (68).
This work involved methyl linoleate (C18:2) in a freeze-
dried model, studied under different relative humidity (RH)
conditions. Summarized in Fig. 15, the results for peroxide
levels interestingly show significantly lower peroxide levels
with the samples stored at 40% RH than 20% or 0.1% RH
conditions. Since the solubility of oxygen in organic mate-
rials (oils) is about 5-10 times greater than in water, it has
been proposed that the decrease in the rate of oxidation at
higher moisture levels may result from dilution of catalysts
and/or other unknown factors (68).

Another decade-old study into the inhibitory effect of
water, i.e., its retardation effect on oxidation, involved test-
ing in both the presence and absence of added metals (95).
The latter work suggested that metal catalysts like Cu+,
Cu?*, Fe?*, and Fe>* are most active in the dry state. Based
on the reaction kinetics of hydroperoxide decomposition, the
authors proposed that water may have deactivated the metal
catalysts by hydrating their coordination shells and also by
hydrogen bonding with hydroperoxides, thus interfering
with their bimolecular decomposition reactions (68, 94, 95).

As oxidation progresses to the propagation phases, the
water/lipid phase boundary increases with increasing water
activity; the polar ROOH groups move to the interface
and become bonded to the water, and so they are effec-
tively taken out of the reaction. The situation is reversed
in dispersed systems such as O/W emulsions where factors
like hydroperoxide concentration and hydration levels can
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Fig. 15 Evolution of peroxide value in freeze-dried methyl linoleate
as a function of relative humidity (RH) over time (Maloney 1966,
Nelson 1992)

change the mechanisms at play. In this case, increased water
content diminishes the rate of hydroperoxide decomposition
and reduces rate of free-radical formation (68, 96).

There exists a paradoxical relationship between
water activity and the relative rate of oxidation. Further
explanations were offered by an investigation of methyl
linoleate stability under different water activity settings
(96). To this effect, the oxidative stability of methyl
linoleate was assessed by measuring the time needed for
a gram of methyl linoleate to absorb 800 uL oxygen, i.e.,
to reach 1% oxidation as endpoint. The results (Fig. 16)
show that samples having water activities of 0.3-0.6
took 1.5 to 2 times longer to reach the selected end-
point. The delay in oxidative activity may be due to the
unavailability of hydroperoxides formed during propa-
gation step as they are drawn to the oil-water interface;
that held by hydrogen bonding, hydroperoxides will not
engage in the oxidative process, not before they have
saturated the oil-water interface (94). The diminishing
oxidation rates observed in the low water activity range
of 0.2-0.4 Ao is also explained by the unavailability of
water molecules for catalytic effect of transition metals
(68, 94-96).

Figure 17 summarizes the relationship between water
activity and rates of oxidation. It is likely that in the pres-
ence of water, the more polar radicals become mobilized at
the oil-water interface to form non-radical species, and this
occurs at a much faster rate than in dehydrated conditions.
Also, water forms hydrogen bonds with the hydroperoxides
as they are produced at the propagation step, thus effectively
removing them out of the chain of reactions (41, 68, 96).
This knowledge may be of interest to formulation scientists,
particularly in the development of powdered or granulated
amorphous solid dispersions involving lipids and SEDDS.

A significant correlation is established also between
water activity and oxidative breakdown products in relation
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Fig. 16 Effect of humidification on the time for methyl linoleate to
reach 1% oxidation (adapted from Maloney, 1966)

Water activity (Aw)

to amino acids, peptides and proteins found in the gelatin
capsule shells (96). Due to exposure to hydroperoxides,
free radicals are formed in the proteins of gelatin caus-
ing scission and degradation of amino acids (histidine,
tryptophan, and lysine). This decomposition is strongly
correlated with water activity levels. It is proposed that
water may contribute to the disappearance of protein
radicals by proton donation, or by “quenching” protein
free radicals by promoting radical-radical recombination,
ultimately leading to the crosslinking of the gelatin (96).
In summary, the relationships between lipid oxidation and
water activity and relative humidity are complex and their
impacts need to be validated and controlled for the formu-
lation at hand.

ANTIOXIDANTS

Antioxidants are a convenient and effective approach to sta-
bilization of complex pharmaceutical dosage forms (90).
Table VI provides a list of antioxidants reported in marketed

Relative rate of reaction

0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 0.9

Water activity (Aw)

Fig. 17 Reaction rates in lipid peroxidation as a function of water
activity (Nelson 1992)



AAPS PharmSciTech (2022) 23:151

Page 150f30 151

drug products — by route of administration, amount per
unit dose, and maximum daily exposure. Antioxidants are
applied in very low concentrations largely due to safety of
use limits but also for loss of efficacy at higher use levels. As
a counter measure, synergistic combinations of antioxidants
are commonly explored.

Antioxidants may be classified by different attributes and
most appropriately for this review, tabulated by functional
mechanisms (Table VII).

Primary Antioxidants

Primary antioxidants are phenolic compounds (Fig. 18)
consisting of monohydroxy or polyhydroxy phenol groups
with ring substitutions that interrupt the oxidative chain
reactions by scavenging free radical species. Among the
phenolic antioxidants, butylated hydroxytoluene (BHT),
butylated hydroxy anisole (BHA), propyl gallate (PG), and
tertiary butyl hydroquinone (TBHQ) are synthetic, whereas

TableVI Commonly Used Antioxidants in Pharmaceuticals and Use Levels per the FDA inactive Ingredient Guide (2021)

