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Abstract 

Phosphorylated tocopherols are a new class of lipid excipients that have demonstrated potential 

in pharmaceutical applications. Their ability to solubilise poorly water soluble drugs indicates 

their potential utility in improving bioavailability of drugs where solubility limits their 

bioavailability. In this study a commercial mixture of phosphorylated tocopherols, TPM was 
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combined with medium chain triglyceride (MCT) as a formulation for CoQ10, and in vitro and 

in vivo performance compared to the effect of addition of alternative tocopherol-based 

excipients. In in vitro digestion experiments, CoQ10 was poorly solubilised in the digesting 

MCT as anticipated. Addition of TPM facilitated the enhanced solubilisation of CoQ10 as did 

vitamin E TPGS (TPGS). Other tocopherol derivatives (tocopherol acetate, tocopherol) were 

less effective at solubilising the active during the digestion process. The trends in in vitro 

solubilisation were conserved in the in vivo bioavailability of CoQ10 after oral administration 

to rats, with TPM and TPGS formulations providing approximately double the exposure of 

MCT alone, while the addition of the other tocopherol derivatives reduced the overall exposure. 

Collectively, the results indicate potential of TPM as a new solubilising excipient for use in 

oral drug delivery for poorly water soluble drugs. 

 

INTRODUCTION 

The oral bioavailability of drug candidates is often limited by their poor aqueous 

solubility and slow dissolution in the gastrointestinal (GI) tract. While a range of formulation 

approaches are available that address the solution and solid state properties leading to these 

limitations, for lipophilic drugs, lipid-based formulations are a logical course of investigation 

for improvement of the solubilisation of lipophilic drugs in the GI tract [1-3]. 

Lipid based formulations can improve bioavailability through a range of mechanisms, 

primarily by maintaining the drug in solution; preferably in a supersaturated state during the 

dispersion and digestion of the core lipid formulation. The supersaturated state can enhance the 

driving force for absorption during digestion. The mixing of lipid digestion products with 
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endogenous amphiphilic surfactants from bile (bile salts and phospholipids) forms colloidal 

structures that can act as a high capacity reservoir in the GI tract for the solubilisation of poorly 

water-soluble drugs [4], improving bioavailability by maintaining drug in a dissolved state.  

However, several challenges exist with using current lipid formulations. Drugs are often 

only moderately soluble in typical formulation lipids and surfactants, limiting the drugs that 

can be incorporated at sufficient level to provide a dose without resorting to undesirable 

suspension formulations. Increasing the surfactant content to boost solubility in the formulation 

or to enhance dispersion can also expose a greater risk of precipitation as surfactant partitions 

away from the formulation during dispersion or digestion. Simple solution forms of drugs in 

medium chain triglycerides, in which drugs are often more soluble than their long chain 

counterparts, have been shown to perform poorly during digestion with significant precipitation 

in vitro correlating with poor bioavailability in vivo [5]. Hence the investigation of new 

biocompatible lipidic materials that support solubilisation during dispersion and lipid digestion 

will add to the lipid formulation toolbox and provide options for drugs not amenable to typical 

formulation components. Poorly water soluble drugs are often more soluble in surfactants such 

as vitamin E TPGS and polysorbate 80 than in triglycerides [1], but their use at high levels may 

be limited by approved limits on content. It should also be noted that solvents are commonly 

added to the core lipid formulation to boost solubility in the formulation rather than lipidic 

additives. However addition of solvents such as ethanol enhance the potential for precipitation 

upon dispersion which is often correlated with poor exposure [1].  

The application of phosphorylated tocopherols as new lipid excipients for use in 

transdermal applications has been recently reported [6]. These molecules (shown in Figure 1) 
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were shown to self-assemble to form a variety of structures in water and hydroethanolic 

environments and act to solubilize and deliver hydrophobic drugs such as Co-enzyme Q10 

(CoQ10) across the skin. A commercial mixture of the mono- (TP) and di-substituted (T2P) 

phosphorylated tocopherol compounds, known as TPM, forms the basis of a number of 

transdermal products in development. TPM has been shown to confer a range of attractive 

properties when administered orally, including cardioprotection [7], prevention of 

atherosclerosis ([8-10]) and the reduction of inflammation[10].  However, the use of TPM as a 

lipid excipient in oral lipid-based formulations remains unexplored.  

