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Abstract: Oral sesame oil-based formulation facilitates the delivery of poorly water-soluble drug
cannabidiol (CBD) to the lymphatic system and blood circulation. However, this natural oil-based
formulation also leads to considerable variability in absorption of CBD. In this work, the performance
of lipid-based formulations with the addition of medium-chain triglyceride (MCT) or surfactants to
the sesame oil vehicle has been tested in vitro and in vivo using CBD as a model drug. The in vitro
lipolysis has shown that addition of the MCT leads to a higher distribution of CBD into the micellar
phase. Further addition of surfactants to MCT-containing formulations did not improve distribution
of the drug into the micellar phase. In vivo, formulations containing MCT led to lower or similar
concentrations of CBD in serum, lymph and MLNs, but with reduced variability. MCT improves the
emulsification and micellar solubilization of CBD, but surfactants did not facilitate further the rate
and extent of lipolysis. Even though addition of MCT reduces the variability, the in vivo performance
for the extent of both lymphatic transport and systemic bioavailability remains superior with a pure
natural oil vehicle.

Keywords: cannabidiol; lipid-based formulation; lymphatic transport; sesame oil; surfactant; medium-
chain triglyceride

1. Introduction

Approximately 30% to 60% of new active drugs have poor aqueous solubility issues,
and conventional formulations usually do not facilitate the absorption of these compounds
from the gastrointestinal (GI) tract [1]. Lipid-based formulations have been proposed to
facilitate the intraluminal solubility and systemic bioavailability of these poorly water-
soluble compounds [1–4]. One of the most common lipidic core excipients used in various
lipid-based formulations is different vegetable fats, for example sesame oil [5–7].

The main component in most natural vegetable oils is long-chain triglycerides (LCTs),
which are digested in the intestinal lumen by lipases to generate free fatty acids and
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monoglycerides. Since the lipases act at the surface of the oil droplets, the emulsification
step of the lipidic formulation in the intestinal tract is extremely important for the digestion
of lipids and the absorption of the co-administered lipophilic drug. The triglyceride
lipolysis products together with bile salts and phospholipids then form mixed micelles in
the intestinal lumen. Mixed micelles facilitate the transport of the lipophilic compounds
further across the unstirred aqueous layer and into the enterocytes. Triglycerides are then
re-synthesized intracellularly from long-chain fatty acids and monoglycerides, and large
lipoproteins (chylomicrons) are then assembled in the enterocytes. The chylomicrons are
taken up by lymph lacteals rather than blood capillaries due to their large size [8,9]. The
association of lipophilic compounds with chylomicrons in the enterocytes facilitates the
intestinal lymphatic transport of drugs and avoids hepatic first pass metabolic loss.

Cannabidiol (CBD), a BCS class II drug, is a highly lipophilic (clogD7.4 6.53) non-
psychoactive phytocannabinoid, which has substantial first-pass metabolism contributing
to low oral bioavailability [10,11]. For highly lipophilic drugs with logD7.4 above five, the
intestinal lymphatic transport is frequently a useful drug delivery route to avoid hepatic
first-pass metabolic loss and increase bioavailability, for example halofantrine, vitamin D3
and tetrahydrocannabinol (THC) [3,6,7,12–14].

CBD has therapeutic potential in the treatment of auto-immune and inflammatory dis-
eases, such as multiple sclerosis (MS), rheumatoid arthritis (RA) and allergic asthma [15–18].
The immunosuppressive effects of CBD have been extensively studied, and it was found
that CBD could suppress tumor necrosis factor (TNF) and interleukin (IL) cytokine pro-
duction in both rats and human mononuclear cells [6,19–21]. It has been also shown that
sesame oil vehicle facilitates the transport of CBD through the intestinal lymphatic system.
When CBD was administered orally in natural sesame oil vehicle to rats, the systemic
bioavailability of CBD has increased 2.8-fold compared to the lipid-free vehicle, and the
drug concentration in lymph fluid was 250-fold higher compared to plasma [6,7]. A recent
clinical study has also shown that sesame oil has increased CBD oral absorption eight-fold
compared to CBD powder in healthy male volunteers [22]. However, both the intestinal
lymphatic transport and systemic bioavailability of CBD administered in sesame oil vehicle
were associated with substantial variability [5–7].

In the present study, we hypothesize that enhancement of the emulsification and
micellar solubilization of CBD in the GI tract could contribute to reduction in the variability
of the absorption of the drug. The rationale for this hypothesis comes from a previously
conducted in vitro lipolysis study suggesting that less than 15% of triglyceride-C18 (Tri-
C18) was digested in simulated human intestinal fluids [23]. On the other hand, the same
lipolysis experiment showed that more than 90% of medium-chain triglyceride (MCT), such
as triglyceride-C8 (Tri-C8), was hydrolyzed under the same conditions [23,24]. Thus, the
addition of MCT to the sesame oil can potentially improve the CBD micellar solubilization
following lipid digestion in the GI tract, and consequently enhance the drug absorption
and the intestinal lymphatic transport.

To enhance further the emulsification and micellar solubilization, nonionic surfactants
can be used. In this study, selection of surfactants was based on their hydrophilic–lipophilic
balance (HLB) value. Surfactants with an HLB value ranging from 8 to 18 are suitable
for the oil in water emulsification. Therefore, Tween 85, Tween 80 and Span 20 have
been selected for this study [25,26]. In addition, a derivative of Vitamin E, d-α-tocopherol
polyethylene glycol 1000 succinate (TPGS), which has been previously shown as a powerful
solubilizer for lipophilic compounds, has also been selected [27–29]. The free α-tocopherol
released from TPGS could also prevent the fatty acid oxidation process [30–32]. It has also
been reported that TPGS can enhance lymphatic transport of lipophilic compounds by
stimulating the chylomicron secretion in Caco-2 cells [33].

Therefore, the aim of this study is to test the hypothesis that the addition of MCT
and surfactants to long-chain triglyceride vehicle (sesame oil) improves the emulsification
and micellar solubilization of CBD in vitro, and eventually leads to increased intestinal
lymphatic transport and drug bioavailability with reduced variability in vivo.
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2. Materials and Methods
2.1. Materials

Sesame oil, glyceryl trioctanoate, polyoxyethylenesorbitan trioleate (Tween® 85, Sigma-
Aldrich, Dorset, UK), polyethylene glycol sorbitan monooleate (Tween® 80), sorbitan
monolaurate (Span® 20, Sigma-Aldrich, Dorset, UK), d-α-Tocopherol polyethylene glycol
1000 (TPGS), sodium hydroxide solution (NaOH, 1 M), l-α-phosphatidylcholine (~60%,
from egg yolk), Trizma® (Sigma-Aldrich, Dorset, UK) maleate, sodium taurocholate hy-
drate, pancreatin from porcine pancreas (8 × USP specifications), sodium taurocholate
hydrate, probucol, 4,4-dichlorodiphenyltrichloroethane (DDT) and serum triglyceride de-
termination kit were all purchased from Sigma-Aldrich (Dorset, UK). Sodium chloride
and anhydrous calcium chloride were purchased from Fisher Scientific (Leicester, UK).
Cannabidiol (CBD, ≥98%) was purchased from THC Pharm (Frankfurt, Germany). Rat
plasma was purchased from Sera Laboratories International (West Sussex, UK). All solvents
were purchased from Fisher Scientific (Leicester, UK), and were of HPLC grade.

