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ABSTRACT 

Despite the widespread use of lipid excipients in both academic research and oral 

formulation development, rational selection guidelines are still missing. In the current study, we 

aimed to establish a link between the molecular structure of commonly used polar lipids and 

drug solubilization in biorelevant media. We studied the effect of 26 polar lipids of the fatty acid, 

phospholipid or monoglyceride type on the solubilization of fenofibrate in a two-stage in vitro 

GI tract model. The main trends were checked also with progesterone and danazol. 

Based on their fenofibrate solubilization efficiency, the polar lipids can be grouped in 3 

main classes. Class 1 substances (n = 5) provide biggest enhancement of drug solubilization 

(>10-fold) and are composed only by unsaturated compounds. Class 2 materials (n = 10) have an 

intermediate effect (3-10 fold increase) and are composed primarily (80 %) of saturated 

compounds. Class 3 materials (n = 11) have very low or no effect on drug solubilization and are 

entirely composed of saturated compounds. 

The observed behaviour of the polar lipids was rationalized by using two classical 

physicochemical parameters: the acyl chain phase transition temperature (Tm) and the critical 

micellar concentration (CMC). Hence, the superior performance of class 1 polar lipids was 

explained by the double bonds in their acyl chains, which: (1) significantly decrease Tm, allowing 

these C18 lipids to form colloidal aggregates and (2) prevent tight packing of the molecules in 

the aggregates, resulting in bigger volume available for drug solubilization. Long-chain (C18) 

saturated polar lipids had no significant effect on drug solubilization because their Tm was much 

higher than the temperature of the experiment (T = 37 C) and, therefore, their association in 

colloidal aggregates was limited. On the other end of the spectrum, the short chain octanoic acid 

manifested a high CMC (50 mM), which had to be exceeded in order to enhance drug 

solubilization. When these two parameters were satisfied (C > CMC, Tm < Texp), the increase of 

the polar lipid chain length increased the drug solubilization capacity (similarly to classical 

surfactants), due to the decreased CMC and bigger volume available for solubilization. 

The hydrophilic head group also has a dramatic impact on the drug solubilization 

enhancement, with polar lipids performance decreasing in the order: choline phospholipids > 

monoglycerides > fatty acids. 

As both the acyl chain length and the head group type are structural features of the polar 

lipids, and not of the solubilized drugs, the impact of Tm and CMC on solubilization by polar 

lipids should hold true for a wide variety of hydrophobic molecules. The obtained mechanistic 

insights can guide rational drug formulation development and thus support modern drug 

discovery pipelines. 
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1. Introduction 

Modern drug discovery pipelines prioritize lipophilic targets,1 resulting in new drug 

candidates with poor solubility in water.2 The slow and incomplete dissolution of such drugs in 

the human gastro-intestinal (GI) fluids is one of the factors that limits their oral absorption and 

bioavailability, hence challenging the development of new oral drug products.3–5 One of the 

approaches to improve the oral bioavailability of poorly water-soluble drugs, which has recently 

reappeared on the drug delivery landscape, are the lipid-based formulations (LBF).6–8 

LBF have been used to develop at least 36 FDA-approved products9 and are believed to 

enhance oral bioavailability by two main mechanisms: (1) increasing drug absorption by 

improving GI fluids solubilization capacity and sustaining drug supersaturation10,11 and 

(2) partially circumventing first-pass metabolism via the lymphatic absorption route.6,12 The 

excipient families most frequently used in LBF are glycerides (mono-, di-, tri- and their 

mixtures), phospholipids (PL), fatty acids (FA) and cosolvents (alcohols, PEG etc.).13 The choice 

of excipients and their ratios determines the dispersibility of the formulation in aqueous media, 

its susceptibility to digestion in the GI tract and the drug loading capacity. The LBF 

classification systems, which provide a link between formulation composition, dispersibility and 

drug solvent capacity, were introduced to rationalize the application of the concept in drug 

development.14–16  

The dispersion of an LBF in the intestinal fluids is usually accompanied with a loss of the 

solubilization capacity of the carrier formulation (due to dilution or/and digestion), leading to 

drug precipitation, the extent of which depends on the LBF type and composition.17–19 The 

precipitation process is described by its kinetics, which defines the supersaturation window, and 

by the equilibrium solubility reached, which characterizes the extent of precipitation.20–22 Both 

the kinetic and equilibrium aspects of precipitation are strongly affected by the drug 

solubilization capacity of the intestinal fluids, which is in turn influenced by the LBF 

composition. Hence, the type and concentration of excipients used in an LBF determine the drug 

supersaturation and precipitation behaviour in the GI tract. 