In this study the hypothesis that TPM’s interesting solubilizing properties may enhance 

the delivery of poorly water-soluble lipophilic compounds that may otherwise perform poorly 

in less solubilizing lipid formulations was tested. Consequently, in this study CoQ10 was 

formulated in a core medium chain triglyceride (MCT, Captex® 355) consisting mainly of C8-

10 triacylglycerides, and the effect of a range of tocopherol-based excipients (also illustrated in 

Figure 1) including TPM on the in vitro solubilisation of CoQ10 and in vivo bioavailability in 

rats was determined. It was hypothesised that CoQ10 would precipitate during digestion of 

MCT alone as a negative control formulation during in vitro digestion experiments, thus 

enabling a ranking of the additives to support selection of excipients for in vivo bioavailability 

studies. The additives explored in the study were alpha tocopherol (alpha-TOC), alpha 

tocopherol acetate (TA) and vitamin E TPGS, which were compared head-to-head with the 

commercial TPM excipient. As vitamin E TPGS is typically used at 10% w/w in lipid 

formulations[11], this concentration was selected as the base formulation in this study for 

comparison between the additives as a fixed mass ratio to the core MCT formulation. 
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Figure 1 - Chemical structures of tocopherol derivatives, and the model drug CoQ10, used in 

this study. TPM is a mixture of TP and T2P (TPM, Phosphagenics, Ltd.) has been described 

previously by Munteanu et al. [12]. 

 

MATERIALS AND METHODS  

Materials 

Tocopheryl phosphate mixture (TPM, Phosphagenics, Ltd., Clayton, Australia) is a 2:1 w/w 

mixture of alpha-tocopheryl phosphate and di-alpha-tocopheryl phosphate.  The mixture of 

TP/T2P has been described previously by Munteanu et al. [12]. Tocopherol acetate (TA), alpha-

tocopherol (alpha-TOC), d-α-tocopherol polyethylene glycol 1000 succinate (TPGS), sodium 

taurodeoxycholate 99% (NaTDC), 4-bromophenylboronic acid and Trizma maleate were 

obtained from Sigma Chemical Co. (St. Louis, MO, USA). Captex 355® (MCT composed of 

59% caprylic acid (C8), 40% capric acid (C10), < 1% lauric acid (C12) as stated in the product 

information) was obtained from Abitec Corporation (Janesville, WI). Hydrochloric acid was 

from Ajax Chemicals, NSW, Australia. Sodium chloride and calcium chloride dehydrate were 

from BDH Chemicals, Melbourne, Australia. Phospholipid (1,2-dioleoyl-sn-glycero-3-

phosphocholine, DOPC) was obtained from Trapeze Association Pty Ltd (Clayton, Victoria, 
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Australia). USP grade pancreatin extract was purchased from Southern Biologicals 

(Nunawading, Victoria, Australia). Sodium hydroxide (1M, Titrisol, Merck, Darmstadt, 

Germany) stock solution was diluted with water to obtain NaOH titration solutions. 

Ammonium dihydrogen orthophosphate was from BDH (Poole, UK). Sodium heparin (1000 

IU/mL) was obtained from DBL (Mulgrave, VIC, Australia) and normal saline (0.9% w/v) 

from Baxter Healthcare (Old Toongabbie, QLD, Australia). Ammonium formate, dimethyl 

formamide, 1-propanol (HPLC grade), p-benzoquinone, CoQ10, and CoQ9 were all from 

Sigma-Aldrich (St. Louis, MO, USA). Acetonitrile HPLC grade, isopropanol (HPLC grade) 

and methanol (LC-MS grade) were from Merck (Darmstadt, Germany). from Sigma-Aldrich 

(St. Louis, MO, USA). Water was obtained from a Milli-Q filtration/purification system 

(Millipore, MA, USA). 

