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Figure 5.1. Journey of drugs from the intestinal lumen to the systemic circulation. Transcellular 

drug absorption can occur through both portal and lymphatic pathways. Drugs with low 

lipophilicity (log P < 5) are absorbed into enterocytes before entering the portal blood 

circulation. These drugs then travel to the liver, after which they get into the right atrium through 

the inferior vena cava, and complete the heart lung heart cycle, ultimately entering the systemic 



blood. Lipophilic drugs (log P > 5) are typically packaged into chylomicrons within enterocytes. 

As these chylomicrons enter the lamina propria, they are taken up by intestinal lymphatic vessels 

(lacteals) that funnel into lymphatic vessels in the mesentery. This flow drains into the cisterna 

chyli at the posterior end of the thoracic duct, leading to the junction of the left subclavian and 

left internal jugular veins. Drugs then enter the right atrium through the anterior vena cava, 

undergoing the heart lung heart cycle before reaching systemic blood. From the 1. vena cava, 

blood gets the 2. right atrium, then it moves into the 3. right ventricle before making its initial 

journey to the lungs for pulmonary oxygenation. After being oxygenated in the lungs, the blood, 

along with any accompanying medication, flows back to the 4. left atrium. It is then propelled 

into the 5. left ventricle, which in turn pumps the oxygen rich blood and medication though the 

6. aorta to the entire body for various actions, disposition, and eventual elimination. Additionally, 

another main intestinal lymphatic pathway involves drugs passing through M cells of Peyer's 

patches in the intestinal lumen, reaching the mesenteric lymph and joining the previously 

described flow until entering the general systemic vascular circulation.



Figure 7.1. Schematic representation of natural chylomicrons (right) and the artificial 

counterpart (left) demonstrating their resemblance..

Figure 7.2. Demonstration of the proposed lymphatic uptake model.

Figure 7.3. Cumulative percentage of tested drugs (cannabidiol, halofantrine, quercetin, and 

rifampicin) in the receiver compartment of the developed in vitro lymphatic uptake model. Data 

represent mean ± standard error (SE) (n = 3 for all drugs and 2 for halofantrine). Results showed 

significant differences (p < 0.05) among the drugs regarding their lymphatic uptake.

Figure 7.4. The effect of different percentages of Pluronic® L 81 added to Intralipid® on drug 

release inhibition in the in vitro lymphatic uptake model. Higher concentrations (10% and 1%) 

were highly effective in imparting the inhibition (p < 0.05). Lower concentration of the Pluronic® 

L 81 (0.1%) showed inhibition but did not reach statistical significance (p > 0.05). No inhibition 



was seen with the 0.05% of Pluronic® L 81 as confirmed through statistical analysis (p > 0.05)

Figure 7.5. Change in the Intralipid® particle size with the varying percentages of Pluronic® L

81 (p < 0.05). As the percentage of Pluronic® L 81 increased, the particle size also increased. 

Specifically, the presence of 0%, 0.1%, 1%, and 10% Pluronic® L 81 within the Intralipid® 

yielded particle sizes of 477.86 ± 5.19 nm, 585.7 ± 5.06 nm, 646.9 ± 4.87 nm, and 1615 ± 8.1 

nm, respectively (mean ± SE), n = 3.

Figure 7.6. TEM images of Intralipid® particles (a) and Intralipid® with 10% Pluronic® L 81 (b) 

at 10 K magnification power (top) and 40 K magnification power (bottom). The Intralipid® 

droplets when captured alone (a) had discrete edges and smaller sizes, while in the presence of 

Pluronic® L 81 (b), particles were larger and surrounded by a layer that made their edges less 

apparent. Agglomerations of particles enveloped by the same layer can also be noted in the 

presence of Pluronic® L 81.

Figure 7.7. Demonstration of the increased in vitro lymphatic uptake of rifampicin via the 

developed model when peanut oil (2%) was added to Intralipid® (p < 0.05). Data represent mean 

± SE (n = 3).

Figure 7.8. Illustration of the main fatty acids in peanut oil.

Figure 7.9. TEM images showing Intralipid® particles (a) and Intralipid® with 2% peanut oil (b) 

at 10 K magnification power (top) and 40 K magnification power (bottom). With the 

incorporation of oil, the centers of the Intralipid® droplets exhibit a distinct clarity and shine, 



indicating emulsification of the oil into the droplet cores. Conversely, in the absence of added oil, 

the centers of the droplets appear dull.

