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Lipophilicity is one of many parameters involved in the biological activity of drugs, as it affects their pharmacokinetic and
pharmacodynamic behavior. Generally, lipophilicity is assessed by the partition coefficient of a compound between a
nonpolar phase (n-octanol) and an aqueous phase (water), expressed as P (partition coefficient) or as its decimal
logarithm (Log P). The gold standard method for the experimental determination of Log P is the shake-flask method.
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| 1. In Silico Determination of Lipophilicity

Since the pivotal work of Hansch et al., which found out that the partition coefficients have an additive constitutive
character, a myriad of in silico methodologies have been developed to predict lipophilicity from the molecular structure of a
molecule . If some of these methods are very simple [@, others exist that are more sophisticated and based on deep
neural networks [Bl. Excellent reviews on the in silico estimation of isotropic ¥ and anisotropic lipophilicity Bl are
available in the literature.

Independent of the computational method, the calculation is always based on a set of experimentally obtained values [,
Therefore, the calculated values should be regarded as approximations. Often, calculated log P values are inaccurate,
and the reliability of calculation methods is low for highly complex compounds . In addition, in silico methods can also be
imprecise as computed values for a class of compounds could vary up to two log P units depending on the approach used
Bl For the above-mentioned reasons, calculated values should be considered when [11:

« Choosing the experimental method;

« Selecting conditions for a LC analysis;

« Examining the plausibility of experimentally obtained values;

« Providing an estimate when experimental methods are not applicable.

In the early discovery process, in silico methods are very useful for filtering drug-like compounds 2], However, as soon as
possible, the predicted values should be substituted by more accurate measured values &,

| 2. Direct Experimental Determination of Lipophilicity

Direct determination of lipophilicity requires the quantification of the compound concentration present in the nonaqueous
and in the aqueous phase. The direct method known as the shake-flask method is the gold standard for log P
determination. Direct methods are usually accurate when measuring log P values in the range -2 to 4, but they are labor-
consuming and usually require relatively large amounts of pure compounds 121,

In direct methods, LC is the method typically used to quantify the amount of substance in each phase of the biphasic
system. When compared to other analytical methods, LC provides a wider range of applicability than gas chromatography
and provides a lower detection limit than UV/Vis spectroscopy. The detection limit is particularly relevant for highly
lipophilic compounds because compounds with log P values larger than 4 are often limited by the analyte minimum
detection limit in the aqueous phase 141, The use of LC is similar in the different direct methods. Therefore, in the next
subchapters the different direct methods that can be coupled with LC will be discussed, providing more focus on the
biphasic system rather than on the LC conditions.



2.1. Shake-Flask Method

The shake-flask method uses n-octanol (hydrophobic) and water (hydrophilic) as the biphasic liquid system, and it is the
standard method recommended by Organization for Economic Co-operation and Development (OECD) 23], This classical
procedure consists of dissolving the sample, shaking until equilibrium has been reached, and measuring the compound
concentration in each phase of the biphasic system 18],

The shake-flask method is a direct measurement of the partition coefficient, and that is its main advantage 2. However,
this procedure has several drawbacks. It requires control over a large number of experimental parameters (different
experimental conditions usually produce different values of log P for the same analyte) 28 It is a highly time-consuming
method as the partition needs to reach equilibrium. The time needed to reach equilibrium concentrations varies hugely
(from 1 to 24 h), and partitioning rates may be fast or slow depending on the log P of the solute and the degree of shaking
17 It consumes large amounts of solvent per analyte 4, and it is not suitable for degradable compounds and surface-
active materials . Finally, it is not appropriate for poorly soluble compounds 4.