 

Methods 

In vitro digestion 

Firstly, a mixed micellar solution was prepared by dissolving DOPC (to give 1.25 mM final 

DOPC concentration, to mimic fasted intestinal conditions[13, 14]) in chloroform in a round 

bottom flask. The chloroform was removed under vacuum (Rotorvapour RE, Buchi, 

Switzerland), leaving a thin film of DOPC around the bottom of the flask. Bile salt (5 mM, 

NaTDC)  in digestion buffer (Tris maleate 50 mM, 150 mM NaCl, 5 mM CaCl2·2H2O, pH 6.5) 

were then added to the film and the solution was sonicated for 45 min in a sonication bath 

(Branson 2210R-MT Ultrasonic Cleaner, Danbury, CT, USA). The micelle solution was 

equilibrated at 4°C overnight, forming a clear solution.  
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Prior to digestion experiments, pancreatin extract was prepared at 10,000 TBU/mL (to enable 

addition of 15,000 TBU to the 15 mL digest in 1.5mL of extract), by adding 4 g of porcine 

pancreatin powder (containing pancreatic lipase and colipase) to 5 mL of digestion buffer and 

briefly vortexed, followed by centrifugation at approximately 1600×g and 4°C for 15 min. The 

supernatant was collected and stored at 4°C until use. Fresh pancreatin extracts were prepared 

each day.  

All digestion experiments were performed at 37°C in a stirred, thermostatted glass vessel. Lipid 

(110 mg except for the 100 mg MCT only sample), containing CoQ10 10% w/w in MCT, was 

dispersed in 13.5 mL of mixed micellar solution by ultrasonication using a Misonix XL 2020 

ultrasonic processor (Misonix, Farmingdale, NY) sonication for 2 min, 20 amplitude, to form 

a crude emulsion. After the emulsion mixture was continuously stirred and equilibrated for 

approximately 10 min, the pH of the mixture was adjusted to 6.500 ± 0.003 with NaOH or HCl, 

and digestion was initiated by the addition of 1.5 mL of pancreatic enzyme (pancreatin extract 

[containing 15,000 tributyrin units (TBU) of pancreatic lipase activity]).  The progress of lipid 

digestion, as indicated by the liberation of fatty acid, was monitored using a pH-stat automatic 

titration unit (a Metrohm titrator with 5 mL dosing unit, autoburette and an iUnitrode pH probe 

from Metrohm AG, Herisau, Switzerland), which maintained a pH of 6.5 for the duration of 

the experiments. The fatty acids produced during lipolysis were titrated with 0.6M NaOH for 

MCT digests. Digestion experiments were conducted over 60 min.  

During digestion, 2 × 150 L aliquots of the digestion mixture were taken into microfuge tubes 

at 0, 2, 5, 20, 40 and 60 min while still stirring. A lipase inhibitor (0.5 M 4-bromophenylboronic 

acid in methanol) was added to each tube to prevent any further digestion. The samples were 
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centrifuged (1600×g, 15 min) to separate the digest into an aqueous phase, and a pellet phase. 

The aqueous supernatant layer was collected (10 L) for high performance liquid 

chromatography (HPLC) analysis for solubilised CoQ10 content.  

Particle size measurements were performed on supernatant after centrifugation (1600×g for 15 

min) of select in vitro digestion samples using a Malvern Zetasizer Nano ZS. The temperature 

was 25°C, and viscosity of water was assumed. Samples were run in triplicate with 10 subruns, 

and intensity distribution reported. 

 

Solubility of CoQ10 in pre-digested formulations 

The solubility of CoQ10 in the aqueous phase separated from blank digestion experiments was 

determined. Briefly, excess drug was added to triplicate samples, and thoroughly mixed before 

incubation at 37°C for the period of the solubility study. Samples were vortexed regularly and 

centrifuged at 1600×g for 15 min at 37°C (Beckman GS-6R Centrifuge, Beckman Instruments, 

Fullerton, CA) prior to sampling of the supernatant. Supernatant samples were collected 

periodically (0.5, 1, 2, 4, 8, 24 hr) and drug concentration was determined using HPLC. 

Equilibrium solubility was deemed to have been reached when drug concentrations varied by 

<10% between two consecutive time points. 

 

In vivo studies 
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All animal studies were approved and conducted in accordance with the guidelines of the 

Monash Institute of Pharmaceutical Sciences Animal Ethics Committee.  

 

Preparation of CoQ10 formulations for oral administration 

The lipid solution formulations for oral administration were prepared in the same manner as 

the lipid proportion for in vitro digestions, consisting of MCT (100 mg), CoQ10 (10% w/w) and 

the additional lipid excipient (10 mg). Each oral dose was equivalent to 33.3 mg/kg of CoQ10 

per rat. All lipid solution formulations were made immediately prior to administration and the 

formulations assayed for accurate CoQ10 concentrations using HPLC as described below under 

HPLC analysis of CoQ10 in formulations and in vitro digestion samples. 