Figure 8.2. Demonstration of the increased in vitro lymphatic uptake of cannflavin A (CFA) via 

the developed model when Labrafil® 2125 CS (uptake enhancer) was added to Intralipid®. Data 

represent mean ± SD (n = 6). .

Figure 8.3. Microspecies of chloroquine at different pHs (0 14) showing the ionization 

behaviour of chloroquine throughout this range of pH values.

Figure 8.4. Illustration of the differences in the percentage of the in vitro lymphatic uptake of the 

model drugs; rifampicin (16.54 ± 4.13) and quercetin (34.42 ± 7.53) via the developed model 

when 5% (+/ ) chloroquine was added to the Intralipid® in the receiver compartment of the 

model. Upon doing that the uptake decreased to (0.38 ± 0.35, p < 0.05) and (0.92 ± 0.01, p < 

0.05) for rifampicin and quercetin, respectively.

Figure 8.5. Change in the Intralipid® zeta potential with the varying percentages of chloroquine 

(blue) and sodium lauryl sulphate (SLS, red) expressed as an average of triplicates. The zeta 

potential of Intralipid® alone is grey.

Figure 8.6. Demonstration of the increased in vitro lymphatic uptake of rifampicin via the 

developed model when different percentages of sodium lauryl sulphate (SLS) were added to 

Intralipid® in the receiver compartment.
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Figure 10.1. Pharmacokinetic (PK) model of simulated and observed (60) profiles of 

halofantrine in the fasting (top) and fed (bottom) States. Observed data represent the mean values 

for 6 subjects and the error bars represent the standard deviation of the observed highest plasma 

concentration (Cmax).

Figure 10.2. Physiologically Based Pharmacokinetic (PBPK) model of simulated and observed 

(60) profiles of halofantrine in the fasting state. Observed data represent the mean values for 6 

subjects and the error bars represent the standard deviation of the observed highest plasma 

concentration (Cmax).

Figure 10.3. Physiologically Based Pharmacokinetic (PBPK) model of simulated and observed 

(60) profiles of halofantrine in the fed state. Observed data represent the mean values for 6 

subjects and the error bars represent the standard deviation of the observed highest plasma 

concentration (Cmax).

Figure 10.4. Diagram depicts the absorption pathway adopted in the in silico models for orally 

administered drugs, utilizing continuous arrows to signify the route from the intestine through 

the portal vein to the liver and subsequently to the general circulation. Additionally, the 

overlooked absorption pathway is illustrated with dotted arrows, indicating that drugs can travel 

through the mesenteric lymph to enter the general circulation.



Figure 10.5. Illustration showing the side chain folding, drawing the tertiary amine nearer to the 

benzylic hydroxyl group. This spatial configuration creates an intramolecular hydrogen bond, 

consequently lowering the basicity of amine in halofantrine and changing the PKa from 8.16 for 

the left molecular configuration to 5.58 for the right molecular configuration.
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function of the lysosomes and the mechanism of <trapping= potential drugs in addition to 



charge (pKa Ã 6) 

force for the candidate drugs9 deposition into lysosomes 



fraction of the drug being <trapped= as depicted in 

Trapping of the antimalarial drug, chloroquine, inside the parasites9 lysosome (food 
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of the trapped drugs on the lysosome9s membranes, intracellular, and intra
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Effects of lysosomal trapping=. Additionally, enterocyte and hepatocyte lysosomal trapping 
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drug solution (100 μM, pH = 7.4) while the basolateral one was filled with 1.5 mL of 



The lysosomal fluids were chemically investigated using Medica9s EasyRA

0.45 μm 
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lysosomal fluid using Medica9s EasyRA

59.08 ± 2.0  √

3.09 ± 0.06  √ 4.24  √

0.46 ± 0.02  √

59.1 ± 5.0  √

4.21  √



depicts the drug9s rate and extent of release







Dextromethorphan9s rate and extent of release were different in the three 







<lacteals= while dissecting a dog9s abdomen . Aselli9s work was published in 1627 



<fluid absorbed from the tissues= 

Aristotle9s detection of a lymphatic vessel. He described them as <fibres= between 

them 89venae albae aut lacteae99 or (lacteals) 

time which appeared in his book <vasa lymphatica.=  He also confirmed the 



The fluid surrounding body9s cells is termed the interstitial fluid. When this fluid 

enters the lymphatic system, it is referred to as <lymph.= It does so through the blind