Excipient Administration route, dosage forms Maximum Potency, Maximum
amount/unit dose Daily Expo-
sure
Alpha Tocopherol Oral Capsule, film, solution, tablet 0.07-5 mg 246 mg
Intravenous concentrate, emulsion, and powder for suspension 0.03-0.08%
Topical aerosol, cream, foam, ointment 0.1-0.14 mg or higher
Ascorbic acid Oral capsule, concentrate, film, solution, syrup, tablet 0.4-200 mg 400 mg
Intravenous powder for solution; intramuscular and intracavitary solutions ~ 2-625 mg; 0.2% 1440 mg
Topical gel, solution 0.04-0.3%
Inhalation aerosol, spray, solution 0.04-0.11%
Rectal suppository 3mg
Ascorbyl palmitate Oral capsule, tablet 7-12 mg
Rectal suppository 5.6 mg
Topical cream, solution 0.02%; 0.04 mg
Butylated Hydroxyanisole Intravenous injection solution, powder for solution NA
Nasal solution 0.2%
Oral capsule, concentrate, suspension, solution, syrup, tablet 0.01-0.025%; 4 mg
0.07-0.4 mg
Rectal suppository 0.21 mg
Sublingual film, tablet 0.08 mg
Topical cream, gel, lotion, ointment 0.01-5.2% 2 mg
Vaginal cream, ointment, suppository 0.02-0.03%; 1 mg
Butylated hydroxytoluene Intravenous injection solution, powder for solution 0.02 mg to NA
Nasal spray 0.01%
Oral capsule, concentrate, film, gum, suspension, solution, syrup, and tablet 0.06-0.21 mg; 0.02 3mg
Rectal suppository 0.21 mg
Topical aerosol, foam, cream, gel, lotion, ointment, solution, and spray 0.02-0.5%
Transdermal gel 0.05%
Vaginal cream, suppository 0.05%
Edetate calcium disodium/ Injectable solutions 0.01-0.05%;
Edetate disodium 0.11-100 mg
Oral capsule, concentrate, drops, solution, suspension, and tablet 0.06-0.1%;
0.2-0.78 mg
Subcutaneous injection, solution 0.06%; 5 mg
Topical ointment, solution 0.01% to NA
Urethral solution 0.01%
Auricular drops, solution, suspension 0.01-0.1%
Propyl gallate Oral capsule, concentrate, suspension, tablet 0.02%, 0.04-2 mg 7 mg
Topical cream, gel, ointment 0.05% to NA
Tert-butylhydroquinone Vaginal cream 0.02%w/w
Hydroquinone Vaginal cream 0.02%w/w
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Table VIl Antioxidants
categorized by functional
mechanisms (adapted from

Primary

Phenolic antioxidants

Secondary

Reducing agents Chelating agents

Loftsson 2014)
Butylated hydroxyanisole (BHA)

Ascorbic acid Edetate disodium

Butylated hydroxytoluene (BHT) Ascorbyl palmitate Edetate calcium disodium
tert-Butylhydroquinone (TBHQ) Monothioglycerol Citric acid
Propyl gallate Sodium bisulfite Fumaric acid
Tocopherols Sodium metabisulfite Malic acid
Sodium sulfite
Fig. 18 Chemical structures of HaC HC
phenolic chain-breaking antioxi- HsC OH  H:C 0 HC Q
HaC CHs CHs
dants
HaC CHs CHs
CHs
CHs
OoH OH CHs

CHs

Butylated hydroxytoluene (BHT)

o}
Propyl gallate

tocopherols fall in the natural antioxidant category. By the
virtue of their solubility and affinity for the oil phase, phe-
nolic antioxidants can protect the oxidation-prone substrates
(drug or excipient) against oxidative stress in lipid-based
systems. In emulsion systems, however, other criteria such
as partitioning properties of the antioxidants between lipid
and aqueous phases may supersede the solubility effects (41,
90, 97, 98).

Phenolic antioxidants have very low activation ener-
gies for donating hydrogen atom(s). By readily transferring
hydrogen atoms to the alkyl, alkoxyl, and peroxyl radicals,
they render them more stable, less radical, or non-radical.
The antioxidant effect of phenolic compounds may be
described by their interactions with radicals as two distinct
functions: quenching and termination (Table VIII) (29, 30).
Quenching occurs when the antioxidant donates a hydrogen
atom to a first radical. Termination occurs when the yield-
ing antioxidant radical (A®) from the first reaction interacts
with another radical to form a stable complex, effectively
terminating the radical chain. As such, phenolic antioxidants
can block oxidative chain reactions both in early (initiation)
and also in the later (propagation) stages of the oxidation
process (99).

@ Springer

Butylated hydroxy anisole
(BHA) structural isomers

a-
tocopherol

Table VIl Antioxidant Interaction with Radicals

Quenching Termination

ROO* + A* — ROOA
RO*® + A® — ROA
A*+A°— AA

ROO* + AH — ROOH + A*
RO®* + AH — ROH + A*
R*+AH—->RH+A®

The concentration dependent efficacy of phenolic antioxi-
dants has been well documented, pointing to the key chal-
lenge which is establishing the optimal concentration for the
formulation at hand. Ideally, the best antioxidant of choice is
that which is effective in the lowest possible concentration,
enough to counter the oxidative species. Above the opti-
mal concentration, there is a “cut-off” or “inversion” effect,
where the antioxidant activity may plateau, diminish, or even
reverse due to prooxidant effects. The effect is explained in
part by the fate of the antioxidant radical (A®). In excess
concentrations, the antioxidant radical may participate in
hydrogen abstraction, and chain-transfer reactions, notably
in the presence of transition metals. (28-30).

To be effective, the selected antioxidant must carry its
activity throughout the handling, processing, and packaging
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of the drug product. Attention is needed to the temperatures
at which the antioxidant may degrade. Phenolic antioxidants
are especially sensitive to temperature, degrading, and/or
vaporizing at elevated temperatures. The thermal resistance
of synthetic antioxidants obtained under dynamic thermo-
gravimetric analysis has shown to be in the order of PG >
TBHQ > BHA > BHT. When subjected to isothermal con-
ditions (110°C), BHA and BHT exhibited total mass losses
after 90 and 155 min, respectively, whereas propyl gallate
breakdown occurred at temperatures >146°C. The authors
suggested that thermal stabilities of TBHQ, BHA, and BHT
may need evaluation at lower temperature conditions (85).

Tocopherols

Tocopherols are natural antioxidants present in most veg-
etable oils in quantities ranging from 200 to 1200 ppm (14).
They protect unsaturated fats and oils by reacting with lipid
peroxyl radicals at a much faster rate (10% to 10° M~! s71)
than those occurring between unsaturated fats and peroxyl
radicals (10 to 60 M~! s™1). One tocopherol molecule can
protect about 103 to 108 polyunsaturated fatty acid mol-
ecules under low peroxide value conditions. The optimal
concentration range for tocopherols in vitro happens to fol-
low the antioxidant-substrate molar ratios of roughly 1:10°
to 1:10* as found in nature (33, 53).

Alpha-tocopherol, and its homologues f-, y-, and
d-tocopherols are the alcohol forms of vitamin E. The anti-
oxidant activity of tocopherol homologues may vary by type
of formulation and temperature conditions. At elevated tem-
perature, the antioxidant activity of tocopherols in oils is in
the order of 8- > y- > B- > a-. This order reverses to o- >
B- > y- > d- at low or mild (<40°C) temperatures. In vivo,
a-tocopherol provides a higher antioxidant activity than
y-tocopherol, thus the most studied form among tocopherols
(33, 37, 43). Successful incorporation of a-tocopherol in two
commercial lipid emulsions (Lipofundin® and Trivé 1000
®) may explain in part its popularity, as commonly selected
antioxidant additive (100).