 

Oral bioavailability studies in rats 

Animal surgical procedures  

Male Sprague-Dawley rats weighing between 250 to 300 g were used for all animal studies. 

Rats were anaesthetised via inhalational administration of isoflurane (5% v/v for induction, 

2.5% v/v for maintenance; Abbott Laboratories, NSW) for the duration of the surgical 

procedure. The right carotid artery was isolated and cannulated using 0.96 x 0.58 mm (o.d. x 

i.d.) polyethylene tubing filled with heparinised saline (2 international units (IU) of heparin in 

0.9% saline). Cannulas were connected to a harness and swivel system to allow for unhindered 
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blood collection after oral administration. Rats were fasted for at least 12 hr prior to and 8 hr 

after administration, with water provided ad libitum.  

 

Administration of formulations and sample collection  

All MCT lipid solutions were administered via oral gavage. For the control study group 

containing no extra excipients, MCT (10 mg) was added in place of the excipients. The absolute 

dose in each case was assessed by measuring the difference between the mass of formulation 

in the gavage and in the syringe before and after administration. Blood samples (200 μL) were 

taken from the cannula at t = 0, and at 15, 30, 60, 90, 120, 150, 180 min, 4, 6, 8, and 24 hr after 

administration. Each formulation was administered to n=4 rats.  

 

Analytical procedures and assay validations  

HPLC analysis of CoQ10 in formulations and in vitro digestion samples 

HPLC analyses were performed on all CoQ10 formulations to enable accurate dose calculation. 

For the digestion studies, the aqueous supernatant layer from the digestion was diluted with 

mobile phase (1:10 v/v) and CoQ10 content was assayed using a Luna C8 (2) 5 μm, 150 x 4.6 

mm column (Phenomenex, CA, USA) with a C8 cartridge security guard column (Phenomenex, 

CA, USA) at 40 ˚C. The column was coupled to a Shimadzu Prominence Autosampler (Model 

SIL-20AC HT), with a Shimadzu Prominence Liquid Chromatograph (Model LC-20AD), a 

Shimadzu Prominence Communications Bus Module (Model CBM-20A), a Shimadzu 
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Prominence Degasser (Model DGU-20A3) and a Shimadzu Prominence UV/VIS Detector 

(Model SPD-20A). The system was controlled and data analyses were performed with the 

Shimadzu LabSolutions software. The detector was set at wavelength of 274 nm. Data were 

recorded and integrated using LabSolutions software (Shimadzu, Kyoto, Japan). The mobile 

phase was comprised of acetonitrile:isopropanol (80:20 v/v) and was delivered at 1.2 mL/min. 

An injection volume of 10 μL was used, and CoQ10 eluted at approximately 6.0 min.  

 

LC-MS analysis of CoQ10 in plasma 

Plasma samples from oral studies were analysed for CoQ10 content using a validated plasma 

extraction assay, with CoQ9 as the internal standard. To 50 μL plasma sample, internal standard 

was added and briefly vortexed. p-Benzoquinone (25 μL, 2 mg/mL) was added, vortexed and 

incubated at room temperature for 10 minutes.  1-propanol (90 μL) was added, vortexed and 

centrifuged at 16,162xg for 7 min. The supernatant was analysed on a triple quadrupole mass 

spectrometer with a Shimadzu Nexera Autosampler (Model SIL-30AC MP), a Shimadzu 

Nexera Liquid Chromatograph (Model LC-30AD), a Shimadzu Prominence Communications 

Bus Module (Model CBM-20A), a Shimadzu Prominence Degasser (Model DGU-20A5) and 

Shimadzu LC-MS Liquid Chromatograph Mass Spectrometer. The system was controlled and 

data analyses were performed with the Shimadzu LabSolutions software. The column used was 

a Kinetic C8 2.6 μm, 50 x 2.1 mm (Phenomenex, CA,  USA) with a C8 cartridge security guard 

column (Phenomenex, CA,  USA) at 40 0C. The mobile phase was comprised of 5 mM 

ammonium formate in methanol, an injection volume of 2 μL was used, and CoQ10 eluted at 

approximately 2.1 min and CoQ9 at 1.6 min. The MS was operated in positive ion mode (ESI+), 
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detector voltage 4.5 kV, collision energy at -36 for Co Q10 and -34.7 for CoQ9, dwell time 100 

msec, nebulising gas flow 3L/min, drying gas flow 15L/min and heat block and DL temperature 

both at 250oC. The transitions from m/z 836.40 → 197 and 795. 40 → 196.90 were chosen for 

CoQ10 and CoQ9 respectively. 