60 μm in diameter and possess a unique 





lymphatic vessels is the microcirculation or the 89vasa vasorum99 that delivers oxygen and 

<lymph heart=. Contraction of lymphangions together with the 







tonsils and in the ileum of the small intestine these are referred to as Peyer9s patches 









Cellular junctions of lacteals were also linked functionally to the chylomicron9s entry into 

endoplasmic reticulum of the enterocyte9s apical membrane 

another key component there, which is the Peyer9s patch. These lymphoid tissues are 





because of the lymphatic9s broader vasculature, lower pressure gradient and higher 
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Dalton9s lymphoma to compare the biodistribution of radiolabeled free and nanoparticle
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In this disease group, there hasn9t been translational development of drugs targeting 
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Furthermore, the lymphatic system contributes to the body9s defense against infections 
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potentially increased variability in drug exposure. Furthermore, an individual9s dietary lipid 





decreases the ability of LPL to further break down triglycerides. However, it9s essential to 

metabolism by inhibiting LPL9s action. Apo C

III9s interference goes beyond LPL inhibition. It also affects 

















Figure 5.1. Journey of drugs from the intestinal lumen to the systemic circulation. Transcellular 

drug absorption can occur through both portal and lymphatic pathways. Drugs with low 

lipophilicity (log P < 5) are absorbed into enterocytes before entering the portal blood circulation. 

These drugs then travel to the liver, after which they get into the right atrium through the inferior 

vena cava, and complete the heart lung heart cycle, ultimately entering the systemic blood. 

Lipophilic drugs (log P > 5) are typically packaged into chylomicrons within enterocytes. As these 

chylomicrons enter the lamina propria, they are taken up by intestinal lymphatic vessels (lacteals) 

that funnel into lymphatic vessels in the mesentery. This flow drains into the cisterna chyli at the 

posterior end of the thoracic duct, leading to the junction of the left subclavian and left internal 

jugular veins. Drugs then enter the right atrium through the anterior vena cava, undergoing the 

heart lung heart cycle before reaching systemic blood. From the 1. vena cava, blood gets the 2. 

right atrium, then it moves into the 3. right ventricle before making its initial journey to the lungs 

for pulmonary oxygenation. After being oxygenated in the lungs, the blood, along with any 



accompanying medication, flows back to the 4. left atrium. It is then propelled into the 5. left 

ventricle, which in turn pumps the oxygen rich blood and medication though the 6. aorta to the 

entire body for various actions, disposition, and eventual elimination. Additionally, another main 

intestinal lymphatic pathway involves drugs passing through M cells of Peyer's patches in the 

intestinal lumen, reaching the mesenteric lymph and joining the previously described flow until 

entering the general systemic vascular circulation.× ×



× × ×× ×

Dissolution and/or micellization



× × × 
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chain fatty acids (C g 12) and 

The data collection method is outlined below, and 



the various models are presented in Figure 5.5, with detailed explanations provided in the 

subsequent sections.
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81 at g 1% effectively inhibited the uptake. The results 
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the low doses (0.1 to 0.5 mg/kg) were not found to be effective in blocking the lymphatic 

uptake (371)
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3 , and the toxic oral dose in humans is > 0.1 mg/kg 



underlying mucosal lymphoid tissues (Peyers9 patches) for antigen presentation 



with an oral DNA vaccine targeting Peyers9 patches 

e>



(�ÿāĂĀā āĄ ā/ă ĂÿĂą ă�āÿăāăĂ ÿĀāā ā/ă ĂÿÿĀă ăÿÿ Ă1 + �ÿāĂĀā āĄ ā/ă ĂÿĂą ă�āÿăāăĂ ÿĀāā ā/ă ĂÿÿĀă ăÿÿ Ă2)Dose of the drug administered
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termed the <initial lymphatics.= Next, it drains into the lymphatic collecting vessels, then 



hydrolysis products enter the enterocytes, long chain fatty acids (C g 12) and 



is 15 μL/h, and post



maintenance, namely albumin, α1, α2, ³ globulins, and fibrinogen, in addition to the 

The cellular component averages 12,000 ± 5200 cells/μL in rat mesenteric lymph 





Table 6.1. Concentration of various constituents in lymphatic fluid (120, 136).