Modification of the shake-flask method has been proposed that enables the determination using different alternatives to
the n-octanol/water system aimed to imitate different physiological cell barriers (e.g.: chloroform/water, alkane/water, or
propylene glycol dipelargonate/water) 18],

2.2. Slow-Stirring Method

In the slow-stirring method, n-octanol and aqueous phases are mixed under slow stirring (instead of shaking) 2. By
proceeding this way, the formation of emulsions can be prevented. The obtained values with the shake-flask and slow-
stirring method are very similar for compounds exhibiting log P < 4.5, but they differ for compounds with higher log P,
which can be attributed to the formation of octanol emulsions in the shake-flask procedure 29 As a drawback, this
method requires a long period of stirring, up to 2—3 days, to reach equilibrium 22,

The slow-stirring method can also be applicable for the determination of anisotropic lipophilicity using a liposome/buffer
system. The difference between the procedures is in the quantification step, as liposomes are separated from the buffer
phase by inducing liposome aggregation followed by filtration [241,

2.3. Water-Plug Aspiration/injection Method

The water-plug aspiration/injection method is another shake-flask modification particularly suitable for highly lipophilic
compounds. In the shake-flask procedure, it is difficult to manually separate the water phase from the n-octanol phase
without contaminating the water phase because of the high viscosity of n-octanol. Improper phase separation can impact
the determination with a higher impact for highly lipophilicity compounds (22 To avoid this problem, a small volume of
water is aspirated into the needle before collecting the aqueous phase in order to decrease the potential contamination,
as water in the needle should repel contaminating n-octanol phase [22. The sampling of the water phase can be
automated, but the obtained values must be manually inspected to identify instrument problems or solubility issues. The
need for manual inspection can be suppressed by the use of an injection marker 231,

2.4. Flow-Based Method

Flow injection analysis can be exploited to set a variant of the shake-flask method that allows standardization of the
measurement 241231 |n this method, the test substance is dissolved in either n-octanol or water phase. The substance is
then injected into the flow of a capillary tube with the corresponding phase, and the two immiscible phases are
continuously pumped to a mixing point in the system. The substance partitions between the two phases, and after
equilibration, a fraction of the aqueous flow is separated, and the concentration of the analyte is determined. The large
surface area and short distance result in the fast transport of the analyte from one phase to the other, allowing it to rapidly
reach equilibrium [24l,

2.5. Miniaturization of Shake-Flask Method

To increase the throughput of log P measurements and to decrease the amounts of compound needed, the traditional
shake-flask method was transposed to a 96-well format. In this technique, the partition coefficient of a solute is measured
between a polymer phase and an aqueous phase [28. The polymer phase is prepared in 96-well microplates. The tested
compound is added to a polymer phase prepared in a 96-well microplate, and after incubation, in a shaker, the amount of
compound is determined in the supernatant.



2.6. Vortex Liquid-Liquid Microextraction (VALLME) Method

VALLME is a microextraction method that, coupled with LC, aims to increase the throughput of log P measurements. In
VALLME method, microvolumes of n-octanol are dispersed in the aqueous phase using vortex agitation 4. The
mechanical stress promoted by vortex agitation bursts the n-octanol phase into several smaller droplets forming an
emulsion. The fine microdroplets formed to increase the interfacial contact area and reduce the thickness of the stagnant
aqueous film, which is usually present at the n-octanol/water interface 2. Consequently, the time required to reach
equilibrium is dramatically shortened (equilibrium conditions are achieved in 2 min of vortex agitation) &4, As the formed
dispersion is unstable, the target analyte can be easily separated using centrifugation 24. The microdroplet is then
collected with a microsyringe, and the solute concentration is determined by LC L4,

The log P values are calculated as the ratio of equilibrium concentrations in the n-octanol and water phases. The
equilibrium concentration of the analyte in the n-octanol phase is calculated each time using calibration curves obtained
with the octanolic individual stock standard solutions. The log P values were calculated for each concentration level using
the mass balance Equation (1) [28:
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where VOl.gctanor i the volume of n-octanol phase, vol.yaer is the volume of the water phase, [octanoleq] is the
concentration of the compound in the n-octanol phase calculated externally by the calibration curve, and [wateri] is the
initial concentration in the aqueous phase. The main advantages of VALLME are its reliability, simplicity, low cost, minimal
solvent, and solute consumption 17, The main disadvantage of VALLME is the requirement of a low-density organic
solvent as a nonaqueous phase. From a practical point of view, only n-octanol is suitable to be used in VALLME, as it is
the only one that can restore to its initial single-drop shape after centrifugation 2.