 

Calculation of pharmacokinetic parameters 

The pharmacokinetic results were plotted as CoQ10 concentration (ng/mL) vs. time (min) with 

errors calculated as standard error of the mean (SEM). As CoQ10 is an endogenous compound, 

low levels were detected in some rats prior to administration, and where quantifiable, these 

values were subtracted from the plasma profiles to provide a comparison of exposure to 

endogenous CoQ10. Pharmacokinetic parameters Cmax and Tmax were determined from the 

normalised data for each formulation (concentrations normalised to a 33.3 mg/kg dose), and 

the truncated area under the curve (AUC0-24) was calculated using the trapezoidal rule. SPSS 

for Windows (Version 19.0, SPSS, Chicago, IL) was used to statistically analyse differences 

in the data using an independent-samples t-test for comparisons assuming equal variances and 

a one-way analysis of variance (ANOVA) with Tukey's multiple comparison, with statistical 

significance assumed when p < 0.05. 

 

RESULTS AND DISCUSSION 

Initially the loading of CoQ10 in Captex 355 was assessed visually. CoQ10 was not completely 

soluble in Captex 355 at 20% (w/w), but was soluble in Captex 355 at a concentration of 10% 



13 

 

w/w, with mild heating and vortexing. This is consistent with a previous report of the solubility 

of CoQ10 in capric/caprylic triglycerides at 110 mg/mL [15], as Captex 355 contains primarily 

C8 and C10 triglycerides [16]. At this concentration, it formed a clear orange solution, and hence 

10 mg of CoQ10 was added to 100 mg Captex 355 as the base formulation before addition of 

other lipid excipients for all subsequent studies. To ensure that the formulations were not in a 

metastable state, the solubility of CoQ10 in all the formulations was also determined 

analytically. The results presented in Table 1 indicate that CoQ10 is soluble in all formulations 

above the 100 mg/g baseline level used in the MCT 100 mg base formulation, consistent with 

the visual observation above. The solubility was boosted to over 200 mg/g when tocopherol 

acetate, alpha-tocopherol and TPM were added as the additives, whereas the addition of TPGS 

did not provide a significant enhancement in solubility in the undigested formulation. 

 

Table 1 – Solubility of CoQ10 in undigested formulations, and in the aqueous phase of 

pre-digested MCT-based formulations used in the in vitro and in vivo studies. Data are mean 

± s.d, n=3. 

Formulation Solubility of CoQ10 in 

formulation (mg/g) 

Solubility of CoQ10 in blank 

digestion aqueous phase (g/mL) 

100 mg MCT alone 135.8±7.3 18.8±0.2 

+10 mg MCT 151.7±9.3 16.8±0.7 

+10 mg TPM 257.7±33.3 25.2±0.5 

+10 mg TPGS 152.3±2.4 40.2±0.7 

+10 mg alpha-TOC 262.9±22.0 99.7±1.2 
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+10 mg TA 297.6±10.1 74.3±1.4 

 

Concentration of CoQ10 in aqueous phase after in vitro digestion of MCT formulations 

with tocopherol-based additives 

The profiles of CoQ10 distribution after in vitro digestion of MCT with different additives were 

dependent on the specific tocopherol excipient used. The concentration in the aqueous phase 

is often presumed to be the most important parameter in predicting the likely bioavailability 

for lipid-based formulations, and drug precipitation has been proposed as an indicator for poor 

bioavailability. This view has recently been challenged however in the situation where drug 

precipitates in an amorphous rather than crystalline form [17]. Nevertheless, solubilisation of 

drug by the aqueous phase might reasonably be anticipated to indicate likely availability of 

drug for absorption.  Change in the nature of solubilizing species such as micelles and vesicles 

in the aqueous phase is considered an important determinant of ultimate bioavailability for 

poorly water soluble, but sufficiently permeable drugs administered in lipid based formulations 

[18]. 