The behaviour of LBF upon dispersion or/and digestion in GI tract models has been 

extensively studied, by using in vitro digestion (enzymes present) or dispersion models (no 

enzymes). These in vitro models attempt to mimic the conditions in the GI tract by using one or 

several components encountered in the intestine (e.g. bile salts, phospholipids, enzymes) with 

widely varying levels of complexity.23–25 The most used digestion models are static, where the 

ratios of the components and the pH of the medium are constant,26 as they are more accessible 

and easier to operate compared to dynamic, active feedback models.27 Although several 

standardized digestion models have been defined,24,26 each is characterized by its advantages and 

disadvantages, and a multitude of custom digestion models are still being used.28–30 

In vitro studies have demonstrated that FA, PL and glycerides generally increase drug 

solubilization in simulated intestinal media, with the extent of the effect being determined by the 

lipophilicity (Log P/D) of the drug.6,13,31–35 However, very few studies provide a link between the 

structure of the excipients used and the measured drug solubilization, which hinders mechanistic 



understanding of drug solubilization and precipitation behaviour in the intestinal environment. 

Kossena et al. showed that the solubility of hydrocortisone increases significantly with 

increasing the concentration of C8:0, C12:0 or C18:1 FAs in the simulated intestinal fluids.20 It 

was also found that the solubilization capacity of C18:1 was much greater than that of the short-

chain FAs, which was attributed to the different type of solubilizing structures formed. In 

another study, phosphatidylcholine was shown to have bigger effect than monoolein on the 

solubilization of gemfibrozil in a 10 mM sodium glycocholate solution.36 On the other hand, two 

studies using a design-of-experiments approach showed that sodium oleate increases FEN 

solubility in biorelevant media more strongly than soy phosphatidylcholine.37,38 As can be seen, 

although significant data on LBF formulation behaviour has been accumulated, there is still no 

clear link between excipient structure (chain length, degree of unsaturation, type of hydrophilic 

moiety) and drug solubilization in biorelevant media. 

Therefore, we aimed to determine the relationship between the structure of several polar 

lipids and drug solubilization in biorelevant media. The polar lipids selected for the study include 

FA, PL and monoglycerides (MG): compounds that are commonly used in LBF and that are also 

lipid digestion products (except for the phospholipids). We investigated the effect of the length, 

degree of unsaturation and hydroxylation of the hydrophobic chain, as well as the effect of the 

hydrophilic head group type. The model compound selected for the study was fenofibrate (FEN), 

as an example of a drug with physicochemical properties frequently encountered in LBF 

development.39 Experiments with progesterone (PG) and danazol (DAN) were also performed, to 

verify the main trends observed in the study. 

 

2. Materials and methods 

2.1. Materials. 

The relationship between FEN solubilization and polar lipid molecular structure was 

investigated by using a total of 26 lipid excipients: 13 PL, 11 FA and 2 MG. Two main groups of 

FA were studied: saturated FA with hydrophobic chain lengths between C8 and C18, and 

unsaturated FA with C18 chain and 1, 2 or 3 double bonds. Two hydroxylated FA were also 

used: hydroxystearic acid and ricinoleic acid. In respect to MG, we studied monoolein and 

monostearin. A set of 13 PL with chain lengths from C10 to C18 and different hydrophilic head 

groups were investigated. The abbreviations and the properties of the drugs and polar lipids used 

are summarized in Table 1. Methanol (99 %, HPLC grade, Honeywell) was used for HPLC 

analysis. 

The materials used for the biorelevant medium were as follows: porcine bile extract 

(Sigma), which contains 50 wt % bile acids (average molecular mass of 442 g/mol)40, 6 wt % 

phosphatidylcholine, less than 0.06 wt % Ca2+ 1.2 wt % cholesterol, and 6.7 wt % FA; 

hydrochloric acid (36%, Sigma); NaCl (99 %, Sigma); KCl (99 %, Valerus); CaCl2 (99 %, 

Merck) and NaHCO3 (99 %, Valerus). 



Table 1. Properties of the drugs and excipients studied. 

Name 
Acronym 

used in text 
Supplier, 

purity  
Molecular 

mass, g/mol 
Structure 

Fenofibrate FEN 
TCI, 
98 % 

706 

 

Danazol DAN 
Sigma, 
98 % 

338 

 

Progesterone PG 
TCI, 
98 % 

315 

 

Fatty acids 

Caprylic acid  C8:0 
Sigma, 
99 % 

144 
 

Capric acid  C10:0 
Alfa aesar, 

99 % 
172 

 

Lauric acid  C12:0 
Acros, 
99 % 

200 

 

Myristic acid C14:0 
Fluka, 
98% 

228 
 

Palmitic acid  C16:0 
Sigma, 
99% 

256 
 

Stearic acid  C18:0 
Across, 
97 % 

284 

 

Oleic acid  C18:1 TCI, 85 %  282 

Linoleic acid  C18:2 TCI, 91 % 280 
 



Linolenic acid C18:3 TCI, 77 % 278 

 

Hydroxystearic 
acid 

- TCI, 80 % 300 
 

Ricinoleic acid - TCI, 80 % 298 
 

 

 

Monoglycerides 

Monostearin - TCI, 60 % 358 

 

Monolein  - 
Danisco, 

90 %  
356 

 