2.7. Nano-Absorbent Based Method

Nanoparticles with absorbent properties can be used for the determination of partition coefficient. One of these methods is
based on the use of porous silica-encapsulated magnetic nanoparticles, which are preloaded with a known amount of n-
octanol BUBL These nanoparticles are then dispersed into an aqueous phase containing the tested compound. The small
size of the n-octanol droplets and the efficient mixing provided by the nanoparticles increase the interfacial contact area
between the two phases, which significantly reduces the time required to achieve equilibrium. The magnetic properties of
the nanoparticles allow the easy separation of phases. The partition coefficient is determined by measuring the
concentration of the targeted analyte in the aqueous phase before and after partitioning.

Despite being used for isotropic lipophilicity determination, nano-absorbent-based methods acquire particular relevance
for the determination of anisotropic lipophilicity. Nano-sized artificial membranes, like liposomes 22 or micelles 23, act as
absorbents enabling the direct determination of the lipophilicity in these biomimetic nonaqueous phase. The partitioning
occurs just by mixing the artificial membranes with an aqueous solution of the compound to be tested. The major technical
difficulty is the phase separation after reaching equilibrium. While n-octanol and water are two immiscible solvents,
liposomes and micelles form a colloidal suspension in water. The most used techniques for phase separation are
ultrafiltration 22 and ultracentrifugation 2l. The partition coefficient is determined by quantifying the compound present in
the filtrate or in the supernatant.

An alternative method for the determination of anisotropic lipophilicity is based on solid-supported lipid membranes
(SSLMs). SSLMs are silica hanobeads coated with a liposomal membrane that was noncovalently bound to the bead 24!,
SSLMs beads are added to an aqueous solution of the compound to be tested, and the mixture is incubated to allow the
partition between the lipid and aqueous phase. Phase separation is performed by centrifugation with a regular bench
centrifuge B4 or by a short filtration step B2, SSLM silica beads are commercially available and offer a high throughput as
the time-consuming ultracentrifugation or ultrafiltration steps are not required.

2.8. Dialysis-Based Method

Dialysis bags can be used for the determination of isotropic lipophilicity B8, In this method, the dialysis bag is filled with a
solution of the compound under investigation dissolved in n-octanol saturated with water or buffer. The dialysis bag is then



immersed into the aqueous phase saturated with n-octanol, and sonication is applied to shorten the equilibration time.
After sonication, the phases are easily separated and analyzed by LC.

Similar to the nano-absorbent-based methods, dialysis-based methods are more important for the determination of
anisotropic lipophilicity than for the determination of isotropic lipophilicity. In fact, the “gold standard” to measure lipid-
water partitioning is the equilibrium dialysis method 241 The dialysis cell consisted of two glass chambers separated by a
dialysis membrane B2, For the experiment, two dialysis cells are required: a reference cell and a measurement cell. One
chamber of each cell is filled with a solution of the compound under is added, but the other chamber is filled with buffer
and with the membrane suspension in the reference and measurement cell, respectively. The dialysis membrane allows
the diffusion across the two chambers of the free compound but impedes the diffusion of the compound bound to the
liposomes. The partition coefficient is determined by LC quantification of the compound concentration in the chambers
without membrane suspension in the reference and in the measurement cells 8,

| 3. Indirect Experimental Determination of Lipophilicity

Due to the disadvantages associated with direct experiments, there is an increasing demand for developing methods that
are able to estimate lipophilicity without quantification requirements 8. These methods provide a greener and high-
throughput measurements than can direct methods while simultaneously can reach good accuracy and versatility 141,

Since the 1980s, chromatographic procedures have been used to obtain physicochemical parameters associated with
structural characteristics, namely log P B2, Exploiting the relationship between the compound retention in a hydrophobic
stationary phase and the compound lipophilicity, LC methods really shine in the indirect measurement of lipophilicity. In
the following subchapters, the different LC methods used for indirect experimental determination of lipophilicity will be
discussed.