For the MCT digestions, the solubilisation of CoQ10 in the aqueous phase was low at either 100 

or 110 mg loading (Figure 2). Interestingly, addition of alpha-TOC or TA slightly reduced the 

in vitro drug solubilisation compared to the MCT alone case. Conversely, addition of vitamin 

E TPGS or TPM to the MCT core formulation resulted in significantly enhanced solubilisation 

with a three- to four-fold increase in CoQ10 in the aqueous phase after digestion of the 

formulations. The rapid increase in drug present in the aqueous medium reflects the fast 

digestion of the MCT core lipid, which has previously been shown to be digested to at least 
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80% in 10 min until similar conditions [19]. The formulations in this study were all 

digested >80%. MCT alone was digested to 87.4±1.5%, while the addition of TPM gave 

82.5±1.2%, TPGS 85.8±0.6%, alpha-TOC 87.4±2.3% and for TA digestion was 86.6±1.5%. 

Thus the differences in solubilisation are not a result of differences in the extent of digestion.  
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Figure 2. Solubilisation of CoQ10 during in vitro digestion of MCT (Captex-355) in fasted 

media (pH 6.5) in the presence of additional tocopherol excipients. Total lipid was 110 mg 

(100 mg MCT + 10 mg additive), except for MCT (100 mg), and CoQ10 was dissolved in MCT 

at 10% w/w prior to mixing with additives. Data are mean ± SD, n = 3. 

The solubility of drug in the blank post-digestion aqueous phases was determined for 

each formulation to probe whether the differences seen in the dynamic digestion studies are 

governed by the intrinsic equilibrium solubility in the post-digestion colloidal phase, or are the 
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result of a kinetic solubilisation effect. The results in the right hand column of Table 1 reflect 

that TPM and TPGS provide a more favourable solubilisation environment for CoQ10, 

compared to the MCT alone. However, the other two tocopherol derivatives provided a higher 

solubility for CoQ10 than was provided kinetically in the digestion studies. The two 

experiments are clearly probing two different processes – incorporation of drug in the 

formulation prior to digestion where the drug starts in solution in the formulation, and is carried 

through the digestion process, potentially participating in the colloidal changes during 

digestion leading to the final disposition (intended to reflect that immediately prior to 

absorption). The equilibrium solubility studies start with drug in its crystalline form, and are 

probing the dissolution process into ‘passive’ colloidal structures. Thus, although some 

correlation with in vitro dynamic solubilization behaviour would be possibly anticipated, the 

processes are sufficiently different that it is not absolutely certain that this would be case. 

The in vitro digestion model also has some limitations that have been highlighted 

elsewhere[20, 21], but principally include the lack of a sink for lipid digestion products, which 

in vivo would be absorbed to some degree concurrently with digestion and drug transport in 

the GI tract. The consequence of this shortcoming could be generation of unreasonably high 

lipid concentrations in the digestion vessel, which in turn may lead to greater drug 

solubilisation than may occur in vivo where lipid absorption occurs (although drug absorption 

will also occur, so the relative rates would dictate the overall relevance which have not yet been 

elucidated). The trend in solubilisation in vitro however might reasonably be expected to hold 

in vivo if we assume similar rates of lipid absorption. Perhaps more importantly, high lipid 

concentrations may also lead to differences in colloidal structure formation. Previously, it has 

been shown that the use of high MCT levels (250 mg) in the in vitro digestion protocol can 
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lead to a colloidal transition in the aqueous phase [16] with differences in drug solubilisation, 

leading to an apparent ‘supersaturation effect’ [22]. In the current experiment the lipid levels 

are relatively low (maximum 100 mg MCT), and not anticipated to induce significant changes 

in the colloidal species, at least based on the reduced propensity for the supersaturation effect 

to occur at lipid levels below 125 mg [5]. We conducted dynamic light scattering measurements 

on the aqueous supernatants for digestions of MCT only, MCT + TPGS and MCT + TPM. 

While the size distributions were very similar, the micellar fraction did increase slightly in size 

from 6.1 ± 1.8 nm, to 6.3 ± 1.4 nm, to 7.8 ± 3.5 nm, indicating a swelling of the micellar 

structures in response to interaction with the lipidic additives. 

Hence the hypothesis for the in vivo studies was that the in vitro dynamic digestion 

experiments will reflect differences in exposure observed in vivo as a direct consequence of 

impact on drug solubilisation in the colloidal aqueous phase during digestion of the 

formulation.  