2.2. Lipid-Based Formulations

All lipid vehicles were prepared in the volumetric flask. Sesame oil and Tri-C8 mixture
were firstly prepared, then surfactants were blended in a lipid mixture using the magnetic
stirrer (1000 rpm) under 37 ◦C in a water bath until TPGS was fully dissolved. Lipid-
based formulations were prepared by solubilizing CBD in the pre-mixed lipid vehicle
under the same conditions as described above, then transferred into glass scintillation vials.
Sesame oil was used as a vehicle for the control group, and as the LCT component in other
formulations. In addition to sesame oil control group, five lipid-based formulations were
prepared: Formulation 1 (F1, sesame oil:Tri-C8:Tween® 80, 5:3:2, v/v/v with 10 mg/mL
TPGS), Formulation 2 (F2, sesame oil:Tri-C8:Tween® 85, 5:3:2, v/v/v with 10 mg/mL TPGS),
Formulation 3 (F3, sesame oil:Tri-C8, 1:1, v/v), Formulation 4 (F4, sesame oil:Tri-C8:Tween®

85, 2:2:1, v/v/v with 10 mg/mL TPGS) and Formulation 5 (F5, sesame oil:Tri-C8:Tween®

85:Span® 20, 5:3:1:1, v/v/v/v with 10 mg/mL TPGS) (Table 1). The concentration of
CBD was 50 mg/mL in all formulations, which were freshly prepared on the day of the
experiment for all in vitro and in vivo tests.

Table 1. The composition of the developed lipid-based formulations.

Formulation No. Control F1 F2 F3 F4 F5 HLB

Lipid Sesame oil (v/v, %) 100 50 50 50 40 50 7
Tri-C8 (v/v, %) - 30 30 50 40 30 7

Surfactant

Tween® 85 (v/v, %) - - 20 - 20 10 11
Tween® 80 (v/v, %) - 20 - - - - 15
Span® 20 (v/v, %) - - - - - 10 8.6
TPGS (mg/mL) - 10 10 - 10 10 13.2

2.3. In Vitro Lipolysis

The lipid digestion process in the GI tract was assessed using the in vitro lipolysis
system. The composition of simulated human intestinal digestion buffer has been reported
before [23,34,35]. Briefly, the complete buffer consisted of 50 mM Trizma® maleate, 150 mM
NaCl, 5 mM CaCl2, 5 mM sodium taurocholate hydrate and 1.25 mM lecithin in water
to mimic fasted state intestinal fluids. The pancreatic lipase extract was prepared in
the incomplete digestion buffer, which was composed of 50 mM Trizma® maleate, 5 mL
150 mM NaCl and 5 mM CaCl2. One gram pancreatin was blended into incomplete
digestion buffer and vortexed for 15 min at room temperature. The supernatant of lipase
extract was collected after centrifugation at 5 ◦C, 3000 rpm for 15 min, and then stored
on ice.
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Per oral medicines are assumed to be taken together with approximately 250 mL of
water. The total volume used for in vitro lipolysis was scaled down 10 times compared
with human parameters. Briefly, 22.2 mL complete digestion buffer containing 0.3 mL lipid
formulation was pre-mixed at 37 ◦C in a water bath for 15 min. Pancreatic lipase extract
(2.2 mL) was then added to the complete buffer to start the lipolysis reaction. The digestion
process was monitored by the pH titration system (LabX light v3.1, Mettler-Toledo Limited,
Leicester, UK), and the reaction was assumed as complete when addition rate of 1 M NaOH
was slower than 3 µL/min.

The final lipolysis medium was separated into three layers (sediment, micellar and undi-
gested lipid layer) by means of ultra-centrifugation at 268,350× g, 37 ◦C for 90 min [34,36–38].
All three fractions have been stored at −80 ◦C until analysis.

2.4. Animal Studies

Animal welfare and all experimental procedures were reviewed and approved by
the University of Nottingham Ethical Review Committee under the Animals (Scientific
Procedures) Act 1986. Male Sprague Dawley rats (340–380 g, Charles River Laboratories,
Margate, UK) were used for in vivo studies. All animals were housed in the University of
Nottingham Bio Support Unit under the conditions of controlled temperature and humidity.
The rats were provided with free access to water and food with a 12-h light–dark cycle.
As a preparation for the pharmacokinetic study, rats underwent jugular vein cannulation
surgery and were allowed to recover for two nights before the pharmacokinetics experiment.
Animals were fasted overnight up to 16 h before the pharmacokinetic experiment.

Three formulations were administered by oral gavage to animals, including sesame oil
formulation, Formulation 3 (Sesame oil:Tri-C8, 1:1, v/v) and Formulation 4 (Sesame oil:Tri-
C8:Tween® 85, 2:2:1, v/v/v and 10 mg/mL TPGS). All formulations contained 50 mg/mL
CBD and were administered at a dose of 25 mg/kg.

For the pharmacokinetic study, 0.2 mL blood was withdrawn from jugular vein
cannula at 0.5, 1, 1.5, 2, 2.5, 3, 4, 6, 8 and 12 hours’ time following drug administration
and collected into K3 EDTA-containing Eppendorf tubes. After centrifugation (3000× g for
10 min), plasma was stored at –80 ◦C until analysis.

Biodistribution studies were carried out based on the plasma tmax determined in phar-
macokinetic studies. All rats were housed with free access to water and fasted overnight
up to 16 h before the biodistribution experiment. All formulations were prepared on
the day of experiment and administered in the same manner as for the pharmacokinetic
studies. All rats were sacrificed at 1.5 or 2.5 h post-administration in all groups. Blood,
lymph fluid and mesenteric lymph nodes (MLN) were then harvested as described in our
previous studies and stored at –80 ◦C until analysis [5,6]. In addition, after the completion
of pharmacokinetic study at 12 h, animals were sacrificed, and MLN were collected for
further analysis.

2.5. Bioanalytical Conditions
2.5.1. Sample Preparation

The sample preparation procedure was performed using a combination of protein
precipitation and liquid–liquid extraction before injection into the HPLC system as previ-
ously described [5]. Briefly, fifty microliters of lipid phase, 100 µL of micelle phase and
100 µL sediment phase were used for sample preparation in a 16 × 100 mm glass tube. Ten
microliters of stock solution of probucol (IS) in acetonitrile at a concentration of 2 mg/mL
was spiked into lipid phase, and 1 mg/mL into micelle and sediment phases. Then, 0.3 mL
tetrahydrofuran and 3 mL n-hexane were added into the test tube to extract CBD. After
3 min of vortex, the test tubes were centrifuged at 1160× g for 10 min at room temperature.
The upper organic layer was transferred to a clean test tube and evaporated under a gentle
stream of nitrogen gas (Techne Dri-Block Sample Concentrator, Cambridge, UK) at 35 ◦C
to dryness. The dry residual was then reconstituted in 1 mL acetonitrile for all phases, and
20 µL of the sample was injected into the HPLC system.
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The sample preparation method for plasma (or serum) and tissue samples was per-
formed as previously described [5,39]. Briefly, MLNs were isolated from the surrounding
fatty tissues, then homogenized in water in ratio of 1:3 (w/v). The lymph fluid sample
was diluted 10 times in blank rat plasma. The volume used for sample preparation of rat
plasma, homogenized MLNs and diluted lymph fluid was 100 µL. Ten microliters of DDT
stock solution in acetonitrile (IS, 50 µg/mL) was spiked into samples. The cold acetonitrile
(450 µL) was added for protein precipitation and the samples were vortexed for 5 min.
Water (450 µL) and 3 mL n-hexane were then added, followed by vortex-mixing for 5 min.
The rest of procedures were the same as for lipolysis fractions samples, but the dry residue
was reconstituted in 100 µL ACN.

2.5.2. Chromatography Conditions

The analysis of CBD in in vitro lipolysis fractions, rat plasma, rat lymph and lymph
nodes was performed by means of a validated high-performance liquid chromatography
(HPLC) method [5,39]. The system consisted of Waters 600 Pump, Waters 717 Autosampler
and Waters 2996 Photodiode Array Detector. The CBD and internal standard (IS) were
detected at 220 nm wavelength.

For lipolysis fractions samples, the separation was achieved using an ACE Excel Super
C18 100 × 4.6 mm, 5 µm particle size column, protected by an ACE C18-PFP 3 µm guard
cartridge, as previously reported. The mobile phase was a mixture of acetonitrile and water
in a ratio of 92:8 (v/v) at isocratic conditions. The flow rate was set at 0.6 mL/min and
43 ◦C for column temperature [39].