3.1. Reversed-Phase Thin-Layer Chromatography

Reversed-phase thin-layer chromatography (RP-TLC) is the easiest LC method that can be used for the indirect
determination of isotropic lipophilicity 42, In RP-TLC 42 and reversed-phase-high performance thin layer chromatography
(RP-HPTLC) ¥, the stationary phase is a commercially available C8 or C18 silica gel plate (Figure 1). Alternatively, it is
possible to prepare a non-polar stationary phase from the commonly available silica gel plates after its pulverization
with n-octanol 5% (v/v) in diethyl ether. The mobile phases consist of binary mixtures of water (or buffer) and an organic
solvent (modifier), usually methanol, which is the preferred solvent due to its compatibility with water, or alternatively
tetrahydrofuran or acetonitrile [&],
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Figure 1. Octyl (a) and octadecyl (b) silica-based stationary phases.

The retention in reversed-phase systems is mainly governed by partitioning between the stationary and mobile phases 42!
(441 Therefore, the lipophilicity index measured in RP-TLC can be derived from the RM value [43144]:

RM = log [(%) - 1] 2

where Rf is the retention factor which is obtained by dividing the distance covered by the sample by the distance covered
by the mobile phase.

RM values are determined in the presence of different organic solvent concentrations in the mobile phase. The linear
relationship between the RM values and different mobile phase proportions is established, and the partition coefficient is
calculated by extrapolating to a pure water mobile phase 42!,



3.2. Reversed-Phase High-Performance Liquid Chromatography

Reversed-phase high-performance liquid chromatography (RP-HPLC) is the most widely used indirect method to
experimentally determine the lipophilicity 48] and the standard procedure for measuring log P is officially recommended
by OECD . The wide use of RP-HPLC is justified by the advances in the elucidation of solute interactions, the
availability of well-characterized stationary phases, and the ubiquitous presence of automated HPLC systems 44,

As an indirect measurement of lipophilicityy, RP-HPLC does not directly provide a partition coefficient but rather a
lipophilicity index which is correlated with the partition coefficient. The lipophilicity index is inferred by the assumption that
compounds are retained in proportion to their nonaqueous-aqueous partition coefficient, with hydrophilic compounds
eluted first and lipophilic compounds last, and it is expressed by the retention factor k 111, The retention factor k is easily
calculated using the retention time (tr), according to Equation (3) [EIL:
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where t0 is the dead retention time (the retention time of an unretained solute) and tr is the retention time of the solute.
The major factors that influence the retention time are the nature, length, and diameter of the stationary phase and the
composition and flow rate of the mobile phase B2. Compounds that are either unretained or too retained may have to be
assessed using different column lengths or eluent compositions 48,

Under suitable isocratic conditions, the log P of the compound under study is obtained by measuring its retention factor
and then inputting the k values into the Collander equation:

logP =a xlogk+b (4)

where a and b are regression constants for the slope and intercept obtained by linear regression of the log P of reference
substances against the log k of the reference substances. In these conditions, the k-value of a given solute and stationary
phase depends on the composition of the mobile phase 8. To address this problem, pure aqueous eluent (log k,,) should
be used as it is not affected by the organic modifier and reflects the partitioning behavior that occurred in a shake-flask
measurement 4849 As under most conditions pure water cannot be used as mobile phase, logkw is obtained by
extrapolation to 100% water L4BABIY The Snyder—Soczewinski equation (Equation (5)) is the most common approach to
estimate log k,, 14!:

logk = logk,, — S¢ (5)

where @ is the volume fraction of the organic modifier in the mobile phase and S is a constant derived by linear regression
analysis. The extrapolation for log k,, is performed by determining the log k values using different percentages of organic
solvent in the mobile phases (at least four isocratic log k values) and then extrapolating to 100% of pure water eluent [14]
(B253], Triplicates should be made 4 and they should fall within a range of +0.1 log units 141,