Like other phenolic compounds, tocopherols have a con-
centration dependent efficacy limit. A recent comprehensive
review summarizes the literature on tocopherols’ antioxidant
properties as abundant, contradictory, and strongly system
dependent (101). It concludes that it is impossible to predict
the precise effectiveness of tocopherols in lipid dispersion
system or in bulk oil, because the fate of the tocopherol radi-
cal (A®) depends on the chemistry and/or configuration of
other molecules in its proximity. Above the optimal range,
the excess tocopherols may induce a prooxidant effect at
ambient temperatures. Interestingly, this prooxidant activ-
ity is diminished at elevated temperatures due possibly to
reduced solubility of oxygen in the excipient/formulation

system. However, any positive effect of increased tem-
perature on tocopherols’ activity at high concentrations is
contrasted with the potential negative effects of heat, which
leads to increased rate of hydroperoxide decomposition,
increased reactivity of the transition metal ions, and the
greater oxidation rates in general. Thus, suppressing oxy-
gen supply to the system may be the more practical approach
(33,53)

Tocopherols are known to degrade gradually upon pro-
longed storage and much more rapidly on exposure to light
(20). They may lose activity due to complexation with free
carboxylic acids (43), eliminated during high-temperature
refinement of fixed oils, or stripped during fractionation and
synthesis of structured lipids (102). It is therefore important
to establish at the onset whether the excipient being used
has residual levels of antioxidants and if yes, whether their
concentrations are consistently monitored.

When evaluating antioxidant efficacy, it is necessary to
first identify the substrate(s) that are potentially vulnerable
to oxidation. Some general indicators of oxidative processes
have been mentioned in the earlier section, “Evaluating oxi-
dative change.” Selecting a suitable endpoint for oxidation
and finding the concentration limit for the antioxidant’s effi-
cacy are equally important. The results may be interpreted
differently, depending on the parameters being tested (35).
The absolutely safe limit to avoid prooxidant activity by
tocopherols is ~ 200 ppm according to the latest review
(101).

Secondary Antioxidants

Among the examples of secondary antioxidants (Fig. 19),
reducing and chelating agents have a crucial role to play in
the inhibition of oxidative reactions. Their functions include
scavenging of oxygen, sequestering of transition metals,
reducing radicals, and preventing the depletion of primary
antioxidants by replenishing their lost hydrogen atoms (30,
47, 90).

Reducing agents are water-soluble and can protect lipid-
soluble antioxidants in a complementary fashion, especially
in complex matrix systems. With lower redox potential rela-
tive to the substrates that need oxidative protection, reduc-
ing agents sacrificially react with oxygen and other reactive
species. Their use, however, requires caution because their
function may be adversely affected by pH, temperature, and
most importantly by presence of transition metals (30).

Ascorbic Acid
Ascorbic acid (vitamin C) is a water-soluble reducing agent

that functions by several mechanisms: primarily scavenging
(quenching) various forms of oxygen, reducing free radicals,
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Fig. 19 Reducing and chelating agents

and regeneration of primary antioxidants. The antioxidant
efficacy of ascorbic acid is attributed to the ease in which it
donates an electron, hence reducing the reactive species in
the free radical-mediated chain of events. In the presence of
ascorbic acid, tocopherols can readily regenerate from their
tocopherol radicals (37, 99).

However, the efficacy of ascorbic acid as antioxidant
holds true, so long as trace metals like free iron ions are
not prevalent. Otherwise, ascorbic acid can reduce transi-
tion metals, such as Fe’* to Fe** boosting the pro-oxidant
chemistry of these metals. Since transition metals and their
reactions with dioxygen are not spin restricted, the autoxi-
dation of ascorbic acid in the presence of transition metals,
is likely to produce O,~, hydrogen peroxide, and hydroxyl
radicals (26, 79).

Ascorbyl Palmitate

Ascorbyl palmitate is an ester of ascorbic acid and palmitic
acid. It is fully soluble in liquid and solid lipids and alcohols.
It inhibits oxidation by donating hydrogen to radical spe-
cies, hence very effective in minimizing oxidation in oils.
Ascorbyl palmitate is considered safe because after intake
it can be hydrolyzed to its parts, and so, found in infant for-
mula as a line of defense for protection of polyunsaturated
fatty acid chains against oxidation (103). The efficacy of
ascorbyl palmitate in protecting cottonseed and olive oils
at 400 ppm has been demonstrated (104). Its effectiveness
in quenching oxygen in gamma irradiated oils was demon-
strated by Lee et al (105). The authors went on to suggest
that ascorbyl palmitate, being a colorless product, may be
indispensable for protecting oxidative stability of oil soluble
vitamins, carotenoids, and tocopherols. Another aspect of
ascorbyl palmitate is its relative polarity, thus ability to inter-
act with the oil/water emulsion interface, further discussed
below, in the section on “Formulation Considerations”.

@ Springer

Metabisulfites

Sodium and potassium salts of metabisulfite may be used
as antiperoxides in solutions and suspensions intended for
injectable, oral, ocular, and dermal formulations. By dis-
sociation in water metabisulfites form sulfur dioxide and
sodium bisulfite, which can then react with hydroperoxides
or form adducts with aldehydes(58). However, due to poten-
tial adverse reactions to sulfites, drug products containing
sulfiting agents may require a warning on the label. The
capacity of Na metabisulfite at different concentrations (10~
to 1072 M) to inhibit hydroperoxides formation in vitro, and
in vivo were evaluated by Lavoie (106). This study cautions
that Na metabisulfite’s antioxidant activity is concentration
dependant, because reduction of hydroperoxides may trans-
form Na metabisulfite into a sulfite radical. Hence, under
specific conditions, it can contribute to the generation of
toxic oxidants.

Edetates

The critical role of transition metals in catalyzing and ini-
tiating oxidation is underscored throughout the literature.
Since a complete removal of metals from the excipient or the
formulation is not a practical solution, addition of substances
that sequester metal ions by complexation (chelating agents)
can be a reasonable solution. Chelating agents are impor-
tant additives especially for aqueous dispersions of lipids in
micellar solutions or emulsions, where the oxidation prone
substrates (lipids and/or poorly soluble drug) come in close
proximity with the transition metals of the aqueous phase,
i.e., at the surfaces of the dispersed droplets (29). Among the
commonly used chelating agents in pharmaceutical dosage
forms are citric acid, and the salts of edetate (ethylenedi-
amine tetra acetic acid, or EDTA). Edetates and their salts
are quite effective in engaging and essentially removing
oxidation catalysts such as Cu*, Cu?*, Fe?*, and Fe**. Due
to their positive charge and solubility, chelating agents can
engage with metals in the aqueous phase to form non-reac-
tive complex ions. The complexation may be ionic and/or by
covalent bonds, with a net effect of reduced propensity for
reactions between the metals and hydroperoxides (31, 77).
Citric acid can act as sequestrant at 50 ppm when added
to fixed oils during the final refining stages. Edetates may be
used in a similar fashion (~30 ppm), though it may be sub-
ject to regulatory hurdles in some countries (31). However,
effectiveness of edetate is dependent on its concentration
vis-a-vis the metal catalyst. When an equimolar ratio (1:1)
of EDTA: Fe?* were added to a fish oil emulsion, EDTA
promoted oxidation (Fig. 20) whereas at higher (2:1 and 4:1)
molar ratios, the excess EDTA effectively inhibited hydrop-
eroxide formation(35). Sodium or calcium salts of edetate
are more soluble than their edetic acid counterpart, with the
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latter being subject of decarboxylation if heated to 150°C.
Subjecting chelating agents to a temperature of 110°C for
prolonged periods can result in thermal instabilities in the
order of: ascorbic acid > citric acid > EDTA (85).