For rat plasma, serum and tissue separation was achieved using an ACE C18-PFP
150 × 4.6 mm, 3 µm column, protected by an ACE C18-PFP 3 µm guard cartridge, as
previously reported. The mobile phase consisted of acetonitrile: water (62:38, v/v) at
isocratic conditions. Flow rate was set at 1 mL/min, column temperature was maintained
at 55 ◦C, and injection volume was 40 µL [5,39].

2.6. Triglycerides Level Determinations

The triglyceride level measurement was performed using a commercially available kit
(TR0100, Sigma, Gillingham, UK) following the manufacturer’s instructions.

2.7. Data Analysis

Phoenix WinNonlin 6.3 Professional (Pharsight, Mountain View, CA, USA) was ap-
plied for non-compartmental pharmacokinetic analysis of the obtained plasma concentra-
tions. All data were presented as mean ± standard deviation (SD). One-way analysis of
variance (ANOVA), followed by Dunnett’s post-hoc comparison was used for statistical
analysis. P values of less than 0.05 were considered statistically significantly different.
Statistical analysis was performed using GraphPad Prism version 7.0d (GraphPad software,
San Diego, CA, USA).

3. Results
3.1. In Vitro Lipolysis of Lipid-Based Formulations

The processing of lipid-based formulations in the intestinal lumen has been assessed
using in vitro lipolysis system (Figure 1). The CBD distributed into the micelle phase repre-
sents the fraction readily available for absorption from the small intestine [34]. Figure 1
clearly shows that addition of the MCT resulted in a trend for higher CBD distribution into
the micellar phase. Moreover, when the ratio of Tri-C8 and sesame oil in Formulation 3
and Formulation 4 reached 1:1, the micellar phase had a statistically significantly higher
amount of CBD than the sesame oil group.
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Figure 1. Distribution of CBD in sediment, micelle and lipid phases (n = 3, mean ± SD) following
the in vitro lipolysis of 6 lipid-based formulations of CBD. One-way ANOVA was used for statistical
analysis, followed by Dunnett’s post-hoc test with sesame oil serving as a control group. *, p < 0.05,
****, p < 0.0001. The experiment was terminated when the addition rate of NaOH was slower than
3 µL/min.

The recovery of triglyceride, diglyceride and monoglyceride in lipolysis phases has
been calculated and shown in Figure 2. The lipid fractions in the micellar phase are mainly
diglycerides or monoglycerides, and significantly higher levels of these lipids have been
found in the sesame oil group compared to other five formulations in this study. The
lipid phase represents the proportion of lipidic formulation that has not been hydrolyzed
completely, and the sesame oil group has a significantly higher amount of triglycerides in
the lipid phase compared to Formulations 3, 4 and 5.
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Figure 2. The amount of triglyceride, diglyceride and monoglyceride in lipolysis fractions following
in vitro lipolysis of six lipid-based formulations (n = 3, mean ± SD). One-way ANOVA was used for
statistical analysis, followed by Dunnett’s post-hoc test with sesame oil serving as a control group.
* p < 0.05, **, p < 0.01, ***, p < 0.001, ****, p < 0.0001.
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3.2. In Vivo Pharmacokinetics

Formulations 3 and 4 were selected to proceed to in vivo pharmacokinetic and biodis-
tribution studies due to higher proportion of the drug distributed to the micellar phase in
in vitro lipolysis experiments. Pure sesame oil vehicle was also selected for in vivo studies
to serve as a control group. The plasma concentration–time profiles of CBD following
oral administration of these formulations are presented in Figure 3. The pharmacokinetic
parameters including half-life, tmax, Cmax and the plasma concentration-time curve (AUC)
are outlined in Table 2. The AUC of CBD concentrations for sesame oil formulation are
significantly higher than the Formulation 3. However, there are no statistically significant
differences for other parameters when Formulations 3 and 4 are compared to the sesame
oil group.
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Figure 3. Plasma concentration-time profiles of CBD following oral administration of sesame oil-
based formulation, Formulation 3 (sesame oil:Tri-C8, 5:5, v/v) and Formulation 4 (sesame oil:Tri-
C8:Tween® 85, 2:2:1, v/v/v with 10 mg/mL TPGS) (n = 5–6, mean ± SD). The concentration of CBD in
all formulations was 50 mg/mL, the administered dose of CBD was 25 mg/kg in all treatment groups.

Table 2. Pharmacokinetic parameters of cannabidiol (CBD) derived from plasma concentration–time
profiles following oral administration in different lipid-based formulations (mean ± SD (n = 5–6)).

Administration/Formulation t1/2
a

(h)
tmax

b

(h)
Cmax

c

(ng/mL)
AUC0-∞

d

(h×ng/mL)
n

Sesame oil 1.6 ± 0.1 2.5–4 724 ± 318 2702 ± 909 5
Formulation 3 2.3 ± 0.3 2–2.5 371 ± 85 1512 ± 224 ** 6
Formulation 4 2.5 ± 0.5 2–3 562 ± 390 2131 ± 373 6

a Half-life; b time to maximum concentration in plasma; c The maximum concentration in plasma; d AUC from
0 to infinity; **, statistically significantly different from sesame oil (**, p < 0.01).

3.3. Biodistribution

The blood, lymph fluid and MLNs were collected in the biodistribution experiments
at pre-determined time points. The time points chosen are based on the in vivo plasma
pharmacokinetics results and cover the early and late periods in the absorption phase of
CBD. The triglyceride levels have also been measured in serum and lymph fluid samples,
and are presented together with CBD concentrations in Figures 4 and 5. There are no
statistically significant differences in triglyceride levels at both the 1.5 and 2.5 h time points,
when Formulations 3 and 4 are compared to the sesame oil group (for both serum (Figure 4)
and lymph (Figure 5) samples). It has been found that CBD concentration in serum at 2.5 h
following oral administration of pure sesame oil-based formulation is significantly higher
than after administration of Formulation 4 (Figure 4b). For CBD concentrations in the
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lymph fluid, there are no significant differences between Formulations 3 or 4 when they are
compared to sesame oil at 1.5 and 2.5 h (Figure 5). The administration of CBD in sesame
oil leads to a higher concentration of CBD in MLNs at 2.5 h compared to Formulation 4
(Figure 6b), whereas no differences were found at 1.5 h (Figure 6a). The MLNs have been
also collected at the 12 h time point at the end of the in vivo pharmacokinetic study, and the
levels of CBD following administration of sesame oil-based formulation were significantly
higher than for Formulation 4 (Figure 6c).
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Figure 4. Concentrations of CBD and triglyceride in rat serum. CBD was orally administered in sesame oil, Formulation 3
(F3, sesame oil:Tri-C8, 5:5, v/v) and Formulation 4 (F4, sesame oil:Tri-C8:Tween 85, 4:4:2, v/v/v with 10 mg/mL TPGS) at
a dose of 25 mg/kg in rats (50 mg/mL CBD content in each formulation). (a) The concentration of CBD and triglyceride
level in rat serum at 1.5 h post-administration. (b) The concentration of CBD and triglyceride level in rat serum at 2.5 h
post-administration. All data are shown as mean ± standard deviation (SD) (n = 4). Statistical analysis was performed
using one-way ANOVA, followed by Dunnett’s post-hoc test with sesame oil serving as a control group. ****, p < 0.0001.
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Figure 5. Concentrations of CBD and triglyceride in lymph fluid. CBD was orally administered in sesame oil, Formulation 3
(F3, sesame oil:Tri-C8, 5:5, v/v) and Formulation 4 (F4, sesame oil:Tri-C8:Tween 85, 4:4:2, v/v/v with 10 mg/mL TPGS) at
a dose of 25 mg/kg in rats (50 mg/mL CBD content in each formulation). (a) The concentration of CBD and triglyceride
in lymph fluid at 1.5 h post-administration. (b) The concentration of CBD and triglyceride in lymph fluid at 2.5 h post-
administration. All data are shown as mean ± SD, n = 4. Statistical analysis was performed using one-way ANOVA
followed by Dunnett’s post-hoc test with sesame oil serving as a control group.
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Figure 6. Concentrations of CBD in mesenteric lymph nodes (MLNs). CBD was orally administered in sesame oil,
Formulation 3 (F3, sesame oil:Tri-C8, 5:5, v/v) and Formulation 4 (F4, sesame oil:Tri-C8:Tween 85, 4:4:2, v/v/v with
10 mg/mL TPGS) at a dose of 25 mg/kg in rats (50 mg/mL CBD content in each formulation). (a) The concentration of CBD
in MLNs at 1.5 h post-administration. (b) The concentration of CBD level in MLNs at 2.5 h post-administration. (c) The
concentration of CBD in MLNs at 12 h post-administration. All data are shown as mean ± SD, n = 4. Statistical analysis
was performed using one-way ANOVA followed by Dunnett’s post-hoc test with sesame oil serving as a control group.
*, p < 0.05, **, p < 0.01.