The classical method for the determination of log P by RP-HPLC employs isocratic conditions. For compounds with high
retention factors, the determination may be challenging due to band broadening. Although it requires a more complex
mathematical treatment, elution in gradient mode can be used for the determination of log P and offers faster analysis
time and resolution with constant peak width B4, In gradient methods, the lipophilicity index is expressed by a different
chromatographic parameter—the chromatographic hydrophobicity index (CHI). CHI corresponds to the percentage of
organic modifier required to achieve equal distribution of the analyte between the stationary and the mobile phase. CHI
values are obtained by measuring the retention times in gradient mode (ty) and then inputting the ty into the equation (14,

CHI=a x ty+b 6)



where a and b are regression constants for the slope and intercept obtained by linear regression of tg of reference
substances against the CHI of the reference substances.

For measuring log P with RP-HPLC, the following features need to be considered:

« Precision: triplicates should be performed, and the obtained values of the log P values should be within a range of +0.1
log units [;

Sensitivity: HPLC enables log P to be determined over a range of about 0—6 1I;

Specificity: the presence of impurities may difficult the peak assignment and the interpretation of the obtained values [;

« Accuracy: the obtained log P values can be within +1 log unit of the shake-flask value .
To control the above-mentioned features, the choice of suitable stationary and mobile phases plays a pivotal role.

Various stationary phases have been applied to evaluate indirectly isotropic lipophilicity 281, Most of the chromatographic
methods for measuring lipophilicity use RP silica-based stationary phases containing long-chain hydrocarbon, like octyl
(C8) and octadecyl (C18), bound onto silica [ALLI14152],

Silica is the most preferred packing material for RP columns, but it has the inconvenience of possible silanophilic
interactions between the analyte and the remaining free silanol sites of the stationary phase. These interactions, more
prominent in positively charged compounds, can produce distortions in peak shape and a considerable increase in the
compound retention, which affects their log P determination B4, |n addition, these stationary phases are not stable at pH
above 7.5 and can even break down B3, OECD recommends that the stationary phases should have a minimal
percentage of polar groups as they may impair the performance of the RP-HPLC column 11, However, to overcome this
problem, the best recommendation is to use highly end-capped columns for the RP-HPLC method, especially for basic
compounds under high pH conditions 854l One of the strategies for end-capping is to use base-deactivated silica
stationary phases where the end-capping of the silanol residues is performed by the treatment with trimethylchlorosilane
(58], Another strategy to suppress silanophilic effects is the use of polar embedded stationary phases. Here, electrostatic
shielding is achieved by the incorporation of functional groups, such as amide or carbamate, at the alky chains 28, |C-
ABZ* and Discovery-RP-Amide-C16 are two examples of polar embedded stationary phases which have been used for
lipophilicity determination 141561,

However, other secondary interactions between these polar groups and certain analytes may occur. Many of these end-
capped columns are still limited to pH below 8 because of their instability in an alkaline medium. Masking the silica units
with hydrophobic ethylene groups prevents them from dissolution, and the structural ethylene bridges increase the column
stability at a wide pH range (1-12) 2454l Acquity BEH Shield RP18 and XBridge Shield RP18 column are two examples
of ethyl bridged columns that can be used to measure the lipophilicity not only for neutral and acidic compounds but also
for basic ones 24157,

Polymer-based stationary phases, composed of a rigid and porous cross-linked polymer, are another type of phases
aimed at suppressing silanophilic effects. Polystyrene-divinylbenzene (PS-DVB) and octadecyl-poly(vinyl alcohol) (ODP)
are two examples of these types of stationary phases that have been successfully used for log P determination.
Silanophilic effects are suppressed because they do not have any polar site, and they can be used at a wide range of pH
values (pH 1-13) L4IB8I59 However, these columns often have a longer retention time when compared to the silica-
based ones 22 and the retention mechanism may be controlled by different structural properties of the polymer 241,