Phospholipids 

Sodium 
dimyristoyl 

phosphatidyl 
glycerol 

DMPG 
NOF, 
99 % 

698 
 

Sodium 
dipalmitoyl 

phosphatidyl 
glycerol 

DPPG 
NOF, 
99 % 

745 
 

Sodium 
distearoyl 

phosphatidyl 
glycerol 

DSPG 
NOF, 
99 % 

801 
 

Sodium 
dipalmitoyl 

phosphatidic acid 
DPPA 

NOF, 
99 % 

670 
 

 Dipalmitoyl 
phosphatidyl 
ethanolamine 

DPPE 
NOF, 
99 % 

691 
 



 Dipalmitoyl 
phosphatidyl 

serine 
DPPS 

NOF, 
99 % 

757 
 

Didecyl 
phosphatidyl 

choline 

 

DDPC 
NOF, 
99 % 

565 
 

Dilauroyl 
phosphatidyl 

choline 

 

DLPC 
Avanti, 
99 % 

621 
 

Dimiristoyl 
phosphatidyl 

choline 
DMPC 

Avanti, 
99 % 

677 
 

Dipalmitoyl 
phosphatidyl 

choline 
DPPC 

NOF, 
99 % 

733 
 

Distearoyl 
phosphatidyl 

choline 
DSPC 

Avanti, 
99 % 

789 
 

Palmitoleyl 
phosphatidyl 

choline 
POPC 

Sigma, 
65 % 

759 
 

Dioleyl 
phosphatidyl 

choline 
DOPC 

Avanti, 
99 % 

785 
 

2.2. Drug solubilization at biorelevant conditions. 

Drug solubilization was determined via an in vitro GI tract model, which was previously 

used by our group to obtain useful mechanistic information about the impact of food components 

on lipid absorption.40–42 The concentrations of electrolytes and bile salts used are similar to the 

ones in the recently published INFOGEST in vitro digestion model.26 Hence, the concentration 

of bile salts used (10 mM) is representative for fed state conditions (the median and mean values 

in post-prandial human intestinal fluids are 8 and 12 mM bile salts, respectively).43 

Briefly, the protocol consists in two stages that simulate stomach and small intestinal 

conditions. One of the characteristic features of the model is that a physiological concentration of 

bicarbonate is used to gradually increase the pH in the intestinal phase from pH ≈ 6 to 7.5, 

mimicking the in vivo situation in the human small intestine.44 Calcium ions are also present, 

which have been shown to be critical when assessing the solubilization of hydrophobic drugs and 

cholesterol by polar lipids, such as FA.41,45  

The stomach phase was prepared by mixing 8.5 mL saline solution (59 mM NaCl, 35 mM 

KCl, 3.5 mM CaCl2) with 6.5 mL 0.25 M HCl in a glass bottle with pre-weighted drug (45 mg 



FEN, 45 mg PG or 30 mg DAN) and polar lipid. The amount of polar lipid weighed 

corresponded to a concentration of 10 mM polar lipid at the intestinal stage (for a volume of 30 

mL). Then, the sample was stirred for 30 minutes. The shift from stomach to intestinal 

conditions was initiated by the sequential addition of 5 mL 0.72 M NaHCO3, 5 mL bile extract 

(1.25 wt% in water, pre-dissolved for 30 min at T = 37 °C) and 5 mL of water (without any 

stirring), to obtain a final volume of 30 mL. The bottle was covered with a home-made glass 

cover and Teflon tape, on top of which the bottle cap was tightened. Then, the samples were 

stirred for 2 hours. Afterwards, the bottles were opened (to facilitate the release of CO2 and the 

increase of pH) and the samples were stirred for 30 min. pH ≈ 7 was reached at this stage. Then, 

the bottles were closed again and stirred for 1.5 h. At the end of the experiment the pH of all the 

samples was measured (average pH of 7.5, range of 7.2 to 7.6). The total duration of the assay 

was 4.5 h and the temperature was kept constant at T = 37 °C, by a water bath. Exception was 

the proof-of-principle experiment with DPPC, which was performed at T = 30 °C. Finally, the 

suspensions were filtered via 200 nm NY syringe filter to remove any undissolved drug particles. 

If necessary, the filtrates were diluted in methanol and analyzed by HPLC-UV. The experimental 

protocol and the final concentrations of all components are schematically illustrated in Figure 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Schematical representation of the used two-step in vitro upper GI tract model.  

2.3. HPLC analysis. 

HPLC analysis was carried out on a Shimadzu apparatus, equipped with two high-pressure 

mixing binary gradient pumps (LC-20AD), autosampler  (SIL-10ADvp), four-line membrane 



degasser (DGU-14A), wide temperature range column oven (CTO-10ASvp) and a dual-wave 

length UV-VIS detector (SPD-10Avp). We used Waters X-bridge C18 column (150 mm x 4.6 

mm, 3.5 µm particle size with column guard VanGard (Waters), 3.9 mm x 5mm - C18, 3.5 µm). 