4. Discussion

Even though sesame oil-based formulation facilitated the oral bioavailability and
intestinal lymphatic transport of CBD in previous studies, the substantial inter-subject
variability is a major issue which needs to be addressed [6,7]. The pre-digested lipid-based
formulations have been previously suggested to minimize such variability by completely
avoiding the LCT digestion step in the intestinal lumen. However, it was shown in our
previous work that the pre-digested lipids did not reduce the variability or enhance the
intestinal lymphatic transport or systemic bioavailability of CBD in comparison to the
sesame oil vehicle [5].

Multiple previous works have suggested that the addition of the MCTs into lipid-based
formulations can enhance the emulsification and micellar solubilization, and eventually the
bioavailability of lipophilic drugs [3,40–44]. Previously reported in vitro lipolysis data also
suggest that the MCTs are digested more readily in the simulated human intestinal fluids
compared to the LCTs [23,24,35,45]. Moreover, addition of surfactants into a lipid-based
formulation can enhance the micellar emulsification in the GI tract. Therefore, addition
of the MCT and surfactants to the natural sesame oil has been attempted in this study for
improvement of micellar solubilization of CBD and reduction of the in vivo variability in
bioavailability and lymphatic transport observed with sesame oil vehicle.

4.1. The Design of Lipid-Based Formulations

When lipid-based formulations are designed for a highly lipophilic compound such
as CBD, with proven substantial intestinal lymphatic transport, a certain proportion of LCT
must remain in the formulation to maintain the intestinal lymphatic transport element of
the absorption [5–7]. Therefore, the proportion of sesame oil was maintained at 40% to 50%
of the total lipid volume in Formulations 1–5. The dose and concentration of CBD in the
formulations were dominated by two major factors: (1) the clinical oral therapeutic dose
range of CBD in humans, and (2) the size range of oral soft gelatin capsules suitable for
oral administration.

CBD and its therapeutic potential have been studied for decades. CBD has been
suggested as a potential therapeutic agent for diverse medical conditions, including au-
toimmune disease, inflammations, cancer or schizophrenia. The reported dose range in
humans for different conditions is also very wide, from 16 mg to 3000 mg per day [46–49].
CBD has an inverted U-shaped dose–response curve in animal models and human volun-
teers, with the most effective single oral dose in humans being around 300 mg [49–51].
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The largest soft gelatin capsules that can be found on the market are 25 oblong
capsules, which contain approximately 1.5 mL (for example 1500 mg Evening primrose
oil and Starflower oil produced by Holland and Barrett (Hinckley, UK)). Therefore, the
concentration of CBD in formulations in this study (50 mg/mL) is based on mimicking
realistic human use conditions of 300 mg CBD dose in a 3 mL (two 25 oblong capsules)
lipid vehicle.

To note, the original concentration of CBD considered was 100 mg/mL (to mimic
one 25 oblong capsule administration). However, our previous work showed that CBD
concentration above 80 mg/mL in lipid-based formulations could affect the digestion
process during in vitro lipolysis [52].

The rat model was utilized to assess the lipid-based formulations in this study. The
dose of CBD was calculated in rats using allometric scaling from the human dose. Assuming
a 300 mg CBD dose in a 70 kg adult human, the allometrically scaled dose in rats is
26 mg/kg [53]. Therefore, a dose of 25 mg/kg CBD was administered to rats in this study.

4.2. In Vitro Lipolysis

Based on the in vitro lipolysis results in this study, mixing MCT with sesame oil, as
predicted, indeed leads to a trend of higher CBD distribution into the aqueous micellar
phase compared to the sesame oil vehicle (Figure 1). The statistical significance has been
found for Formulations 3 and 4, when compared to the sesame oil-based formulation
(control). Unlike Formulations 1, 2 or the sesame oil vehicle, the proportion of Tri-C8 is
50% of total lipids for Formulation 3 and Formulation 4 (Table 1). Such a high ratio of
Tri-C8 in these formulations results in overall more efficient digestion during the in vitro
lipolysis process.

Lower levels of triglycerides remain in the lipid phase for Formulations 3, 4, and 5
compared to the sesame oil group following in vitro lipolysis (Figure 2). This suggests that
the higher proportion of Tri-C8 indeed leads to more efficient lipid digestion and a higher
CBD distribution into the micellar phase for Formulations 3 and 4 compared to the sesame
oil (Figures 1 and 2). In addition, the measured “triglyceride” (free glycerol and glycerol
released from triglyceride, diglyceride and monoglyceride) levels in the micellar phase
also suggest that addition of Tric-C8 to the formulation enhances the lipid digestion and
micellar solubilization of CBD in comparison to sesame oil vehicle.

The lipolysis results indicate that addition of surfactants (HLB value from 8.6 to 15)
affects lipid digestion in vitro. During the digestion of lipids, the surfactants in lipid-based
formulations are readily displaced from the lipid droplet surface by bile acids [54,55]. This
allows lipase to approach the interface of the oil-in-water emulsion and initiate lipolysis [56].
The hydrolyzed fatty acids and 2-monoglycerides compete with the surfactants at the
lipid droplet surface. The excess of fatty acids and 2-monoglycerides subsequently form
mixed micelles with bile salts and surfactants. However, there are in vitro and in vivo
studies indicating that highly hydrophilic surfactants (HLB 12-17) can inhibit pancreatic
lipase activity and therefore reduce the hydrolysis of triglycerides, resulting in lower oral
bioavailability of the poorly water-soluble drugs [57–59]. In agreement between these
studies and the current study, Formulation 3 contains no surfactants but has shown the
most effective lipid digestion compared to other formulations based on the in vitro lipolysis
results (Table 1, Figures 1 and 2). Therefore, the addition of surfactants into sesame oil did
not improve triglyceride hydrolysis in the in vitro lipolysis system in this study.

4.3. In Vivo Pharmacokinetics and Biodistribution

Based on the in vitro lipolysis results, sesame oil and Formulations 3 and 4 were se-
lected to proceed further for in vivo pharmacokinetics study. However, unlike the in vitro
lipolysis, the in vivo pharmacokinetic results have shown that the systemic bioavailabil-
ity of CBD following oral administration of sesame oil formulation is higher than for
Formulation 3, and similar to the Formulation 4 (Table 2).
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There is, therefore, a lack of correlation between in vitro and in vivo results in this
study. Potential explanation could be related to the fact that there are two steps that
dominate the bioavailability of CBD, the lipid digestion in the intestinal lumen leading
to intraluminal micellar solubilization of CBD, and the intestinal lymphatic transport
(which is related to the association of CBD with chylomicrons in the enterocyte). The
in vitro lipolysis model simulates only one step out of these two—the lipid digestion in
the intestinal lumen. A similar lack of in vitro/in vivo correlation has been previously
reported for other drugs with a substantial intestinal lymphatic transport component in the
absorption process [24,60]. The lipid digestion and chylomicron formation in the enterocyte
are both complex processes, and there is currently no appropriate single in vitro model
that can simulate the entire process, including intraluminal and intracellular events. It
has been suggested that a better prediction of bioavailability of highly lipophilic drugs
administered in lipid-based formulations could be achieved by combining the in vitro
lipolysis with a microsome metabolism assay [61,62]. It is possible that in the future,
affinity to chylomicrons should be added to in vitro lipolysis and microsomal stability
assays for better prediction of bioavailability of highly lipophilic drugs administered in
lipidic formulations [12,63].