Regarding the mobile phase, the most extensively used are binary mixtures of water or buffer with an organic modifier [,
HPLC-grade modifier and distilled water should be used to prepare the eluting solvent, which is degassed prior to use 14,
The use of hinary mixtures is a requirement as the use of only water in RP silica-based columns is not feasible 3l With
high percentages of water, more than 98%, C18 and C8 columns exhibit poorly reproducible retention due to ligand
collapse and the decreased contact between the mobile phase and the stationary phase 9. For the lipophilicity
assessment, methanol is considered the most suitable organic modifier. Being a protic solvent, methanol can interact with
free silanol groups suppressing this way the silanophilic effects [24. In addition, methanol forms a monolayer that mimics
the n-octanol/water interface of the shake-flask method [&. For lipophilicity determination, the volume fraction of methanol
should be above 25-30% [ At a high-volume fraction of methanol, the eluent mixture is so unlike water; the phase
aimed to be mimicked by the mobile phase, that the correlation between retention times and lipophilicity will be poor 8!,
Acetonitrile is another organic modifier used for lipophilicity determination. When acetonitrile is used as an organic



modifier instead of methanol, the correlation between retention times and organic modifier percentage in the mobile phase
is generally better described by a quadratic model instead of a linear model 24611, | addition, the correlation between log
P and log ky was better when methanol was used instead of acetonitrile 1,

Additives to the organic modifier—water mixture can be used, particularly when dealing with dissociable compounds 14,
Hydrophobic amines, such as triethylamine, n-decylamine, and N,N-dimethyloctylamine, are the traditional examples of
additives added to the mobile phase. These masking agents can reduce silanophilic interactions and are very useful when
basic compounds are analyzed 24!, |onic liquids, such as 1-butyl-3-methylimidazolium tetrafluoroborate ([BMIM][BF,]), are
greener alternatives to the traditional additives (1462 These additives are usually composed of relatively large
asymmetric organic cations and inorganic/organic anions, meaning that both anion and cation can participate in the
retention mechanism 4. Therefore, the inclusion of a masking agent can selectively affect the compound retention times,
and it should only be used on justifiable occasions 48!,

In a similar way, ion suppressors can be added to the mobile phase to suppress the dissociation of ionizable compounds.
lon suppression is achieved by using buffer solutions based on phosphate, phosphate-buffered saline (PBS), or
morphilinepropanesulfonic acid (MOPS) 14l n-Octanol itself can be used as an additive to provide a better correlation with
lipophilicity. The idea behind it is to render octanol-like characteristics to the column by saturating the column with n-
octanol and then use of n-octanol saturated water as eluent. However, the inclusion of n-octanol as an additive should be
tested. Some reports show better correlations between log P and log kyy if better if n-octanol is supplementarily added 48!
(621 while others show the opposite trend 631,

Regarding the detection, most of the reported LC methods use UV-Vis or diode-array detectors (DAD), while mass
spectrometry (MS) detection is only scarcely used. This is attributed to the easier use and ubiquitous presence of UV-Vis
detection and to the fact the majority of the compounds under study (drugs or drug candidates) tend to absorb in this
range.

Strictly related to RP-HPLC, solvatochromic analysis is an approach based on linear solvation—energy relationships
(LSER) that allow for the understanding of the contribution of each intermolecular interaction involved in the partition 241,
The model considers both solute properties, such as Van der Waals volume or dipolarity/polarizability or hydrogen-bond—
donor acidity, as well as the properties of the chromatographic system properties, which are calculated by multiple linear
regression analysis for a diverse group of compounds BE4E5] The establishment of a robust correlation with the
nonaqueous/aqueous partition coefficients involves not only a correlation between the RP-HPLC retention factor and the
log P values but also LSER equations that are in agreement with the structural parameters (22,

When compared to the “gold standard” shake-flask method, RP-HPLC offers several advantages: it requires a smaller
amount of sample and solvent, it has higher reproducibility, and it is faster as only the determination of retention times is
required, and retention times are independent of the injected compound concentration/amount 1241521 \When compared
to the RP-HPTLC, RP-HPLC tends to provide similar results (221661,

3.3. Ultra-Performance Liquid Chromatography

Ultra-performance liquid chromatography (UPLC) works with columns packed with sub-2 um porous particles. Compared
to the conventional LC, the drastic reduction in the column length allows a faster determination of lipophilicity with a
significant improvement in chromatographic performance and efficiency 4. Few reports of lipophilicity determination
using UPLC have been reported 2463167168169 hecause this technique requires specific equipment.