The eluent flow rate was 1 mL/min and the injection volume of the sample was 20 μL. Column 

temperature was set at 40 °C. The concentration of solubilized drug was determined by using a 

standard curve (R2 = 0.999), which was prepared by dissolving a known amount of drug in 

methanol. The methods used for the 3 drugs studied are summarized in Table 2.  

Table 2. Conditions for HPLC-UV analysis of the drugs studied. 

Drug Methanol, % Water, % UV detection, nm tR, min 

Fenofibrate 75 25 286 10.1 

Danazol 75 25 286 5.3 

Progesterone 70 30 254 7.1 

 

3. Experimental results 

The results for the impact of the structure of FA on drug solubilization are presented first 

(section 3.1), followed by the results for the effect of MG (section 3.2) and PL (section 3.3). All 

experiments were performed in a two-stage in vitro upper GI tract model, which includes 10 mM 

bile salts, 1 mM Ca2+, bicarbonate buffer and pH gradually increasing from 6 to 7.5 in the 

intestinal phase (see section 2.2 for a more detailed description). 

 

3.1. Effect of fatty acids on drug solubilization. 

The impact of 10 mM FA on the solubilization of FEN in simulated intestinal fluids (S) is 

presented in Figure 2A. The concentration of solubilized FEN passes through a maximum as a 

function of the saturated FA chain length at C14:0 (myristic acid, S = 22 µg/mL), whereas the 

solubilizaiton by the shortest (C8:0) and longest (C18:0) FA studied was close to the control 

(solubilization of FEN in absence of any added FA, S = 6.5 ±0.5 µg/mL). 

The effect of chain saturation and hydroxylation was studied for a series of C18 FA 

homologues. The effect of the number of double bonds on FEN solubilization was non-linear 

(Figure 2B): the addition of one double bond increased FEN solubilization strongly, from S = 8 

µg/mL for stearic acid (C18:0) to S = 49 µg/mL for oleic acid (C18:1). Further increase of 

unsaturation to 2 double bonds (linoleic acid) increased only slightly the solubilized FEN (S = 59 

µg/mL), whereas a jump in FEN solubilization (S = 90 µg/mL) was observed when a FA with 3 

double bonds was used (linolenic acid). 

The effect of the naturally abundant hydroxy-stearic acid and hydroxy-oleic acid 

(ricinoleic acid) was also assessed, see the blue squares in Figure 2B. While the hydroxylation of 
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Figure 2. Solubilized fenofibrate as a function of (A) the saturated FA chain length or (B) the 
number of double bonds in C18 (red circles) or C18-OH (blue squares) FAs, n = 2, the error bars 
can be smaller than the symbols. 
 

The obtained results demonstrated 2 interesting trends: (1) a chain length dependence that 

passes through a maximum and (2) a striking difference in the solubilization of FEN by saturated 

and unsaturated FA (note the different Y-scales in Figures 2A and 2B). To further investigate 

these phenomena, we studied the concentration-dependent solubilization of 3 hydrophobic drugs 

(FEN, DAN and PG) by selected saturated (C8, C10 and C18) and unsaturated FA (C18:1), see 

Figure 3. For all studied drugs, it was observed that in the range of FA concentrations from 0 to 

20 mM: (1) the FA with the shortest and longest chain studied (C8:0 and C18:0) have small, 

concentration-independent effect on drug solubilization; (2) oleic acid increases very strongly 

drug solubilization and (3) the C10:0 FA increases slightly, in a concentration-dependent 

manner, drug solubilization. 

While the lack of effect of C18:0 FA on drug solubilization could be explained by its high 

Krafft temperature (this is addressed in detail in the discussion section), that is not expected to be 

the case for the short chain C8:0 FA, which similarly did not show any effect in the range 0-20 

mM. In this case, it was found that the CMC of C8:0 FA is very high (50 mM, see Figure S1 in 

the ESI) and lies outside the concentration range studied. Hence, additional experiments were 

performed at 100 mM C8:0, which showed that drug solubilization is significantly increased 

when the concentration of C8:0 FA is above its CMC (Figure 3A and 3B). 

The obtained set of data can also be used to assess the effect of drug structure on 

solubilization by oleic acid, which showed superior performance to the saturated FA. A proper 

comparison between the different drugs can be achieved by using a solubilization ratio, obtained 

by scaling the drug solubilization in presence of oleic acid (SFA) with the drug solubility in the 

intestinal medium in absence of additional polar lipids (Sbile). Such a comparison shows that oleic 

acid concentration had biggest effect for FEN (up to 18-fold solubilization enhancement), 

whereas the effect was much smaller for progesterone and danazol, see Figure 4. 
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Figure 3. Solubilized (A) progesterone, (B) fenofibrate or (C) danazol, as a function of the 
concentration octanoic (green triangles), decanoic (pink stars), stearic (blue squares) and oleic 
acid (red circles). The dashed line represents drug solubilization at the intestinal conditions of the 
GI tract model, without any added FA. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Solubilization ratio (SFA/Sbile) of fenofibrate (red circles), progesterone (blue squares), 
or danazol (green triangles), as a function of the concentration oleic acid. 