The area under the curve (AUC) values indicate that Formulations 3 and 4 lead
to lower variability in systemic exposure to CBD compared to the sesame oil vehicle
(Table 2). A high proportion of Tri-C8 facilitated the digestion of lipids and enhanced the
micellar solubilization of CBD in the intestinal lumen. Formulation 3 has a slightly faster
tmax than the sesame oil formulation, which could be due to faster digestion of Tri-C8
compared to sesame oil. However, chylomicrons mainly consist of LCTs, whereas MCTs
are mostly transported through the portal vein rather than packed into chylomicrons in the
enterocytes [3,24,45]. Therefore, a rapid digestion of Tris-C8 could deliver a part of CBD
into enterocyte at the earlier digestion stage, before long-chain lipids become available
in the enterocyte for formation of chylomicrons. Consequently, this quickly absorbed
part of the CBD dose is likely to be delivered to the systemic circulation through portal
vein with substantial hepatic first-pass metabolism, therefore resulting in reduced overall
systemic exposure.

Indeed, addition of Tris-C8 into sesame oil reduced the AUC variability compared
to pure sesame oil formulation. However, the extent of CBD absorption in vivo was not
improved. As stated above, the surfactants with HLB in a range of 12 to 17 may negatively
affect the lipolysis process, and therefore, decrease the drug distribution into the mixed
micelles in the intestinal lumen. The TPGS is a surfactant with antioxidant properties,
which has been reported to enhance chylomicron formation, as well as potentially being
delivered into the intestinal lymphatic system by association with the chylomicrons [33].
However, it has also been reported that TPGS and oleic acid-containing mixed micelles
have a negative effect on the bioavailability and lymphatic transport of the antiretroviral
drug saquinavir in comparison to oleic acid microemulsions [64]. Another work suggested
that TPGS was not hydrolyzed by pancreatic lipase in the GI tract and remains in the intact
form until it transports to the enterocyte [58]. Therefore, it is possible that addition of the
TPGS restricted the drug association with chylomicrons in the current study.

There are no significant differences in the triglyceride levels in both serum and
lymph fluid samples, when Formulations 3 and 4 are compared to sesame oil formu-
lation (Figures 4 and 5). The triglyceride levels in serum and lymph fluid samples indicate
that there might be an overload of LCT in these formulations for lymphatic transport, there-
fore resulting in the saturation in the process of triglyceride re-synthesis in the enterocytes.
Even though both Formulations 3 and 4 contain approximately 50% of sesame oil compared
to pure sesame oil vehicle formulation, the LCT uptake for these two formulations is similar
to the sesame oil.

The overall results of the biodistribution studies suggest that sesame oil has a more
efficient performance in enhancing the intestinal lymphatic transport of CBD compared to
both Formulations 3 and 4.
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Taken together, the combined results of in vivo pharmacokinetics and biodistribution
studies suggest that addition of surfactants and MCT to natural sesame oil does not improve
CBD oral bioavailability and intestinal lymphatic transport compared to simple sesame
oil-based formulation.

5. Conclusions

Sesame oil-based formulation has been previously reported to lead to substantial
increase in bioavailability and intestinal lymphatic transport of CBD in rats, but with
considerable variability. The MCT incorporated into sesame oil enhanced the micellar
solubility of CBD in vitro, but surfactants used in this study may have reduced the lipolysis
of triglycerides in comparison to other MCT-containing formulations. Even though the
addition of MCT into lipid-based formulations reduces the viability, pure sesame oil vehicle
was still superior in the extent of CBD lymphatic transport and bioavailability in vivo.
There are multiple factors that dominate the lipid digestion, including the chain length of
triglyceride, or lipid interaction with surfactants. Furthermore, the lymphatic transport
requires a combination of a highly lipophilic compound (with affinity to chylomicrons) and
the presence of lipids that eventually lead to chylomicron formation (LCT or long-chain
fatty acids). Further studies will be needed to assess alternative approaches to reduce inter-
subject variability associated with pure sesame oil formulation of CBD without negatively
affecting the extent of absorption of the drug.

Author Contributions: Conceptualization, W.F. and P.G.; methodology, W.F. and A.Z.; data curation,
W.F., C.Q., E.C., J.B.L., Y.C. and A.Z.; formal analysis, C.A.O.; investigation, W.F.; resources, W.F.;
writing—original draft preparation, W.F.; writing—review and editing, J.B.L., C.S.C., D.A.B. and P.G.;
supervision, M.J.S., C.S.C., D.A.B., P.M.F. and P.G. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by Rosetrees Trust and Stoneygate Trust (grant number M902),
and MRC Proximity to Discovery (grant number MC_PC_16081).

Institutional Review Board Statement: Animal welfare and all experimental procedures were
reviewed and approved by the University of Nottingham Ethical Review Committee under the
Animals [Scientific Procedures] Act 1986.

Informed Consent Statement: Not applicable.

Data Availability Statement: All the data regarding the study is available through this manuscript.

Acknowledgments: The authors would like to thank the Bio-Support Unit (BSU) team in University
of Nottingham for excellent technical assistance.

Conflicts of Interest: The authors declare that they have no conflict of interest.

References
1. Hauss, D.J. Oral lipid-based formulations. Adv. Drug Deliv. Rev. 2007, 59, 667–676. [CrossRef] [PubMed]
2. Hauss, D.J. Oral Lipi-Based Formulations Enhancing the Bioavailability of Poorly Water-Soluble Drugs; CRC Press: Boca Raton, FL,

USA, 2007; Available online: http://library1.nida.ac.th/termpaper6/sd/2554/19755.pdf (accessed on 12 December 2020).
3. Khoo, S.; Shackleford, D.M.; Porter, C.; Edwards, G.A.; Charman, W.N. Intestinal Lymphatic Transport of Halofantrine Occurs

After Oral Administration of a Unit-Dose Lipid-Based Formulation to Fasted Dogs. Pharm. Res. 2003, 20, 1460–1465. [CrossRef]
4. Patel, V.; Lalani, R.; Bardoliwala, D.; Ghosh, S.; Misra, A. Lipid-Based Oral Formulation Strategies for Lipophilic Drugs. AAPS

PharmSciTech 2018, 19, 3609–3630. [CrossRef] [PubMed]
5. Feng, W.; Qin, C.; Chu, Y.; Berton, M.; Lee, J.B.; Zgair, A.; Bettonte, S.; Stocks, M.J.; Constantinescu, C.S.; Barrett, D.A.; et al.