The different stationary phases will yield different partition coefficient values. If the RP-phases are similar, the analyte
chromatographic behavior might be different, but the relationship between log P and retention factors tends to be similar
(1 However, if the distinct RP phases are used, the results are not comparable. To demonstrate this, Giaginis et al. 63!
evaluated the lipophilicity of a set of thiazolidinediones derivatives with different RP phases, including one that is
endcapped, polar-embedded, and polar-endcapped. For all compounds under study, the one polar endcapped phase
provided the lowest retention factors, and the endcapped provided the highest retention factors. When compared with the
partition coefficient values obtained by the shake-flask method, the partition coefficient values obtained with the
endcapped phase provided the best correlation, namely in the pH range 5-8.

3.4. Counter-Current Chromatography

Counter-current chromatography (CCC) uses two immiscible solvents: one will act as a mobile phase while the other will
act as a liquid stationary phase 31, The liquid stationary phase is retained by applying a gravitational or a centrifugal field



(251, The partition coefficient is determined by taking into account the retention volume of the substance and the volume of
the stationary and mobile phases B2, The advantages of this technique are the use of small sample sizes and insensitivity
to impurities; however, it is only applicable for log D < 4.3, and it is time- and labor-consuming 22!,

3.5. Immobilized Artificial Membrane Chromatography

Immobilized artificial membrane (IAM) chromatography is the most widely used method for the determination of
anisotropic lipophilicity Z9. The motivation behind IAM stationary phase is to better mimic specific interactions that solutes
or drugs can establish with the membrane phospholipidic bilayer. To fulfil this goal, IAM stationary phases are prepared by
binding covalently phospholipids to a propylamino functionalized silica particles (Figure 2a) B/, The incorporated
phospholipid can have a single or a double chain, but a double chain can better simulate biomembranes . The
remaining free propylamine residues on the surface of the silica backbone should be treated to suppress the undesired
silanophilic interactions discussed above [E. The most recent generation of IAM columns contains double-chain
phosphatidylcholine, they are end-capped with decanoic, and propionic anhydride and are commercially available
(IAM.PC.DD2 from Regis Technologies) 2. A simple and economical alternative is the preparation of the stationary phase
by coating a conventional RP column with phospholipids (261,

Figure 2. (a) IAM HPLC column; (b) immobilized liposome chromatography (ILC) HPLC column; (¢) schematic
representation of micellar liquid chromatography (MLC).

From a practical point of view, one of the main advantages of IAM columns is that they do not need the use of an organic
modifier . In fact, methanol as an organic modifier should be avoided as it disturbs the stability of the column by causing
methanolysis of the phospholipids.

By simulating the phospholipid bilayer of biological membranes, the retention factor obtained with IAM chromatography
correlates better with biological partition as the retention mechanism considers not only hydrophobic but also polar/ionic
interactions [BIZ. For neutral solutes, the correlation between log P and the IAM partition coefficient (Iog kw.jam) is strong.
For ionized compounds, the correlation is poor due to the contribution of electrostatic interactions, which are not
recognized in the octanol-water system 3. When compared with partitioning with liposomes, log kjay are well correlated
for hydrophobic analytes /4. Due to their resemblance to biological barriers, IAM chromatography has been successfully
applied to calculate complex pharmacokinetic properties, such as cell permeation 2, intestinal absorption 8, unbound
volume of distribution X4, and drug-induced phospholipidosis &,



3.6. Immobilized Liposome Chromatography

Immobilized liposome chromatography (ILC) is another tool that has been used in anisotropic lipophilicity measurement.
ILC stationary phases are prepared by immobilizing liposomes into the support silica particles by either covalent,
hydrophobic, or electrostatic interactions (Figure 2b) 18179,