Lastly, carotenoids are cited in the literature for their
ability to offer protection against light-induced oxidation
or photooxidation. Unlike tocopherols which react with
singlet oxygen in a non-reversible manner, carotenoids
can absorb the excess energy of singlet oxygen, and con-
vert it to ground state, followed by releasing the energy in
the form of heat (30). Currently, -carotene is referenced
in the FDA IID for topical formulations. Carotenoids are
lipid soluble antioxidants, naturally occurring in oils.
B-carotene is most studied of carotenoids, and is known to
slow down oil oxidation by light filtering, singlet oxygen
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Fig. 20 Influence of EDTA on the formation of peroxides in fish oil
emulsion (Frankel 2005)
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quenching, sensitizer inactivation, and free radical scav-
enging due to its polyunsaturated hydrocarbon chain. One
mole of B-carotene can quench 250 to 1000 molecules of
102 at arate of 1.3 x 10'°M~! 57! (37, 107).

FORMULATION CONSIDERATIONS

Oxidative Stability in the Presence of Polyethers
and PEGs

Polyethers may constitute the molecular scaffolding of
the lipid excipients (e.g., polyoxylglycerides, poloxamers,
polysorbates) and or used in combination with lipid excipi-
ents in a formulation. As indicated, they can be significant
source of hydroperoxides. Moreover, their oxidative deg-
radation results in the formation of secondary impurities
such as formaldehyde and formic acid, largely responsi-
ble for cross linking in gelatin capsules. Formic acid is
frequently reported to be responsible for the formation
of N-formyl impurities with protein biopharmaceutics or
drugs consisting of primary or secondary amino moieties
(56). There is little published on the oxidation pathways or
the stabilization of polyethers. Hemenway and colleagues
(58) examined the impact of various formulation vari-
ables (discussed above) and also the effect of antioxidants
on the evolution of aldehydes in PEG 400 solutions. The
evolution of the total aldehydes in 50% solutions of PEG
400 were examined following addition of ascorbic acid,
BHA, BHT, propyl gallate, or Na metabisulfite. As shown
in Fig. 21, the total aldehyde levels reduced in all the cases
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but the most significant results for aldehyde reduction
were associated with use of 1% Na metabisulfite, followed
by 0.1% propyl gallate, and 0.02% of BHA or BHT. The
significant effect of Na metabisulfite on aldehyde reduc-
tion in PEG 400 was explained by the dissociation in water
of sodium metabisulfite into sulfur dioxide and sodium
bisulfite, with the latter reacting with aldehydes to form
bisulfite adducts, and with oxygen to form sodium sulfate.

It is worthwhile to note that included in the aforesaid
study was D-alpha tocopheryl polyethylene glycol-1000
succinate (TPGS), an excipient known for surfactive prop-
erties and not as an antioxidant (58). Interestingly, the alde-
hyde levels with TPGS (not shown) were similar to that
obtained with propyl gallate in Fig. 21. Since the tocopherol
moiety in the surfactant (TPGS) is bound, i.e., not free to
engage in hydrogen atom transfer, it is likely that the protec-
tive effect of TPGS was manifested by a different mecha-
nism, such as formation of micellar particles that physically
entrap and immobilize the reactive species.

Inhibition of Oxidation in Fixed Oils and Partial
Glycerides

Fixed oils like soybean oil are commonly used in parenteral
emulsions (108), ocular drops, nasal sprays, oral capsules,
and topical emulsions. Hence, their oxidative stability is
critical to understand and to prevent. Until early 1990s, oxi-
dation was thought to occur at the air-oil interface (43, 97).
Contrasting this notion is scientific evidence that tiny micro-
structures, described as association colloids exist in bulk/
fixed oils as finely dispersed structures, acting as the site of
oxidative events — as put forth by Brimberg (109, 110). The

Fig. 22 Depiction of reverse
micelles in bulk oil (adapted
from Budilarto 2015)

Continuous oil phase
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concept has been corroborated by other scientists (29, 31,
41,102, 111, 112), stipulating that water, in trace amounts
(<0.1%) occupies the core of the reverse micelles, which
are delineated from the continuous oil phase by amphiphi-
lic and trace quantities of phospholipids, mono- and di-,
diglycerides and free fatty acids. Figure 22 depicts the pro-
posed scheme for a reverse micelle dispersed in the bulk
oil, where hydroperoxides and other amphiphiles aggregate
to form reverse micelles. Hydrophilic moieties orient their
hydrocarbon tails toward the continuous hydrophobic phase,
with their polar heads extending to the hydrophilic region in
the micelle exterior. Free fatty acids formed during propaga-
tion can also gradually interact with the reverse micelles, or
existing microstructures by accumulating at the emulsion
interface according to their solubility characteristics. Oleic
acid for example is insoluble in water and is therefore likely
to position itself at the oil phase of the interfacial region
where hydroperoxides would accumulate. This proximity
may explain acid catalyzed hydroperoxide decomposition
and attraction of transition metals to the water rich regions
and elucidates the role of free fatty acids as prooxidants
(102).

Lipid oxidation mechanisms can vary by the reactive spe-
cies being formed, their substrates, and the physicochemical
environment in which it occurs (111). Oxidation in oils is
initially slow, characterized by a pseudo-first order build-up
of hydroperoxides. The time needed for the oil to reach the
second and rapid oxidation rate phase is called lag phase,
or induction period (Fig. 23) when reactions occur between
hydroperoxides and unsaturated fatty acids. With the lat-
ter being of negligible concentration, the reaction rate can
be described as zero order. As the reactions progress, the
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Fig. 23 Peroxide value evolution during the autoxidation of flaxseed
oil at 40°C, 75% RH over 30 days (Budilarto 2015, Talbot 2016)

hydroperoxide levels rise to reach a critical micelle con-
centration (CMC) at which time the lag phase ends, and the
reaction rates take an exponential order (31, 41, 102, 109,
110).