Natural sesame oil is superior to pre-digested lipid formulations and purified triglycerides in promoting the intestinal lymphatic
transport and systemic bioavailability of cannabidiol. Eur. J. Pharm. Biopharm. 2021, 162, 43–49. [CrossRef]

6. Zgair, A.; Lee, J.B.; Wong, J.C.M.; Taha, D.; Aram, J.; Di Virgilio, D.; McArthur, J.W.; Cheng, Y.-K.; Hennig, I.M.; Barrett, D.A.; et al.
Oral administration of cannabis with lipids leads to high levels of cannabinoids in the intestinal lymphatic system and prominent
immunomodulation. Sci. Rep. 2017, 7, 1–12. [CrossRef] [PubMed]

7. Zgair, A.; Wong, J.C.; Lee, J.B.; Mistry, J.; Sivak, O.; Wasan, K.M.; Hennig, I.M.; Barrett, D.; Constantinescu, C.; Fischer, P.M.; et al.
Dietary fats and pharmaceutical lipid excipients increase systemic exposure to orally administered cannabis and cannabis-based
medicines. Am. J. Transl. Res. 2016, 8, 3448–3459.

http://doi.org/10.1016/j.addr.2007.05.006
http://www.ncbi.nlm.nih.gov/pubmed/17618704
http://library1.nida.ac.th/termpaper6/sd/2554/19755.pdf
http://doi.org/10.1023/A:1025718513246
http://doi.org/10.1208/s12249-018-1188-8
http://www.ncbi.nlm.nih.gov/pubmed/30255474
http://doi.org/10.1016/j.ejpb.2021.02.013
http://doi.org/10.1038/s41598-017-15026-z
http://www.ncbi.nlm.nih.gov/pubmed/29109461


Pharmaceutics 2021, 13, 1349 13 of 15

8. Hussain, M.M. A proposed model for the assembly of chylomicrons. Atherosclerosis 2000, 148, 1–15. [CrossRef]
9. Randolph, G.J.; Miller, N.E.; Randolph, G.J.; Miller, N.E. Lymphatic transport of high-density lipoproteins and chylomicrons Find

the latest version: Review series Lymphatic transport of high-density lipoproteins and chylomicrons. J. Clin. Investig. 2014, 124,
929–935. [CrossRef] [PubMed]

10. Mechoulam, R.; Parker, L.A.; Gallily, R. Cannabidiol: An Overview of Some Pharmacological Aspects. J. Clin. Pharmacol. 2002, 42,
11S–19S. [CrossRef]

11. Wong, J.; Sivak, O.; Wasan, K.M.; Fischer, P.M.; Gershkovich, P. Intestinal absorption of lipophilic cannabinoids: The role of
lymphatic transport. In Proceedings of the 5th World Conference on Drug Absorption, Transport and Delivery, Uppsala, Sweden,
24–26 June 2013.

12. Gershkovich, P.; Fanous, J.; Qadri, B.; Yacovan, A.; Amselem, S.; Hoffman, A. The role of molecular physicochemical properties
and apolipoproteins in association of drugs with triglyceride-rich lipoproteins: In-silico prediction of uptake by chylomicrons. J.
Pharm. Pharmacol. 2009, 61, 31–39. [CrossRef]

13. Holm, R. Examination of oral absorption and lymphatic transport of halofantrine in a triple-cannulated canine model after
administration in self-microemulsifying drug delivery systems (SMEDDS) containing structured triglycerides. Eur. J. Pharm. Sci.
2003, 20, 91–97. [CrossRef]

14. Dahan, A.; Hoffman, A. Evaluation of a chylomicron flow blocking approach to investigate the intestinal lymphatic transport of
lipophilic drugs. Eur. J. Pharm. Sci. 2005, 24, 381–388. [CrossRef] [PubMed]

15. Esposito, G.; De Filippis, D.; Cirillo, C.; Iuvone, T.; Capoccia, E.; Scuderi, C.; Steardo, A.; Cuomo, R.; Steardo, L. Cannabidiol in
Inflammatory Bowel Diseases: A Brief Overview. Phytother. Res. 2012, 27, 633–636. [CrossRef] [PubMed]

16. Costa, B.; Colleoni, M.; Conti, S.; Parolaro, D.; Franke, C.; Trovato, A.E.; Giagnoni, G. Oral anti-inflammatory activity of
cannabidiol, a non-psychoactive constituent of cannabis, in acute carrageenan-induced inflammation in the rat paw. Naunyn-
Schmiedeberg Arch. Pharmacol. 2004, 369, 294–299. [CrossRef] [PubMed]

17. Feldmann, M.; Brennan, F.M.; Foxwell, B.M.; Taylor, P.C.; Williams, R.O.; Maini, R. Anti-TNF therapy: Where have we got to in
2005? J. Autoimmun. 2005, 25, 26–28. [CrossRef] [PubMed]

18. Corey-Bloom, J.; Wolfson, T.; Gamst, A.; Jin, S.; Marcotte, T.D.; Bentley, H.; Gouaux, B. Smoked cannabis for spasticity in multiple
sclerosis: A randomized, placebo-controlled trial. Can. Med. Assoc. J. 2012, 184, 1143–1150. [CrossRef]

19. Nichols, J.M.; Kaplan, B.L. Immune Responses Regulated by Cannabidiol. Cannabis Cannabinoid Res. 2020, 5, 12–31. [CrossRef]
20. Kaplan, B.; Springs, A.E.; Kaminski, N.E. The profile of immune modulation by cannabidiol (CBD) involves deregulation of

nuclear factor of activated T cells (NFAT). Biochem. Pharmacol. 2008, 76, 726–737. [CrossRef]
21. Watzl, B.; Scuderi, P.; Watson, R.R. Marijuana components stimulate human peripheral blood mononuclear cell secretion of

interferon-gamma and suppress interleukin-1 alpha in vitro. Int. J. Immunopharmacol. 1991, 13, 1091–1097. [CrossRef]
22. Izgelov, D.; Davidson, E.; Barasch, D.; Regev, A.; Domb, A.J.; Hoffman, A. Pharmacokinetic investigation of synthetic cannabidiol

oral formulations in healthy volunteers. Eur. J. Pharm. Biopharm. 2020, 154, 108–115. [CrossRef] [PubMed]
23. Benito-Gallo, P.; Franceschetto, A.; Wong, J.C.; Marlow, M.; Zann, V.; Scholes, P.; Gershkovich, P. Chain length affects pancreatic

lipase activity and the extent and pH–time profile of triglyceride lipolysis. Eur. J. Pharm. Biopharm. 2015, 93, 353–362. [CrossRef]
24. Dahan, A.; Hoffman, A. The effect of different lipid based formulations on the oral absorption of lipophilic drugs: The ability

of in vitro lipolysis and consecutive ex vivo intestinal permeability data to predict in vivo bioavailability in rats. Eur. J. Pharm.
Biopharm. 2007, 67, 96–105. [CrossRef]

25. Griffin, W.C. Classification of Surface-Active Agents by “HLB”. J. Cosmet. Sci. 1949, 1, 311–326.
26. Chun, A.H.C.; Martin, A.N. Measurement of Hydrophile-Lipophile Balance of Surface-Active Agents. J. Pharm. Sci. 1961, 50,

732–736. [CrossRef]
27. Guo, Y.; Luo, J.; Tan, S.; Otieno, B.O.; Zhang, Z. The applications of Vitamin E TPGS in drug delivery. Eur. J. Pharm. Sci. 2013, 49,

175–186. [CrossRef]
28. Zuccari, G.; Alfei, S.; Zorzoli, A.; Marimpietri, D.; Turrini, F.; Baldassari, S.; Marchitto, L.; Caviglioli, G. Increased Water-Solubility

and Maintained Antioxidant Power of Resveratrol by Its Encapsulation in Vitamin E TPGS Micelles: A Potential Nutritional
Supplement for Chronic Liver Disease. Pharmaceutics 2021, 13, 1128. [CrossRef]

29. Zuccari, G.; Baldassari, S.; Alfei, S.; Marengo, B.; Valenti, G.; Domenicotti, C.; Ailuno, G.; Villa, C.; Marchitto, L.; Caviglioli, G.
D-α-Tocopherol-Based Micelles for Successful Encapsulation of Retinoic Acid. Pharmaceutics 2021, 14, 212. [CrossRef]

30. Bi, F.; Zhang, X.; Liu, J.; Yong, H.; Gao, L.; Liu, J. Development of antioxidant and antimicrobial packaging films based on chitosan,
D-α-tocopheryl polyethylene glycol 1000 succinate and silicon dioxide nanoparticles. Food Packag. Shelf Life 2020, 24, 100503.
[CrossRef]

31. Niki, E. Role of vitamin E as a lipid-soluble peroxyl radical scavenger: In vitro and in vivo evidence. Free Radic. Biol. Med. 2014,
66, 3–12. [CrossRef] [PubMed]