 

As the FA-based excipients used in drug formulation are usually composed of mixtures of 

FAs (e.g. natural fats and oils; technical FA products), we also studied FEN solubilization in 

binary FA mixtures at a ratio of 1:1. FA with high FEN solubilization and/or high abundance in 

(A) (B) 

(C) 



natural fats and oils (and their derivatives) were chosen for this set of experiments: the saturated 

C12, C14, C16 and C18 FA, and the unsaturated C18:1 FA. Near-ideal, linear behavior (R2 > 

0.90) was observed for all studied pairs of FA (see Figure S2 in the ESI): the solubilization of 

FEN in the 1:1 mixtures was close or identical to the average of the individual species. The only 

significant deviation from linearity (R2 = 0.60) was observed for the mixture of palmitic and 

stearic acid, which nonetheless solubilized a very low concentration of FEN (13 μg/mL). 

 

3.2. Effect of monoglycerides on drug solubilization. 

We studied a MG frequently used in lipid-based formulations: monoolein (glycerol 

monooleate), and its saturated analogue, monostearin. The performance of these two MG was 

compared with the corresponding FA, see Figure 5. One sees that the addition of C18:1 FA or 

MG increases significantly FEN solubilization in a linear, dose-dependent manner. In contrast, 

the presence of their saturated analogues (C18:0) has a marginal effect on FEN solubilization. 

A comparison between monoolein and oleic acid provides further valuable information 

about the effect of the hydrophilic head group of the polar lipid: the slope of the dependance for 

monoolein was higher, compared to oleic acid. Hence, the glycerol-esterified oleic acid has 

significantly better performance than free oleic acid. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Solubilized FEN as a function of C18 polar lipid concentration for monoolein (full red 
circles), oleic acid (empty red squares), monostearin (full blue circles) and stearic acid (empty 
blue squares). The solid lines are a linear regression fit, whereas the dashed line represents drug 
solubilization at the intestinal conditions of the GI tract model, without any added FA. 
 

3.3. Effect of phospholipids on drug solubilization. 

The solubilization of FEN by the studied PL is presented in Figure 6. To determine the 

effect of the hydrophobic chain length, we compared sets of PL with the same hydrophilic head 

groups (Figure 6A): phosphatidylcholine and phosphatidylglycerol. For choline-PL, the increase 

of the saturated chain length from C10:0 to C16:0 leads to a gradual increase of FEN 

solubilization, reaching a maximum of S = 62 µg/mL. Further increase to C18:0 leads to a sharp 

drop in FEN solubilization, which reaches the value of the control (no PL added, S = 6.5 µg/mL).  
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In the case of the saturated phosphatidylglycerol PL, highest FEN solubilization (S = 62 

µg/mL) was measured for C14:0 (DMPG). Increase of the hydrophobic chain length to C16:0 

and C18:0 decreased gradually FEN solubilization, down to the control (no PL added). 

The unsaturated DOPC and POPC showed considerably higher solubilization of FEN than 

all other PL studied: S = 125 and 168 µg/mL, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Solubilized FEN as a function of (A) the chain length of phosphatidylcholine (blue 

squares) and phosphatidylglycerol (red circles) phospholipids or (B) the hydrophilic head group 

type of dipalmitoyl (2×C16:0) phospholipids. 

 

Next, we studied the impact of the hydrophilic moiety of the phospholipids by comparing 

phospholipids with the same hydrophobic chain length of C16:0 (Figure 6B). Highest FEN 

solubilization was measured for phospholipids with choline head group (S = 62 µg/mL), 

followed by the glycerol head group (S = 30 µg/mL). All other studied head groups (phosphoric 

acid, serine and ethanolamine) did not enhance FEN solubilization, compared to the control (no 

PL added). 

 

4. Discussion. 

The rank order of polar lipids is determined by acyl chain saturation 

The studied 26 polar lipids can be arranged in 3 main classes, according to their FEN 

solubilization ratio (S/SBile), see Figure 7: class 1, high capacity (S/Sbile ≥ 10); class 2, average 

capacity (10 > S/Sbile ≥ 3) and class 3, low capacity (1 < S/Sbile < 3). Such classification provides 

a framework for interesting observations: the best performing substances (class 1, n = 5) are 

unsaturated, including representatives of all classes studied (PL, FA and MG); the average 

performers (class 2, n = 10) are composed primarily of saturated compounds (PL and FA) and 

two unsaturated FA (C18:1 and C18:2); class 3 contains only saturated compounds (n = 11). 
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Figure 7. Fenofibrate solubilization ratio (S/Sbile), as a function of polar lipid type for 
phospholipids (red), FAs (blue) and monoglycerides (green).  

 

Mechanisms of the acyl chain effects 

The obtained results clearly demonstrate the poor drug solubilization properties of 

saturated-chain polar lipids. An obvious question to ask is what are the mechanisms that govern 

such a clear trend that spans over several classes of lipids and several drugs? 