A dated proposition for stabilization of oils against oxida-
tion is one that suggests polar antioxidants (ascorbyl palmi-
tate, tocopherols) may be most effective in apolar systems
(oils) and those with lipophilic/phenolic nature perform
better in emulsified systems. This proposition has been
challenged by newer works (24, 47, 90) stipulating that the
concept may apply only to limited scenarios in a narrow
range of polarity; that antioxidant polarity and surface activ-
ity are important but not decisive determinants of activity in
vegetable oils. Confirming the new perspective, is a study of
possible relationship between antioxidant activity and anti-
oxidant polarity in menhaden fish oil (98). Fish oil, rich in
polyunsaturated fatty acids (PUFA), is typically dosed into
gelatin capsules for nutraceutical end use, therefore an excel-
lent model for evaluating antioxidants. The surface activity
of structurally related antioxidants, having similar radical
scavenging properties in menhaden oil, was as follows:
d-tocopherol > a-tocopherol > BHT. Overall, 8-tocopherol
was most effective in reducing interfacial tension and out-
performed a-tocopherol in the stabilization of both menha-
den oil and menhaden oil emulsions. BHT on the other hand,
being the least polar among the said antioxidants, was even
more effective than §-tocopherol in the samples incubated
at 37°C (Fig. 24). Hence, surface activity and polarity could
not be the sole basis for predicting antioxidant performance.

An earlier work exploring the efficacy of various anti-
oxidants in fish oil, involved stability testing at ambient
temperature for 28 weeks, conditions that were deemed rel-
evant to the process and use conditions for the oil (113). At
the completion of the experiment, it was concluded that a
ternary combination of d-tocopherol (2% by weight) with
ascorbyl palmitate (0.1%) and lecithin (0.5%) was unusually
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Fig. 24 Influence of BHT and tocopherols (2.8 mmol kg™') on delay-
ing lipid hydroperoxides formation in menhaden oil at 37°C in the
dark (adapted from Chaiyasit 2005)

effective in preserving the integrity of the PUFA rich fish oil.
These results contradicted previous reports in several ways:
(i) much higher levels of tocopherol were effective than pre-
viously reported and (ii) protection increased with higher
concentrations of Y/ 8-tocopherol but not with a-tocopherol.
Explanations for these observations are found in the much
later work by Evans (114) involving soybean oil. The aim of
the latter group was to establish optimal tocopherol concen-
trations, or the cut-off point rather, beyond which tocophe-
rols would behave as prooxidants. These were found to be
~100 ppm for a-tocopherol and ~300 ppm for Y-tocopherol,
but no limit could be established for 8-tocopherol. The activ-
ity of d-tocopherol increased with increasing concentration
up to 1900 ppm levels tested. The authors ranked the antioxi-
dant efficacy of tocopherol as « > Y > 9, an inference based
on the low optimal concentration of a-tocopherol (100 ppm),
beyond which it can act as prooxidant (37).

In fixed oils, the key role of the phenolic (primary) anti-
oxidants and synergists is to stabilize the contents of the
reverse micelles (Figs. 22 and 23) where they can be most
effective during the initiation and early propagation phases
(33, 53). Antioxidants can assume different roles in the fixed
oil, depending on the phase of the oxidative chain reactions.
In the early, initiation phase, an antioxidant may act as stabi-
lizer of reverse micelles loaded with water, hydroperoxides,
and other amphiphiles, but then act as scavenger of radicals
during the propagation phase. This means polar antioxidants
become important when moisture, hydroperoxides, and
free fatty acids are all present. For instance, the presence
of phosphatides in the bulk lipids enhances the antioxidant
activity of a-tocopherol by forming aggregates and there-
fore improves proximity between tocopherol and the site of
oxidation. The net effect of this is a better partitioning in the
aqueous (polar) phase of reversed micelles where radicals
are formed and trapped. Therefore, an antioxidant’s func-
tion can be chemical, e.g., hydrogen atom transfer as well
as physical in nature, e.g., partitioning and orientation in
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its surrounding media (41, 111). Since antioxidant func-
tion is system dependent, Shahidi (90) offered that in bulk/
fixed oils, the effect of antioxidant solubility in the oil phase
dominates (is more important) over its contribution to inter-
facial phenomena, the latter having importance in micellar
or emulsion systems.

Inhibition of Oxidation in Emulsions

Lipid-based emulsions are predominantly oil-in-water
(O/W) systems that facilitate incorporation of both hydro-
philic and lipophilic drugs. In an emulsion, the various pro-
oxidant and antioxidant components distribute themselves
according to their respective solubility characteristics and
surface activities. The nature of the distribution is sensitive
to a host of variables, such as the nature and concentration
of the emulsifier(s), aqueous phase, oil phase, prooxidants,
drug, and antioxidant, to name a few. As a result, there is lit-
tle agreement amongst publications on the role of emulsion
droplet size, or antioxidant polarity on oxidative stability.
However, the current understanding strongly supports the
hypothesis that the oil-water interfaces are critically involved
in oxidative events (80, 92). Therefore, antioxidant mole-
cules should ideally be found (or positioned) in the prox-
imity of the water-oil interface of the emulsion. For this
to occur, the antioxidant’s molecular size, and hydrophilic/
lipophilic balance become significant.

The mechanism of oxidation or its inhibition at the oil-
water interface is schematically presented in Fig. 25. Being
surface active, hydroperoxides are likely to gravitate towards
the oil-water interface, where they come in contact with the

Fig. 25 Schematic representa-
tion of oil-in-water droplet (not
to scale) with potential reactions
of peroxyl radical, hydroperox-
ides, and antioxidants (adapted
from McClements 2018;
Waraho 2011 A; Goddard 2012)
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water-soluble metal ions dissolved in the aqueous phase (29,
77, 115, 116). The reactions that follow include formation
of peroxyl (HO®) and alkoxyl (RO®) radicals in their vicin-
ity, interacting with various substrates, including the alkyl
chains in the glycerides located in the interior of the oil
droplet. Fig. 25 also depicts how radicals can be inactivated
by antioxidants capable of positioning at the water/oil inter-
face, e.g., by ascorbyl palmitate, or propagated by reduction
of iron due to a water-soluble reducing agent in the aqueous
phase such as ascorbic acid (73, 117).