32. Yan, A.; Bussche, A.V.D.; Kane, A.B.; Hurt, R.H. Tocopheryl polyethylene glycol succinate as a safe, antioxidant surfactant for
processing carbon nanotubes and fullerenes. Carbon 2007, 45, 2463–2470. [CrossRef] [PubMed]

33. Fan, Z.; Wu, J.; Fang, X.; Sha, X. A new function of Vitamin E-TPGS in the intestinal lymphatic transport of lipophilic drugs:
Enhancing the secretion of chylomicrons. Int. J. Pharm. 2013, 445, 141–147. [CrossRef] [PubMed]

34. Larsen, A.T.; Sassene, P.; Müllertz, A. In vitro lipolysis models as a tool for the characterization of oral lipid and surfactant based
drug delivery systems. Int. J. Pharm. 2011, 417, 245–255. [CrossRef] [PubMed]

http://doi.org/10.1016/S0021-9150(99)00397-4
http://doi.org/10.1172/JCI71610
http://www.ncbi.nlm.nih.gov/pubmed/24590278
http://doi.org/10.1002/j.1552-4604.2002.tb05998.x
http://doi.org/10.1211/jpp.61.01.0005
http://doi.org/10.1016/S0928-0987(03)00174-X
http://doi.org/10.1016/j.ejps.2004.12.006
http://www.ncbi.nlm.nih.gov/pubmed/15734305
http://doi.org/10.1002/ptr.4781
http://www.ncbi.nlm.nih.gov/pubmed/22815234
http://doi.org/10.1007/s00210-004-0871-3
http://www.ncbi.nlm.nih.gov/pubmed/14963641
http://doi.org/10.1016/j.jaut.2005.09.006
http://www.ncbi.nlm.nih.gov/pubmed/16260118
http://doi.org/10.1503/cmaj.110837
http://doi.org/10.1089/can.2018.0073
http://doi.org/10.1016/j.bcp.2008.06.022
http://doi.org/10.1016/0192-0561(91)90160-9
http://doi.org/10.1016/j.ejpb.2020.06.021
http://www.ncbi.nlm.nih.gov/pubmed/32634571
http://doi.org/10.1016/j.ejpb.2015.04.027
http://doi.org/10.1016/j.ejpb.2007.01.017
http://doi.org/10.1002/jps.2600500903
http://doi.org/10.1016/j.ejps.2013.02.006
http://doi.org/10.3390/pharmaceutics13081128
http://doi.org/10.3390/ph14030212
http://doi.org/10.1016/j.fpsl.2020.100503
http://doi.org/10.1016/j.freeradbiomed.2013.03.022
http://www.ncbi.nlm.nih.gov/pubmed/23557727
http://doi.org/10.1016/j.carbon.2007.08.035
http://www.ncbi.nlm.nih.gov/pubmed/19081834
http://doi.org/10.1016/j.ijpharm.2013.01.070
http://www.ncbi.nlm.nih.gov/pubmed/23396256
http://doi.org/10.1016/j.ijpharm.2011.03.002
http://www.ncbi.nlm.nih.gov/pubmed/21392564


Pharmaceutics 2021, 13, 1349 14 of 15

35. Porter, C.; Kaukonen, A.M.; Taillardat-Bertschinger, A.; Boyd, B.; O’Connor, J.M.; Edwards, G.A.; Charman, W. Use of in vitro
lipid digestion data to explain the in vivo performance of triglyceride-based oral lipid formulations of poorly water-soluble
drugs: Studies with halofantrine. J. Pharm. Sci. 2004, 93, 1110–1121. [CrossRef]

36. Fatouros, D.G.; Bergenstahl, B.; Mullertz, A. Morphological observations on a lipid-based drug delivery system during in vitro
digestion. Eur. J. Pharm. Sci. 2007, 31, 85–94. [CrossRef] [PubMed]

37. Christensen, J.Ø.; Schultz, K.; Mollgaard, B.; Kristensen, H.G.; Müllertz, A. Solubilisation of poorly water-soluble drugs during
in vitro lipolysis of medium- and long-chain triacylglycerols. Eur. J. Pharm. Sci. 2004, 23, 287–296. [CrossRef]

38. Rezhdo, O.; Di Maio, S.; Le, P.; Littrell, K.C.; Carrier, R.L.; Chen, S.-H. Characterization of colloidal structures during intestinal
lipolysis using small-angle neutron scattering. J. Colloid Interface Sci. 2017, 499, 189–201. [CrossRef]

39. Zgair, A.; Wong, J.C.; Sabri, A.; Fischer, P.M.; Barrett, D.A.; Constantinescu, C.S.; Gershkovich, P. Development of a simple and
sensitive HPLC–UV method for the simultaneous determination of cannabidiol and ∆9-tetrahydrocannabinol in rat plasma. J.
Pharm. Biomed. Anal. 2015, 114, 145–151. [CrossRef]

40. Grove, M.; Pedersen, G.P.; Nielsen, J.L.; Müllertz, A. Bioavailability of seocalcitol I: Relating solubility in biorelevant media with
oral bioavailability in rats—Effect of medium and long chain triglycerides. J. Pharm. Sci. 2005, 94, 1830–1838. [CrossRef]

41. Bandyopadhyay, S.; Katare, O.; Singh, B. Optimized self nano-emulsifying systems of ezetimibe with enhanced bioavailability
potential using long chain and medium chain triglycerides. Colloids Surf. B Biointerfaces 2012, 100, 50–61. [CrossRef]

42. Han, S.-F.; Yao, T.-T.; Zhang, X.-X.; Gan, L.; Zhu, C.; Yu, H.-Z.; Gan, Y. Lipid-based formulations to enhance oral bioavailability of
the poorly water-soluble drug anethol trithione: Effects of lipid composition and formulation. Int. J. Pharm. 2009, 379, 18–24.
[CrossRef] [PubMed]

43. Izgelov, D.; Shmoeli, E.; Domb, A.J.; Hoffman, A. The effect of medium chain and long chain triglycerides incorporated in
self-nano emulsifying drug delivery systems on oral absorption of cannabinoids in rats. Int. J. Pharm. 2020, 580, 119201. [CrossRef]

44. Mohsin, K. Design of Lipid-Based Formulations for Oral Administration of Poorly Water-Soluble Drug Fenofibrate: Effects of
Digestion. AAPS PharmSciTech 2012, 13, 637–646. [CrossRef] [PubMed]

45. Dahan, A.; Hoffman, A. Rationalizing the selection of oral lipid based drug delivery systems by an in vitro dynamic lipolysis
model for improved oral bioavailability of poorly water soluble drugs. J. Control Release 2008, 129, 1–10. [CrossRef]

46. Boggs, D.L.; Surti, T.; Gupta, A.; Gupta, S.; Niciu, M.; Pittman, B.; Martin, A.M.S.; Thurnauer, H.; Davies, A.; D’Souza, D.C.; et al.
The effects of cannabidiol (CBD) on cognition and symptoms in outpatients with chronic schizophrenia a randomized placebo
controlled trial. Psychopharmacology 2018, 235, 1923–1932. [CrossRef]

47. Hardy, J.; Haywood, A.; Gogna, G.; Martin, J.; Yates, P.; Greer, R.; Good, P. Oral medicinal cannabinoids to relieve symptom
burden in the palliative care of patients with advanced cancer: A double-blind, placebo-controlled, randomised clinical trial of
efficacy and safety of 1:1 delta-9-tetrahydrocannabinol (THC) and cannabidiol (CBD). Trials 2020, 21, 611. [CrossRef]

48. White, C.M. A Review of Human Studies Assessing Cannabidiol’s (CBD) Therapeutic Actions and Potential. J. Clin. Pharmacol.
2019, 59, 923–934. [CrossRef] [PubMed]

49. Sholler, D.J.; Schoene, L.; Spindle, T.R. Therapeutic Efficacy of Cannabidiol (CBD): A Review of the Evidence from Clinical Trials
and Human Laboratory Studies. Curr. Addict. Rep. 2020, 7, 405–412. [CrossRef]

50. Linares, I.M.; Zuardi, A.W.; Pereira, L.C.; Queiroz, R.H.; Mechoulam, R.; Guimarães, F.S.; Crippa, J.A. Cannabidiol presents an
inverted U-shaped dose-response curve in a simulated public speaking test. Rev. Bras. Psiquiatr. 2019, 41, 9–14. [CrossRef]

51. Zuardi, A.W.; Rodrigues, N.P.; Silva, A.L.; Bernardo, S.A.; Hallak, J.E.C.; Guimarães, F.S.; Crippa, J.A.S. Inverted U-Shaped
Dose-Response Curve of the Anxiolytic Effect of Cannabidiol during Public Speaking in Real Life. Front. Pharmacol. 2017, 8, 259.
[CrossRef]

52. Zgair, A. Intestinal Lymphatic Transport of Cannabinoids: Implications for People with Autoimmune Diseases and Immunocompromised
Individuals; University of Nottingham: Nottingham, UK, 2017.