It would be reasonable to suggest that these mechanisms revolve around the ability of the 

polar lipids to form separate or mixed colloidal aggregates with the bile salts. Hence, two basic 

factors, known to be critical for classical surfactants, should be revisited:46 (1) the concentration 

of polar lipid used, compared to its CMC and (2) the critical phase transition temperature above 

which the polar lipid can form colloidal aggregates (also referred to as the Krafft point).  

If the concentration of the polar lipid is below its CMC, it will not form colloidal 

aggregates and thus will have no effect on drug solubilization. A typical case from the presented 

dataset is the short-chain C8:0 FA (Figure 3): it had no effect on solubilization in the initially 

studied concentration range (0 to 20 mM), due to its high CMC (50 mM). An experiment 

performed at a concentration of 2×CMC (100 mM C8:0) confirmed that drug solubilization is 

enhanced when C > CMC. This simple concept can also explain why low concentrations of C8:0 

FA + C8:0 MG did not increase significantly the solubilization of hydrocortisone and 4 of its 

esters in the study of Kossena et al.20 The lack of effect of C8:0 FA and C8:0 MG on the 

partitioning of α-tocopherol acetate in bile salt micelles observed by Takahashi & Underwood 

can also be explained in the same way.47 

However, high CMC values cannot rationalize the lack of solubilization by the long-chain 

C18:0 FA (stearic acid): CMC decreases 2-3 fold for each CH2 group added to the acyl chain 

(estimated CMC of 2.5 mM; solubilization was not observed up to 20 mM).46 However, the 

increase of the hydrophobic chain length significantly decreases the solubility, which is reflected 

in the high Krafft temperature of sodium stearate (Tm = 50 °C), see Table 4. Note that at the 

conditions of the experiment (pH = 7.5), the fatty acids used should be in their ionized form (pKa 
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in the range of 4.5 to 5)48. When the temperature of a soap solution is below the Krafft 

temperature, colloidal aggregates are not formed and solubilization cannot occur.49 Therefore, 

stearic acid/sodium stearate does not increase drug solubilization because it simply does not form 

colloidal aggregates at the temperature of the experiments (Texp = 37 °C).  

Similarly to the CMC, the phase transition temperature concept described above can be 

used to explain results in other studies: for example, O’Reilly et al. stated that “Attempts to make 

mixed micelles with stearic acid were unsuccessful…”, when attempting to measure the 

solubilizing effect of stearic acid in biorelevant medium at T = 37 °C.50 

 

Table 4. Krafft temperatures of sodium FA* and acyl chain phase transition temperatures of PL. 

Fatty acid sodium soaps49 Phospholipids51 

Type Tm, °C Type Tm, °C 

C12:0 20 DDPC << 37 

C14:0 25 DLPC << 37 

C16:0 38** DMPC 24 

C18:0 50 DMPG 24 

C18:1 << 20 DPPC 41 

  DPPG 41 

Monoglycerides DSPC 54 

Type Tm, °C DSPG 54 

monostearin 5752 DPPS 54 

monoolein 1853 DPPE 64 

  DPPA 66 

*Fatty acids are completely protonated at pH = 7.5 (pKa in the range of 4.5 to 5)48. 

**Interpolated based on the data for C12, C14 and C18. 

 

The lack of effect of most saturated PL and monostearin on drug solubilization can be 

rationalized in the same way (Table 4): the acyl chain melting temperature of these polar lipids is 

significantly above Texp, which limits their association in colloidal aggregates. It should be noted, 

that both the Krafft temperature and the acyl chain transition temperature carry the same physical 

meaning in the context of solubilization: this is the critical phase transition temperature, above 

which the molecules of the polar lipid can form separate or mixed colloidal aggregates with the 

bile salts and enhance drug solubilization. For this reason, both will be referred to with Tm. 

The role of the CMC and phase transition temperature for drug solubilization is illustrated 

in Figure 8A. One sees that the critical temperature rule is obeyed for all substances across the 

FA, PL and MG classes. The impact of the chain melting temperature for drug solubilization was 

highlighted also in our recent study on itraconazole solubilization in mixed PL-surfactant 

solutions.54 

 



 

 

 

 

 

 

 

 

Figure 8. Fenofibrate solubilization ratio (S/Sbile), as a function of the saturated acyl chain length 
for phospholipids (red), fatty acids (blue) and monoglycerides (green). The lines are a linear fit. 
Tm indicates the Krafft temperature of fatty acid soaps and the acyl chain melting temperature of 
the phospholipids and monoglycerides. The empty red square corresponds to an experiment with 
DPPC at T = 30 °C. 