Antioxidant use levels need to be justified and optimized
for safety and regulatory reasons, but also to avoid efficacy
cut off effects. As indicated in the primary antioxidant sec-
tion, the concentration dependent inversion of an antioxi-
dant efficacy is in part explained by chemical reactions,
where the antioxidant radicals, when in excess, may behave
as prooxidants. Another plausible explanation lies with the
partitioning, positioning, and mobility of the antioxidants
in the multi-phase system (90). The latter is supported by
experiments showing that polar antioxidants, though una-
ble to decrease the surface tension between the air and the
product, could in fact decrease the interfacial tension, at the
boundary between oil and water (98, 102, 111). Several stud-
ies suggest that the ability of the antioxidant to partition at
the oil-water interface is more effective in limiting oxida-
tion in the oil phase than direct addition of the antioxidant
to the oil phase of emulsions (35, 113, 118). For example,
ascorbyl palmitate may behave as antioxidant in the presence
of phospholipids, due to the ability of the latter to interact
with the ascorbyl radical (113). Depending on the choice
of surfactant, co-surfactant, or oil phase and combinations
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thereof, there are an unlimited number of possible conforma-
tions to exist. Ultimately, the stereochemistry, and partition-
ing of an antioxidant within the oil phase, the aqueous phase,
and the oil-water interface can influence oxidative stability
(15,74, 92, 117).

Should a surfactant concentration exceed its’ CMC, there
will be tendency for the unadsorbed fraction to disperse and
to rearrange into new formations such as micelles. Like-
wise, polar (amphiphilic) antioxidants (tocopherols, ascorbyl
palmitate) can self-assemble into micelles, lamellar struc-
tures, and other association colloids (98). Competition for
self assembly may help explain the cut-off effect of antioxi-
dant effectiveness vis-a-vis its concentration. Interactions
between the emulsifier and polar antioxidants may lead to
reduced space for the antioxidant molecules to occupy at
the emulsion interface where antioxidant effect is needed
(Fig. 26). The antioxidant molecules may become trapped
in the excess emulsifier micelles, or be literally “taken out
of circulation,” taken to the aqueous phase where they can’t
be efficient (41, 112, 119).

It is said that oxidation of encapsulated bioactive com-
pounds in emulsions is triggered by permeation of free radi-
cals generated at the oil-water interface. Considering the
continuous movement and competition between the polar
and apolar components for positioning within the oil and
aqueous phases, McClements (29) hypothesized that lipid
oxidation in emulsions may be “limited by the speed at
which free radicals, hydroperoxides, or lipids can diffuse
from one region to another within a droplet.” Others have
also pointed to the constant exchange of positions between
the interior and exterior of the oil droplets due to Brownian
motion (92, 120).

To establish a correlation between the movement of
the free radicals within the droplets and the overall oxida-
tive stability of the emulsion system, Pan ef al (118) used
curcumin, as model drug, and fluorescence techniques to
trace the movement of the radicals in two emulsion systems
consisting of Tween 20 or lecithin. The permeation rate
from the aqueous phase to the oil phase for peroxyl radicals
was significantly higher (p<0.05) for emulsions stabilized

Fig.26 Excess amphiphilic
antioxidant, or excess emulsifier
may compete for positioning
around the oil droplets or form

their own respective micelles _:“M VW':
(Laguerre, 2015) ;‘\/\A ! ®
9 i
¢ 8
7 g5y
TP Q
Aqueous
phase

with Tween 20 and oxidized lecithin compared to that of
native lecithin. The results suggested an inverse relationship
between permeation rate of the radicals and the stability of
curcumin. This work also found the curcumin stability to
be higher in the lecithin-based emulsions, possibly due to
the negatively charged headgroups of the phospholipids in
lecithin attracting the positively charged metal ions, thus
inhibiting their engagement in oxidative events. A similar
effect of phospholipids is reported by another work where
liposomal suspensions were subjected to forced oxidation
under varying concentrations of ferrous sulfate, and tested
for stability for 14 days at 40°C (121). The liposome suspen-
sions spiked with 0.2- or 1-mM iron had hydroperoxide con-
centrations of < 3 mmol kg_l oil, whereas those spiked with
higher levels of iron (10 or 48 mM) formed higher amounts
of primary and secondary lipid oxidation products (Fig. 27).
It was proposed that liposomal phospholipids may resist,
or possibly delay the iron-catalyzed oxidation only until a
certain iron concentration, above which they oxidize rapidly.
These, and other studies discussed below indicate that the
type and concentration of the emulsifiers at the water-oil
interface can strongly influence the oxidative stability of the
system (80, 121-123).
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Fig. 27 Hydroperoxide concentration of iron-loaded liposome sus-
pensions containing different levels of iron, for a fixed phospholipid
concentration, incubated at 40°C (Cengiz 2021)
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To evaluate the effect of surfactant concentration, Ber-
ton and colleagues (122) developed a method for measuring
the excess (unadsorbed) emulsifiers in the aqueous phase
of O/W emulsions. The method consisted of direct aque-
ous transesterification of surfactants in the aqueous phase,
followed by detection by gas chromatography. As part of a
subsequent study (123) Berton investigated the specific role
of the adsorbed emulsifiers on lipid oxidation of O/W emul-
sions. Emulsions of similar droplet size distribution were
prepared with polysorbate 20, one at low concentration (4
g L~!) and another in excess concentration (35 g LY. The
samples were subjected to oxidation at 25°C by addition
of 200 pM of 1:1 FeSO4-EDTA complex. Oxygen uptake,
conjugated dienes, and volatile compound formation in the
incubated samples were monitored. Figure 28 shows part of
the study findings, where oxygen consumption of the poly-
sorbate 20 emulsion was significantly reduced (oxidative
stability improved) with the higher concentration (excess)
polysorbate 20 emulsions during an incubation period of 70
hours at 25°C. These findings and other works (80) strongly
suggest that the stability of the O/W dispersions is a critical
parameter affected by adequate packing density of the emul-
sifier molecules at the oil-water interface, providing a barrier
effect against lipid oxidation, or conversely modulating the
accessibility of the lipid phase to water-soluble prooxidants.
There are a number of established methods for evaluating
emulsion/dispersion size stability. The list includes centrifu-
gation, freeze thaw cycles, and accelerated stability condi-
tions to establish phase separation. More specific tests could
be monitoring of conductivity, dispersion size (photon cor-
relation spectroscopy), refractive index (measure of poly-
dispersity), and zeta potential which is a measure of surface
charge and potential changes over time.

As indicated above, there exists a continuous competition
between the polar and apolar components for positioning
within an emulsion. Also, the speed at which free radicals,
hydroperoxides, or lipids can diffuse from one region to the

=== Polysorbate 20, no excess

~—Polysorbate 20 excess

o
=)
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Fig. 28 Effect of excess emulsifier in the aqueous phase at 25°C in
the dark (Berton, 2011)
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next within a droplet may influence the oxidative stabil-
ity of the system. If the movement of radicals from drop-
let core to the interface area is a critical variable, droplet
size should theoretically play a key role in the prooxidant or
antioxidant events. In theory, a decrease in emulsion drop-
let size is equivalent to an increase in the droplet surface
area, therefore a larger interface between the aqueous and oil
phases. One would expect that the smaller the droplet size,
the shorter would be the distance between its core and the
interface, requiring less time for hydroperoxide molecules
to travel across (116).