53. Reagan-Shaw, S.; Nihal, M.; Ahmad, N. Dose translation from animal to human studies revisited. FASEB J. 2008, 22, 659–661.
[CrossRef] [PubMed]

54. Granger, C.; Barey, P.; Combe, N.; Veschambre, P.; Cansell, M. Influence of the fat characteristics on the physicochemical
behavior of oil-in-water emulsions based on milk proteins-glycerol esters mixtures. Colloids Surf. B Biointerfaces 2003, 32, 353–363.
[CrossRef]

55. Speranza, A.; Corradini, M.; Hartman, T.G.; Ribnicky, D.; Oren, A.; Rogers, M.A. Influence of Emulsifier Structure on Lipid
Bioaccessibility in Oil–Water Nanoemulsions. J. Agric. Food Chem. 2013, 61, 6505–6515. [CrossRef] [PubMed]

56. Reis, P.M.; Raab, T.W.; Chuat, J.Y.; Leser, M.E.; Miller, R.; Watzke, H.J.; Holmberg, K. Influence of Surfactants on Lipase Fat
Digestion in a Model Gastro-intestinal System. Food Biophys. 2008, 3, 370–381. [CrossRef] [PubMed]

57. Cuiné, J.F.; Charman, W.; Pouton, C.; Edwards, G.A.; Porter, C. Increasing the Proportional Content of Surfactant (Cremophor EL)
Relative to Lipid in Self-emulsifying Lipid-based Formulations of Danazol Reduces Oral Bioavailability in Beagle Dogs. Pharm.
Res. 2007, 24, 748–757. [CrossRef]

58. Christiansen, A.; Backensfeld, T.; Weitschies, W. Effects of non-ionic surfactants on in vitro triglyceride digestion and their
susceptibility to digestion by pancreatic enzymes. Eur. J. Pharm. Sci. 2010, 41, 376–382. [CrossRef]

59. MacGregor, K.J.; Embleton, J.K.; Lacy, J.E.; Perry, E.A.; Solomon, L.J.; Seager, H.; Pouton, C.W. Influence of lipolysis on drug
absorption from the gastro-intestinal tract. Adv. Drug Deliv. Rev. 1997, 27, 33–46. [CrossRef]

http://doi.org/10.1002/jps.20039
http://doi.org/10.1016/j.ejps.2007.02.009
http://www.ncbi.nlm.nih.gov/pubmed/17418543
http://doi.org/10.1016/j.ejps.2004.08.003
http://doi.org/10.1016/j.jcis.2017.03.109
http://doi.org/10.1016/j.jpba.2015.05.019
http://doi.org/10.1002/jps.20403
http://doi.org/10.1016/j.colsurfb.2012.05.019
http://doi.org/10.1016/j.ijpharm.2009.06.001
http://www.ncbi.nlm.nih.gov/pubmed/19508887
http://doi.org/10.1016/j.ijpharm.2020.119201
http://doi.org/10.1208/s12249-012-9787-2
http://www.ncbi.nlm.nih.gov/pubmed/22547370
http://doi.org/10.1016/j.jconrel.2008.03.021
http://doi.org/10.1007/s00213-018-4885-9
http://doi.org/10.1186/s13063-020-04541-6
http://doi.org/10.1002/jcph.1387
http://www.ncbi.nlm.nih.gov/pubmed/30730563
http://doi.org/10.1007/s40429-020-00326-8
http://doi.org/10.1590/1516-4446-2017-0015
http://doi.org/10.3389/fphar.2017.00259
http://doi.org/10.1096/fj.07-9574LSF
http://www.ncbi.nlm.nih.gov/pubmed/17942826
http://doi.org/10.1016/j.colsurfb.2003.07.003
http://doi.org/10.1021/jf401548r
http://www.ncbi.nlm.nih.gov/pubmed/23758276
http://doi.org/10.1007/s11483-008-9091-6
http://www.ncbi.nlm.nih.gov/pubmed/20401181
http://doi.org/10.1007/s11095-006-9194-z
http://doi.org/10.1016/j.ejps.2010.07.005
http://doi.org/10.1016/S0169-409X(96)00489-9


Pharmaceutics 2021, 13, 1349 15 of 15

60. Dahan, A.; Hoffman, A. Use of a Dynamic in Vitro Lipolysis Model to Rationalize Oral Formulation Development for Poor Water
Soluble Drugs: Correlation with in Vivo Data and the Relationship to Intra-Enterocyte Processes in Rats. Pharm. Res. 2006, 23,
2165–2174. [CrossRef]

61. Lee, J.B.; Kim, T.H.; Feng, W.; Choi, H.G.; Zgair, A.; Shin, S.; Yoo, S.D.; Gershkovich, P.; Shin, B.S. Quantitative Prediction of Oral
Bioavailability of a Lipophilic Antineoplastic Drug Bexarotene Administered in Lipidic Formulation Using a Combined In Vitro
Lipolysis/Microsomal Metabolism Approach. J. Pharm. Sci. 2019, 108, 1047–1052. [CrossRef]

62. Benito-Gallo, P.; Marlow, M.; Zann, V.; Scholes, P.; Gershkovich, P. Linking in Vitro Lipolysis and Microsomal Metabolism for
the Quantitative Prediction of Oral Bioavailability of BCS II Drugs Administered in Lipidic Formulations. Mol. Pharm. 2016, 13,
3526–3540. [CrossRef]

63. Gershkovich, P.; Hoffman, A. Uptake of lipophilic drugs by plasma derived isolated chylomicrons: Linear correlation with
intestinal lymphatic bioavailability. Eur. J. Pharm. Sci. 2005, 26, 394–404. [CrossRef]

64. Griffin, B.T.; O’Driscoll, C. A comparison of intestinal lymphatic transport and systemic bioavailability of saquinavir from three
lipid-based formulations in the anaesthetised rat model. J. Pharm. Pharmacol. 2010, 58, 917–925. [CrossRef]

http://doi.org/10.1007/s11095-006-9054-x
http://doi.org/10.1016/j.xphs.2018.09.025
http://doi.org/10.1021/acs.molpharmaceut.6b00597
http://doi.org/10.1016/j.ejps.2005.07.011
http://doi.org/10.1211/jpp.58.7.0006

	Introduction 
	Materials and Methods 
	Materials 
	Lipid-Based Formulations 
	In Vitro Lipolysis 
	Animal Studies 
	Bioanalytical Conditions 
	Sample Preparation 
	Chromatography Conditions 

	Triglycerides Level Determinations 
	Data Analysis 

	Results 
	In Vitro Lipolysis of Lipid-Based Formulations 
	In Vivo Pharmacokinetics 
	Biodistribution 

	Discussion 
	The Design of Lipid-Based Formulations 
	In Vitro Lipolysis 
	In Vivo Pharmacokinetics and Biodistribution 

	Conclusions 
	References