Discrepancy is observed for the compounds with C16:0 chains (DPPC, DPPG and palmitic 

acid), as they all have critical transition temperatures near T = 37 °C, see Table 4. The increase 

from C14:0 to C16:0 increases the solubilization capacity in the case of choline PL, whereas a 

significant drop in solubilization was observed for glycerol PL and FA. The solubilization 

performance in this transition region requires a more complex explanation. It should first be 

considered that the 3 types of substances (DPPC, DPPG and C16:0 FA) have different ability to 

form mixed micelles with the bile salts. In our previous study, we showed that only 3 mM C16:0 

FA can be solubilized in 15 mM of bile salts:55 hence, the main fraction of C16:0 FA remains as 

crystals and cannot enhance drug solubilization in the bile micelles. On the other hand, DPPC is 

known to be solubilized completely by bile salt micelles in a wide range of concentrations,56 

leading to increased drug solubilization capacity of the mixed bile salt-phospholipid micelles. 

To further confirm the role of temperature, a proof-of-principle experiment was performed 

with DPPC, which shows significant FEN solubilization, despite the fact its phase transition 

temperature is slightly higher (41 °C) than in the experiment. The experiment was performed at 

T = 30 °C and resulted in a significant drop in FEN solubilization. Although, the solubilization of 

FEN decreased to the level of DPPG at T = 37 °C, it remained ca. 4 times higher than the 

control. The latter can again be rationalized by considering the capacity of the bile salt micelles 

to at least partly solubilize DPPC,56 which in turn increases drug solubilization. 

When the conditions of C > CMC and Texp > Tm are met, the increase of saturated chain 

length has a positive, linear effect on drug solubilization (Figure 8). This effect has been widely 

documented for drug solubilization by classical surfactants in aqueous media and is explained by 
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the decreased CMC and the bigger volume available for solubilization in colloidal 

aggregates.54,57–62 

Let us now focus on the mechanisms that drive the very strong drug solubilization in 

presence of the unsaturated polar lipids. The set of C18 FA homologues with varying degree of 

saturation (Figure 2A) provides useful data for such analysis. One way to explain the increase of 

FEN solubilization with the increasing number of double bonds in C18 FA is that the cis 

configuration of these bonds creates more space in the colloidal aggregates, thus facilitating the 

solubilization of FEN. One of the physicochemical parameters that is sensitive to such steric 

hindrance effects is the melting point of the crystalline substance: when the arrangement of the 

molecules in the crystal is hindered due to their structure, the melting point decreases. Indeed, 

Figure 9 shows that a reasonable correlation is obtained between these two parameters, 

confirming the impact of packing in the colloidal aggregates for drug solubilization.54 

However, other factors might also be responsible for the observed effects: π-π interactions 

between the double bonds in the FA and the aromatic structure of FEN, could also play a role in 

the improved drug solubilization. For example, the solubilization of clofazimine, which contains 

multiple aromatic rings in its structure, was also found to increase with the increasing number of 

double bonds in the chain of C18 FA.50 

 

 

 

 

 

 

 

 

Figure 9. Fenofibrate solubilization enhancement (S/Sbile), as a function of the melting 
temperature of C18 fatty acid homologues with varying number of double bonds. The line is a 
linear regression fit. 

Hydrophilic head group effects 

The strong effect of the polar lipid head group on drug solubilization becomes apparent 

when polar lipids with the identical acyl chains are compared (see Figures 5-8). The performance 

of oleate derivatives decreases in the order choline-PL > MG > FA (viz. DOPC > monoolein > 

oleic acid, SFEN = 125, 84 and 49 µg/mL, respectively). The same order is observed also for the 

homologue series of saturated FA and choline-PL (Figure 8): the PL always show significantly 

higher drug solubilization, compared to their FA analogues. 
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The effect of the diverse types of head groups in the PL class was displayed in Figure 6 

and can be rationalized based on the differences in Tm (Table 4): choline- and glycerol-PL have 

the lowest Tm, and show significant drug solubilization, whereas the PL with ethanolamine, 

phosphoric acid and serine head groups have no effect on drug solubilization, due to Tm > Texp. 

All stearate (C18:0) derivatives studied have Tm > Texp and do not enhance drug solubilization, so 

we cannot judge for the effect of the head group in this dataset. 

Similar rank order (PL > MG > FA) of polar lipids on drug solubilization efficiency was 

observed also for tocopherol solubilization in mixed bile salt + polar lipid solutions.47 The poor 

drug solubilization performance of free FAs, compared to their conjugated forms (MG or PL) 

observed in the current study, was also shown for gemfibrozil36 and amphotericin B63 by studies 

in mixed solutions of bile salts + polar lipids (oleic acid, monoolein and lecithin). 

Therefore, the available evidence shows that the solubilization enhancement of poorly 

water-soluble drugs by polar lipids in biorelevant media decreases in the order PL > MG > FA.  

Effect of drug structure 

Drug structure can also influence the solubilization, due to the diverse molecular motifs 

and physicochemical properties that are common for drug substances. Based on the small set of 3 

drugs investigated in the current paper, we can conclude only that oleic acid has bigger impact 

on the solubilization of the aromatic fenofibrate, compared to the steroidal danazol and 

progesterone molecules (Figure 4). In this case, additional interactions (e.g. π-π interactions 

between the double bonds in the FA and the aromatic structure of FEN), might explain the 

observed differences. 