 

Pharmacokinetics of CoQ10 when administered in MCT with tocopherol additives  

The plasma profiles for CoQ10 obtained across the different formulations in Figure 3 

were broadly typical for lipid based formulations across the duration of the study, but with 

clear differences in total exposure across the different formulations. Table 2 describes the 

derived pharmacokinetic parameters for CoQ10 and reflect the plasma profiles. The MCT only 

formulation provided a typical plasma-concentration time curve with Tmax at 270 min, and 

plasma concentrations returning close to baseline at 24 h. The plasma profiles and consequent 

exposure for the tocopherol acetate and alpha-tocopherol containing formulations were 
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statistically not different to MCT alone, with statistical analysis showing p=1.000 and p=0.663 

respectively. The TA and alpha-TOC formulations were also not different (p=0.595). 

The profiles for the formulations containing TPM and TPGS were visibly greater in 

overall exposure compared to the rest. The plasma concentrations over the duration of the study 

were higher, reflected in the significantly higher Cmax values and the AUC values were not 

different to each other (p=1.000) but statistically different to MCT alone (p<0.05, see 

Supplementary Information). The shape of the CoQ10 profile for the TPGS formulation 

indicated a dip in plasma concentration around 3-4 hr after administration, with a similar but 

much less pronounced effect also may be present for the TPM formulation. Such a double peak 

profile is often attributable to enterohepatic recycling, however this effect has not been reported 

for CoQ10, hence it may be due to a number of factors at play with these formulations, including 

gastric retention, non-digestibility of the additives, colloidal structure formation and 

precipitation of drug followed by resolubilization during lipid digestion.   
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Figure 3. Dose normalised plasma profiles for CoQ10 (33 mg/kg) after oral administration to 

rats as solutions in MCT fortified with different tocopherol additives. Formulations were MCT 

+ TPM (down triangles) MCT + TPGS (up triangles), MCT + alpha-TOC (squares), MCT + 

TA (diamonds) and MCT alone (circles). Data are mean, n = 4 ± SEM.  
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Table 2 – Derived pharmacokinetic parameters for orally administered CoQ10 in MCT + tocopherol derivative formulations. Formulations 

contained nominally 110 mg lipid and 10 mg CoQ10. Data are normalised to a dose of 33 mg/kg, by accounting for the actual dose and weight of 

the individual animal. (Data are mean ± SEM n = 4). 

 Formulation MCT 100 mg + 10 mg additive 

Parameter MCT TPM TPGS alpha-TOC TA 

CoQ10 dose (mg/kg) 38.7 ± 2.1 37.7 ± 1.3 38.5 ± 1.0 37.4 ± 2.0 38.8 ± 2.4 

Cmax (ng/mL) 28.9 ± 8.0 56.6 ± 8.3 53.1 ± 5.2 12.7 ± 3.1 9.5 ± 1.8 

Tmax
 (min) 270 ± 71 397 ± 83 225 ± 85 480 ± 0 450 ± 30 

AUC0-24h (ng/mL·min) 23496 ± 2975 56427 ± 11306 47353 ± 5964 10003 ± 1845 14549 ± 2010 
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Importantly, the overall exposure to the drug reflects the solubilisation behaviour seen 

in the in vitro digestion studies, where TPM and TPGS formulations provided significantly 

greater solubilisation, while the other formulations were similar to MCT alone. The correlation 

is demonstrated visually in Figure 4, where the five formulations represent the individual data 

points, yielding a correlation coefficient between the in vitro solubilisation as an indicator of 

resulting AUC was strong with R2 = 0.81. This correlation is anticipated in situations where 

bioavailability is strongly linked to solubilisation in the GI tract immediately prior to 

absorption. The 60 min time point was selected for this correlation on the basis that if drug 

precipitation were to occur and have an impact on in vivo performance then it would happen 

in this time scale, which is relevant for the earlier stages of lipid digestion in the gastrointestinal 

tract especially for medium chain triglyceride drug carriers. 
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Figure 4. Apparent correlation between in vitro solubilisation after 60 min of digestion of the 

formulations of MCT + additives, and the in vivo exposure, expressed at AUC.  