Since lipid oxidation in O/W systems generally proceeds
from the interface to the interior of the oil droplet, some
studies have focused on the role of droplet size, and others
investigated the droplet interface. However, studies focusing
on correlations between emulsion droplet size have produced
mixed results. In a recent publication, the effect of droplet
size on the oxidative stability of curcumin was evaluated in
O/W emulsions consisting of medium chain triglycerides
and a natural emulsifier from soapbark tree (120). Applying
different mixing speed, time, and pressure during homogeni-
zation, emulsions with mean droplet diameters of approxi-
mately 80, 260, 2500, or 21,000 nm were obtained without
adjusting the emulsifier content. Following stability testing
at 55°C for 3 weeks, curcumin losses of ~9% with the larg-
est droplets and up to 70% loss in the smallest droplets were
reported. Pointing to the higher surface area provided by the
smaller droplets facilitating interaction of curcumin with the
aqueous phase, the authors proposed that droplet size had
a critical role in the oxidative stability (or degradation) of
curcumin (Fig. 29). Even though the degree of curcumin
exposure to the aqueous phase may be a plausible variable,
the findings do not support the role of particle size. More
specifically, the study does not account for the higher lev-
els of energy input during mixing for the finer emulsions,
the impact of phase separation within days of the emulsion

Phase separted
100

in 3 days
90
80 Phase separted
70 in 9 days
i 60
£
£ 50
3
5 40
o
30
20
10
0
21000 2500 260 80

0/W droplets, mean diameter (nm)

Fig.29 Oxidative degradation of curcumin in emulsions with identi-
cal emulsifier content but obtained by greater energy input to create
the smaller droplet sizes (adapted from Kharat 2020)
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preparations, or the potential presence of transition metals
introduced by the natural surfactant.

The effect of droplet size on the oxidative stability of
emulsions consisting of soybean oil having 53% linoleic acid
or fish oil consisting of 37% docosahexaenoic acid (DHA)
glycerides were evaluated by Azuma and colleagues (124).
During forced degradation experiments, oxygen consump-
tion in the solution, peroxide formation, and unoxidized
PUFAs concentrations were measured. The results were
mixed, depending on the oil type, which differed mainly in
fatty acid composition. Whereas the oxidative stability of
fish triglycerides increased with decreasing the droplet size,
the reverse effect of the droplet size was observed on the oxi-
dation of soybean oil triglycerides. These findings indicate
that fatty acid conformations (Fig. 3) can have as significant
arole in emulsion stability as droplet size.

Despite variations in mixing speed and lipid concen-
trations (10% and 30%), Osborn and colleagues found no
significant effect of droplet size on oxidative stability of
emulsions made of structured lipids derived from canola
oil and caprylic acid interesterification (65). Their work
was retrospectively challenged by Nakaya (116) citing that
the interesterified (structured) lipids study by Osborn was
not protected against metal induced oxidation; that addition
of a chelating agent to offset the effect of transition met-
als may have produced a different outcome. In their work,
Nakaya (116) found the oxidative stability of O/W emul-
sions obtained from three different oil types to increase with
decreasing droplet size. The study involved monitoring of
hydroperoxide content, hexanal formation, and residual oxy-
gen in the headspace of the sample vials containing emul-
sions having small, medium, and large droplet sizes (0.8 p;
3.3 por 10.7 p, respectively). The emulsions with the small-
est droplet size distribution (0.8 p) had significantly lower
residual oxygen in the headspace, lowest peroxide levels, and
hexanal formation compared to the emulsions having larger
droplet size. Nakaya hypothesized that the emulsifier mol-
ecules, as they orient their hydrophobic arms inward toward
the interior of the droplet, immobilize the triglycerides in the
tight space, that the larger droplets offer far less restriction
to mobility of the oil located in the interior of the droplets.
Hence the positioning of the emulsifier molecules at the oil-
water interface improves the oxidative stability of the oils.
Others have hypothesized that surface active molecules, by
wedging themselves onto the interfacial region of oil drop-
lets (Fig. 26), may immobilize the oil droplet contents and
so, provide oxidative stability (73, 74, 77, 112, 116, 117).
Whereas emulsifiers stabilize droplets against aggregation,
the introduction of the co-emulsifier to the system may help
further inhibit lipid oxidation in emulsions (92).

The concentration dependent efficacy (cut-off effect)
applies to lipophilic (phenolic) as well as water soluble
antioxidants. Water-in-oil emulsions with polysorbate 80,

consisting of refined sunflower oil mixed with polyglycerol
esters as the continuous (oil) phase were prepared (87). The
antioxidant effect of ascorbic acid, added to the aqueous
phase at 5 ppm or 100 ppm levels was compared to that
obtained with TBHQ as antioxidant in the oil phase at 200
ppm. The results (Fig. 30) point to prominent efficacy of
TBHQ at the level tested relative to that with 5 ppm ascorbic
acid. Higher level of ascorbic acid (100 ppm) did not provide
additional benefit.

Effect of Interfacial Charge and pH on Oxidative
Stability of Emulsions

The influence of pH on the oxidative stability of ionizable
drugs is well documented (23). As for the effect of pH on the
oxidative stability of lipid formulations, it is difficult to find
confluence in the literature (77). A noticeable drop in pH of
emulsions over time may indicate oxidative change due to
liberation (or formation) of acidic moieties, including small
carboxylic acids. Tamilvanan and colleagues (12) monitored
the pH of castor oil-based nanoemulsions incubated at 4°C,
25°C, or 37°C for up to 6 months. The findings summarized
in Fig. 31 indicated that pH began to drop within a month of
storage at 25°C or 37°C, and eventually by 3—4 units by the
end of the 6-month incubation. Under the conditions of the
study, the pH of the nanoemulsions stored at 4°C was most
stable, dropping by one unit after 6 months.