When compared to IAM chromatography, ILC are better surrogates of the biological membranes because their liposomes
have a bilayer structure and present a curvature effect Y. |n addition, the lipidic composition can be tailored to mimic
specific biological barriers. Liu et al. studied different ILC column compositions aimed to mimic the small intestine
membrane 1. The authors suggested that liposomes composed of egg PC—PS—PE—cholesterol (5:1:2:2) were a suitable
model for the prediction of the fraction absorption in humans. Despite its potential, the applications of the ILC method are
very limited because of the low stability of liposomes 22,

3.7. Micellar Liquid Chromatography (MLC)

Micellar liquid chromatography (MLC) is a variant of RP-LC in which a surfactant at a concentration above the critical
micellar concentration is added to the mobile phase, leading to the formation of micelles within the aqueous mobile phase
(Figure 2c) [82I83] MLC can be coupled to TLC, HPLC, and over-pressured-layer chromatography using micellar mobile
phases (831,

In MLC, the micellar aggregates act as patrtition sites in the mobile phase, while the surfactant monomers present in the
mobile phase modify the stationary phase either by both hydrophobic and/or silanophilic adsorption 4. Due to the
amphiphilic character of surfactants, the micellar mobile phase mimics the phospholipidic bilayer structure of biological
membranes, while the modified stationary phase mimics not only the ordered array of the hydrophobic chains of
phospholipids, mainly through the C18 carbon chains but also the polar heads of phospholipids, mainly through the
adsorbed surfactant monomers 83, During the elution, the solute can establish interactions with the micellar core, the
micellar surface, the polar head of the surfactant bound to the stationary phase, and the alkyl chains bound to the
stationary 2. Therefore, solute retention involves the establishment of two different equilibriums: one between the bulk
aqueous phase and the surfactant-coated stationary phase and another between the aqueous phase and the micelles 841,
The outcome index of MLC (log kuic) is a metric of anisotropic lipophilicity as it depends on hydrophobic, electronic, and
steric interactions 8. Due to its similarity with biological membranes and extracellular fluids, MLC is also known as
biopartitioning micellar chromatography 41,

Since the first reports of MLCs in the early 1980s, modifications of MLC have been reported 2. These modifications are
aimed to solve the decreased column efficiency in MLC due to slow mass transfer. The slow mass transfer is attributed to
the poor wettability of a purely agueous mobile phase and modification of the stationary phases by the adsorption of
surfactant monomers 7. To improve column efficiency, the main approaches are the addition of organic modifiers, the
increase of column temperature, and decreased flow rate.

Exploiting the ability to mimic the phospholipidic barriers, log ky.c values have been used to predict several
pharmacokinetic parameters, such as human oral absorption (HOA) [B8IBAAEL  piood—brain barrier (BBB) permeability
(8] plasma protein binding (PPB) 2283 the volume of distribution B8] and therapeutic parameters 22931 when
compared to other chromatographic techniques, MLC appears to be in the mid-ground between IAM and RP-HPLC. As an
example, the lipophilicity of a set of fused azaisocytosine analogues was evaluated using RP-HPLC, IAM, and MLC [24],
For all compounds under study, the log ky.c values were higher than log kw.am but lower than log ky. In another
example, the lipophilicity of a set of 88 compounds was evaluated using IAM and MLC 4. Here, the obtained log
kmLc values covered a narrower range than the obtained log kw.am values (log kw.am range: from -1.15 to 3.98, log
kumLc range: from 1.84 to 3.98). These differences are attributed to the strong electrostatic interactions between positively
charged drugs and the IAM phase and to the improved distribution of lipophilic compounds in the micellar MLC mobile
phase. The chromatographic retention factors were used to predict cell permeability, HOA, and PPB. MLC retention
factors demonstrated a better predictor capacity than IAM for cell permeability, while similar results were found for the
remaining parameters. The advantage of the MLC is that it uses a conventional and easily available RP column, which is
usually available in any analytical laboratory, while IAM requires a specific and expensive column.
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