 

In humans, the use of alpha-TOC alone did not lead to substantial absorption of co-

administered CoQ10 [23]. In comparison, the use of the ‘NanoSolve’ formulation led to a 

substantial boost in exposure after oral administration, similar to that seen here with TPM and 

TPGS. The ‘NanoSolve’ commercial excipient has a high phospholipid based surfactant 

content – this surfactant content was credited with providing the enhanced solubilisation and 

absorption of CoQ10. Although not the same as TPGS or TPM, the surfactant nature of TPGS 

and TPM indicate a similar effect is likely at play in this study. In any case, the lack of impact 

of alpha-TOC and tocopherol acetate are consistent with the findings of Wadja in humans, and 

provide support for a discrimination between these excipients and TPM and TPGS as 

bioavailability-enhancing excipients. Although both molecules have a vitamin E backbone, 

TPGS has a non-ionic polyethylene glycol chain which renders the molecule amphiphilic 

(Figure 1) while the mono-conjugated TP molecule has a charged headgroup by virtue of the 

free phosphate moiety, and has been shown by us to self-assemble to form colloidal structures 

in solution [6]. It should be kept in mind that the aim of the manuscript was to assess the 

potential application of TPM as a novel excipient to boost bioavailability of drugs incorporated 

into lipid formulations. Although in this case TPM was not superior to TPGS, this does not 

mean that it does not present a novel excipient with the ability to enhance bioavailability in 

lipid formulations, and may in other systems prove to be more advantageous than TPGS. In 

addition, the optimal concentration of TPM for solubilisation has yet to be established and 

warrants further investigation. 
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There is some evidence that TPGS can act as an absorption enhancer for oral 

administration of CoQ10 [23]. Although the correlation with in vitro solubilisation is strong 

across this study, indicating that perhaps the permeability enhancement afforded by TPGS may 

not significantly impact the overall results here, it is possible that TPM also acts as a 

permeability enhancer leading to the improved exposure in both cases over the other 

formulations, and that the correlation with the in vitro data is not as strong as perhaps is 

immediately apparent. To our knowledge the influence of phosphorylated tocopherols on oral 

drug permeability has not been studied to date so this possibility is speculative, although the 

ability of this excipient to enhance transdermal permeability is proven and may suggest a likely 

effect upon oral administration also. Interestingly, TPGS did not enhance the solubility of 

CoQ10 in the formulation when added to MCT, so it requires digestion to exert its influence, 

possibly through a swelling of bile salt micelles. 

MCT alone forms micelles and vesicles upon digestion that do not provide a favourable 

solubilization environment for lipophilic drugs[24], leading to extensive precipitation in vivo 

[5]. Conversely, long chain triglycerides, such as soybean oil are much better at solubilizing 

such drugs, and lead to an enhanced exposure in almost all cases after co-administration with 

poorly water soluble drugs compared to MCT.  In this sense the MCT was a good choice for 

this study in discriminating the impact of the different additives on bioavailability of CoQ10. It 

is of interest to understand in future studies whether the enhanced solubilisation and absorption 

of drug is also prevalent when a long chain triglyceride is used as the core lipid, and the impact 

of addition of TPM to such formulations in the anticipation of gaining even further benefit in 

formulation of poorly water soluble lipophilic compounds. Further, with TPM being a mixture 

of components, the effect of the ratio of these components on bioavailability in optimization 



24 

 

studies is also now warranted. The mixing ratio of components comprising TPM could also 

play a role in bioavailability of formulated poorly water soluble drugs, and investigation of 

further refinement of this ratio is warranted to ultimately position the potential of this new 

excipient in the best way against established materials such as TPGS.  

 

CONCLUSIONS 

The current studies have explored the utility of various tocopherol derivatives to 

enhance the solubilisation and absorption of CoQ10 during digestion of a model lipid 

formulation. Of the four derivatives studied, TPM (a commercial mixture of tocopherol 

phosphates) and vitamin E TPGS, when added at 10 % (w/w) to a core medium chain 

triglyceride lipid carrier, provided enhanced solubilisation of the drug during in vitro digestion. 

Conversely, the addition of alpha-tocopherol and tocopherol acetate did not enhance 

solubilisation beyond that afforded by the core lipid formulation. In vivo, the incorporation of 

TPM and TPGS provided a significant increase in exposure for CoQ10 not afforded by the other 

excipients. The studies indicate the utility of TPM as a new lipid excipient for use in the oral 

delivery of poorly water soluble drugs. 
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Supplementary Information 

Statistical comparisons from Tukey’s test, shaded boxes indicate significance at p<0.05. 

 TPM TPGS Alpha-TOC TA 

MCT 0.036 0.027 1.000 0.663 

TPM  1.000 0.029 0.354 

TPGS   0.022 0.287 

Alpha-TOC    0.595 

 