Lymph derived from the intestine is termed <chyle.= It has a rich protein content 

3

Component  General Simulated 
Lymphatic Fluid (mM)

Intestinal Simulated Lymphatic 
Fluid or Chyle (mM)

HCO3 4.2 4.2 

K+ 5 5 

Cl 148.8 148.8 

Na+ 142 142 

Ca+ 2.5 2.5 

Mg+ 1.5 1.5 

HPO4
2 1 1

SO4
2 0.5 0.5 

Tris(hydroxymethyl)aminomethane 50 50 

Hydrochloric acid 45 45 

Proteins < 0.01 g/mL 0.0230.06 g/mL 

Triglyceride fat globules 
(chylomicrons)

> 0.01 g/mL 



the chylomicron9s; furthermore, it contains the main components that constitute 

3

Table 6.2. Composition of Intralipid® and endogenous chylomicrons.

Chylomicrons Intralipid

Size 7531000 nm (1 µ) 0.5 µ 

Components Triglycerides (~84%)

Phospholipidis (~7%)

Protein (1 2%)

Cholesterol (~7%)

Cholesterol esters (1 2%)

Soybean oil* (20 g)

Egg phospholipids (1.2 g)

Glycerol (2.2 g)

q.s water for injection (100 mL)

*Acids in soybean oil include 52% linoleic and 22% oleic in addition palmitic (13%), linolenic (8%), stearic 
(4%), myristic (< 1%), and other acids (1%).



3

Table 6.3. Reagents for preparing simulated lymphatic fluid.

Reagent CAS number Amount for 1 L of 
Simulated Lymphatic Fluid

Sodium chloride 7647 14 5 8.035 g

Sodium bicarbonate 144 55 8 0.355 g

Potassium chloride 7447 40 7 0.225 g

Potassium phosphate dibasic 7758 11 4 0.231 g

Magnesium chloride hexahydrate 7791 18 6 0.311 g

1 M Hydrochloric acid 7647 01 0 39 mL

Calcium chloride dihydrate 10035 04 8 0.292 g

Sodium sulfate 7757 82 6 0.072 g

Tri(hydroxymethyl)aminomethane 7283 04 7 6.118 g

Protein (human serum albumin) 70024 90 7 40 g

Intralipid  68890 65 3 100 mL



Medica9s EasyRA
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Table 6.4. Comparison of prepared simulated lymphatic fluids, commercial artificial fluid, and 

biological fluid.

Property or 
Component 

Commercial 
Artificial 
Lymphatic Fluid*

Simulated 
General 
Lymphatic Fluid

Simulated 
Intestinal 
Lymphatic Fluid

Biological 
Lymphatic Fluid 
(136, 333)

pH 6.98 7.4 7.4 7.08  7.4

Density 1.007 g/mL 1.006 g/mL 1.005 g/mL 1.005  1.016 g/mL

Na+ 97.3 mM 135.7  mM 135.7 mM 142 mM

K+ 43.5 mM 5.23 mM 5.23 mM 5 mM

Cl _ 117.4 mM 117.4 mM 148.8 mM

Ca+ 0.91 mM 2.51 mM 2.51 mM 2.5 mM

Mg+ 3.65 mM 1.45 mM 1.45 mM 1.5 mM

P2 6.02 mM 1.06 1.06 mM 1 mM (Phosphate)
0.32 mM 
(Phosphorus)

Fe3+ _ _ 0.007 mM _

CO2 48.6 mM _ _ _

Albumin 0.002 g/mL 0.005 g/mL 0.021 g/mL f 0.0054 g/mL for 
general lymphatic 
fluid 
0.012 0.036 g/mL 
for intestinal 
lymphatic fluid

Total Proteins 0.004 g/mL 0.005 g/mL 0.04 g/mL < 0.01 g/mL for 
general lymphatic 
fluid
0.02  0.06 g/mL for 
intestinal lymphatic 
fluid

Triglycerides 0.0009 g/mL 0.03 g/mL > 0.01 g/mL

*Artificial lymphatic fluid was purchased from Biochemazone, Waterloo, Canada (Batch no. BZ 0421A).