Specific drug-solubilizer interactions can have a significant impact on drug solubilization: 

for example, we have recently demonstrated that electrostatic attraction between oppositely 

charged phospholipids and drugs (albendazole and itraconazole) can significantly enhance 

solubilization.54,61 Ion-dipole interactions can also promote the increase of the solubilization 

capacity, as shown for ionic surfactants and progesterone.62 Thus, an expanded range of carefully 

selected drugs needs to be studied in order to clarify the effect of drug structure on solubilization 

by polar lipids. 

Scope of validity of the observed trends and possible impact on oral absorption 

The data presented in the current study demonstrates that typical physicochemical 

constraints (C > CMC, Texp > Tm) control the ability of polar lipids to enhance drug solubilization 

in biorelevant media. Both parameters (CMC, Tm) relate to the ability of the polar lipids to 

associate in colloidal structures and are very sensitive to the acyl chain length and saturation, as 

well as to the hydrophilic head group type (this has been described in detail in classical 

literature).46,64,65 

Polar lipid acyl chain unsaturation was identified as a major driver of drug solubilization, 

due to the following effects: (1) the considerably lower Tm of unsaturated chains, which allows 

long-chain polar lipids to associate in colloidal aggregates and (2) the cis-configuration of the 



double bonds that prevents tight packing of the molecules in these aggregates, resulting in bigger 

volume available for drug solubilization. 

It should be stressed that both the acyl chain and head group type are structural features of 

the polar lipids, and not of the solubilized drugs. Therefore, it can be expected that the impact of 

polar lipid CMC, Tm and chain unsaturation on solubilization, which was determined for 3 poorly 

water-soluble drugs in this paper, will hold true for a wider span of hydrophobic molecules. 

Considering the implications of increased drug solubilization for intestinal absorption, the 

solubility-permeability interplay needs to be addressed. It has been shown that drug 

solubilization in classical surfactant micelles decreases the concentration of free drug, which 

decreases drug permeation and ultimately results in no cumulative effect on absorption or 

decreased absorption.66,67 However, in situ rat perfusion studies show that the intestinal 

permeability of drugs solubilized in mixed bile salts + polar lipids micelles could actually be 

increased, rather than decreased.50,63 In this context, the permeation-enhancing effects of short- 

and medium-chain FA are well-known and currently being used for the delivery of 

macromolecules.68 Hence, systematic studies should be performed to clarify the impact of drug 

solubilization in mixed bile salts + polar lipids micelles on permeation. 

5. Conclusions 

We studied the effect of 26 polar lipids on the solubilization of the poorly water-soluble 

drugs fenofibrate, danazol and progesterone in a two-stage in vitro model of the upper GI tract. 

The following general trends and mechanisms of drug solubilization at biorelevant conditions 

were revealed: 

1. General trends and rank-order of polar lipids: 

 Class 1 substances (n = 5) provide biggest enhancement of drug solubilization (>10-fold) 
and are represented by unsaturated polar lipids from all species studied (PL, MG and FA) 

 Class 2 materials (n = 10) have an intermediate effect (3-10 fold increase) and are 
composed primarily (80 %) of saturated polar lipids 

 Class 3 materials (n = 11) have very low or no effect on drug solubilization and are 
entirely composed of saturated compounds. 

2. Acyl chain unsaturation drives the observed performance of long-chain unsaturated polar 

lipids (class 1), by the following mechanisms: the significantly decreased chain melting point, 

which allows these C18 lipids to form colloidal aggregates; and the cis-configuration of the 

double bonds that prevents tight packing of the molecules in these aggregates, resulting in 

bigger volume available for drug solubilization. 

3. Typical physicochemical constraints (C > CMC, Texp > Tm) control the ability of polar lipids 
to enhance drug solubilization in biorelevant media: 

 At concentrations below CMC, polar lipids do not change the solubilization capacity of 
the bile micelles, hence the drug solubilization remains unchanged. 



 Polar lipids with acyl chain melting temperature (Tm > 41 C) do not influence drug 
solubilization, because they do not form colloidal aggregates and are not solubilized by 
the bile salt micelles. Thus, the solubilization capacity of the bile micelles is not changed. 

 The increase of chain length for polar lipids with Tm < 41 C and C > CMC leads to the 
increased volume available for solubilization in the colloidal aggregates and increased 
solubilization capacity. 

4. Drug solubilization enhancement by polar lipids with the same acyl chain decreases in the 

order PL > MG > FA. 

The presented study provides an in-depth look at the performance of the widely polar 

lipid excipients in the context of poorly water-soluble drug solubilization at biorelevant 

conditions. The obtained mechanistic insights could be used for rational drug formulation 

development and thus support the modern drug discovery pipelines. Further research, which 

expands the set of studied drugs, includes the interplay with drug phase distribution (when an 

additional lipid phase is present) and considers drug permeation, is required to broaden the 

possible implications of the results obtained. 
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