Generally, the non-ionic surfactants tend to be better
facilitators for the transfer of antioxidant molecules between
micelles and the oil-water interface. Should the surfactant
carry a charge, it can influence the oxidative behavior of its
formulation, especially in relation to transition metal ions.
The repulsion or attraction of ferrous iron to the surface
charge of droplets having different surfactants were evalu-
ated by Mancuso (125). Highly unsaturated salmon oil emul-
sions were obtained with the following surfactants: anionic
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Fig. 30 Effect of ascorbic acid and TBHQ on oxidative stability (per-
oxide formation) of water-in-oil emulsions at 35°C (adapted from
Rege 2015)
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Fig. 31 Drop in pH of castor oil-based nanoemulsion over months of
storage at 4°C, 25°C, and 37°C (Tamilvanan 2010)

sodium dodecyl sulfate (SDS), non-ionic polysorbate 20, and
cationic dodecyl trimethylammonium bromide surfactants
(DTAB). The samples were spiked with 15 pL of ferrous
iron (0.072 M) prior to incubation. The highest oxidative
instability was observed with SDS followed by polysorbate
20, and DTAB. This ranking of oxidative stability confirmed
the hypothesis that the positively charged metal ions were
being attracted to the negatively charged droplet surfaces
in the case of SDS, or conversely repelled by the positively
charged droplets in DTAB, resulting in retardation of oxi-
dation in the lipids situated in the interior of the droplets.
Addition of EDTA (0.5-4.0 mM) or reducing the pH of the
aqueous phase (7.0 to 3.0) in the aforesaid emulsions pro-
duced the opposite effect. Since oxidation was effectively
inhibited by the addition of EDTA, it was proposed that iron
is the key cause of oxidation in salmon oil O/W emulsions.
Tracing the iron concentration levels in the aqueous phase,
the authors also demonstrated that metal ions can, at reduced
pH conditions, partition into the continuous aqueous phase,
away from the oil-water interface. (125).

An association between lowered pH and oxidative stabil-
ity relative to free fatty acid concentrations was put into
evidence by Waraho and colleagues (73, 93, 117). Oxidative
stability of soybean oil emulsions adjusted to pH 2, 4, 6, or
8 was tested with addition of 1% oleic acid as oxidant or
incorporation of EDTA as antioxidant. The surface charge
of the emulsion droplets, measured as zeta potential revealed
a significant drop in charge (increasingly negative) with
increasing pH, indicative of the fatty acids becoming nega-
tively charged at pH values above their respective isoelectric
points, hence becoming more soluble in the aqueous phase.
A dramatic reduction in oxidation of soybean oil emulsions
at pH values of <6. Moreover, addition of EDTA (200 pM)
strongly inhibited lipid oxidations with samples spiked with
1% oleic acid. The results indicated that negatively charged
free fatty acids can strongly attract transition metals onto the
interfacial region of the emulsion droplets, where they can
participate in the oxidative events (93).
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Synergies

Synergistic use of antioxidants becomes important when the
antioxidant concentration is at maximum allowed (safety)
limit; and/or when antioxidant concentration is at the edge of
its optimal range, beyond which efficacy is reversed. Com-
bination of a metal chelator (e.g., EDTA) and a free radical
scavenger (e.g., tocopherol) has demonstrated antioxidant
activities that couldn’t be observed with either type used
alone. Tocopherols work synergistically with ascorbic acid
and phospholipids thanks to their ability to regenerate and to
recycle their very own radicals as intermediates (30, 35, 37).
Primary (phenolic) antioxidants are often combined with
reducing and/or chelating agents for synergistic effect. The
strategy helps diminish metal catalyzed oxidation, thus fewer
free radicals for the primary antioxidant to tackle. Combined
use of phenolic antioxidants such as BHA with BHT or BHA
with PG has produced synergistic effects, explained by steric
hindrance effects (47). Moreover, antioxidants can show syn-
ergy by physically associating with the colloidal interfaces
according to their position (location). Hence, their function
may be synergistic from both chemical, i.e., scavenging radi-
cals via hydrogen donation, and physical, i.e., by partitioning
at the oil-water interfaces.

SUMMARY

Drug-excipient interactions are often attributed to the pres-
ence of unwanted impurities like transition metals, hydroper-
oxides, and aldehydes. A broader examination of the failing
formulations reported in the literature points to often inad-
equate choices in excipient type or quality, failure in compat-
ibility screening, and missed opportunities to prevent oxida-
tive stress. From drug development perspective, the overall
goal is the application of lipid-based excipients in new and
improved drugs, without compromising drug stability and
efficacy. The key to managing oxidative stability however
lies in understanding and identifying the root causes of insta-
bility, followed by protective measures against oxidation. In
this context, propensity to oxidation should be questioned
from different but complementary perspectives: (i) whether
catalysts or prooxidant impurities are present within the for-
mulation system; (ii) which component(s) within the drug
or excipients are potential substrates for oxidative change;
(iii) if or how does the change may compromise formulation
efficacy and/or stability; (iv) whether a change in the selec-
tion of raw materials, formulation, process, or addition of
antioxidants can help mitigate oxidative challenges.
Oxidation of biomolecules, including lipids is due largely
to the catalytic role of transition metals and their ability to
initiate oxidation by transforming dioxygen to its reactive
singlet oxygen state. Light can also initiate the process but
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easier to manage relative to transition metals. Past initiation,
radicals, and hydroperoxides are produced which proceed
to propagate the chain reactions. If propagation is allowed
to continue, a host of secondary by-products can come to
form. Hence, oxidation is best managed by predictive and
pre-emptive measures.

The antioxidant strategy has for long been employed for
quality preservation of pharmaceutical and food products.
Antioxidants can interfere with critical oxidative phases
by chemical intervention, thus inhibiting onset of reac-
tions, or by significantly reducing oxidative reaction rates,
thereby protecting the dosage form integrity and drug sta-
bility. Chelating agents can be a first line of defense against
metal assisted initiation of oxidation. A complementary and
often necessary approach is to add phenolic antioxidants to
scavenge radicals and to retard the propagation reactions.
Synergistic combinations of reducing, chelating, and radi-
cal scavenging molecules are also recommended. Ideally,
antioxidant selection should include evaluation of solubility
in the intended formulation phase, more specifically where
the oxidation-prone substrate (e.g., drug active) is likely to
be located.

Lipid excipients have shelf stability of two to three years
if kept under the manufacturer’s recommended settings or
in their unopened original package. To avoid introducing
unnecessary oxidative stress use of aged samples, especially
leftover material from an already opened package should be
avoided. Flushing of the headspace with an inert gas like
nitrogen is a must. Since an excipient may be used in dif-
ferent ways and for different functionalities, it is important
to delineate the excipient parameters that are relevant to the
formulation/process at hand. For example, lowered pH due
to rising free acids may have a greater influence on formula-
tion stability/performance, than hydroperoxide levels in the
<30 mEq O, kg™' range.

Overall, formulation design and appropriate process
parameters can have greater impact on drug product sta-
bility, more than addition of antioxidants which come with
limitations of their own, be for safety levels or reversal of
antioxidant effects beyond the optimal concentrations. The
challenge with the antioxidant strategy is to find the right
combination and use levels for drug products. The current
knowledge is largely based on research into vegetable oils
and food systems that may not be relevant to drug product
development settings. Research is needed to better under-
stand the physic-chemical interactions between antioxidants
and the oil-water interfaces found in pharmaceutical emul-
sions, microemulsions, and liposomal formations.
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