Most orally administered drugs enter the systemic circulation after absorption from 

enterocytes in the intestine via the portal vein (234). However, some orally administered 

lipophilic xenobiotics access the systemic vasculature via the intestinal lymphatic system, 

offering several advantages for drug delivery (53, 240, 278). Absorption through the 

intestinal lymphatics enables the drug to reach the general circulation without passing 

through the liver, which is beneficial for molecules that are prone to first pass metabolism 

by the liver (54, 56). Additionally, drug delivery through the lymphatic system can result in 

higher drug concentrations in the systemic circulation and improve bioavailability, as 

reported for several drugs (54, 138, 182). The lymphatic route of absorption can be more 

effective for drugs targeting conditions involving the lymphatic system pathophysiology, 

including some viral infections, metabolic and inflammatory conditions, hypertension, and 

solid tumors, among others (51, 56, 184).

Drugs can access the intestinal lymphatics through enterocytes or microfold cells 

(M cells) in the follicle associated epithelium (FAE) that overlies Peyer9s patches (54, 234, 

278). Chylomicrons, which are mainly composed of triglycerides, phospholipids, proteins, 

cholesterol, and cholesteryl esters, are responsible for transporting drugs across the 

enterocytes and into the lymphatic system (254, 264). Ingested triglycerides are hydrolyzed 

by lipases into monoacylglycerols and free fatty acids, which are subsequently re esterified 

to triglycerides and assembled into chylomicrons in the endoplasmic reticulum and Golgi 

apparatus of enterocytes before being exocytosed via the basolateral membrane (53, 234, 

278).



There are various methods of enhancing the transport of drugs through the 

lymphatic system. These include administration of drugs during a postprandial state and the 

utilization of lipid based formulations and lipidic prodrugs (54). Lipid based nanoparticles 

have emerged as promising candidates for drug delivery. Multiple studies have been 

dedicated to creating formulations that leverage the potential of the intestinal lymphatics 

(54, 234, 254, 278). For instance, in a study involving Solid Lipid Nanoparticles (SLNs) 

loaded with nimodipine, a considerable improvement in bioavailability was observed 

compared to the drug solution. The bioavailability of nimodipine increased by a factor of 

2.08 in male Albino Wistar rats. This enhancement was attributed to the portion of 

nimodipine carried by the lymphatic system (228).

Another illustration that highlights the harmonious interplay between utilizing a 

prodrug approach and the influence of food on the transportation of substances through the 

intestinal lymphatics can be found in the example of testosterone. When administered 

orally, testosterone exhibited limited effectiveness in treating male androgen deficiency 

syndromes due to significant initial loss during the first pass through the liver (460). 

However, studies have indicated that testosterone undecanoate, a prodrug of testosterone, 

displays higher systemic exposure compared to testosterone administration (64, 461). 

Furthermore, the exposure to both testosterone and the prodrug was notably greater in 

individuals who had consumed a meal compared to those who were fasting. This increase 

in systemic exposure after a meal was correlated with an augmentation in lymphatic 

transport efficiency. Moreover, the strategic conjugation of testosterone with a lipophilic 

long chain ester (undecanoate) led to an elevated androgenic response compared to using 

pure testosterone. This lipophilic ester was observed to follow the intestinal lymphatic 



route, evading the liver and ameliorating the initial pass effect. Once within the systemic 

circulation, the ester form underwent hydrolysis, liberating the free form of testosterone. 

Notably, a significant portion4ranging from 91.5% to 99.7%4of the testosterone 

available within the system was attributed to the testosterone undecanoate that had been 

transported via the lymphatic system (64). Numerous additional instances of such 

approaches can be found within various reports and reviews in the existing literature (54, 

56, 182, 278).

For investigating lymphatic uptake, researchers have established and employed the 

mesenteric lymphatic cannulation model, which serves to assess lymphatic transport (283, 

462). As intestinal lymph drains, it passes through the mesenteric lymph node en route to 

the circulation (56). This model facilitates the direct sampling of the mesenteric lymph 

node, allowing for the quantification of the drug that enters the systemic circulation 

through its journey in the intestinal lymphatics. While this method simplifies sample 

collection and measurement, it is important to note that lymphatic cannulation is invasive 

and comes with inherent limitations. The procedure necessitates intricate surgical steps and 

may potentially influence lymph flow and vessel pressure gradients, rendering sequential 

sampling challenging following multiple sessions. Given the interplay of various factors, 

the overall success rate of lymphatic cannulation tends to be quite low (54).

To circumvent the challenges associated with cannulation procedures, researchers 

have introduced lymph blocking models by employing specific blocking agents. For in

stance, the use of cycloheximide, a protein synthesis inhibitor, offers a targeted approach to 

suppressing the exocytosis and secretion of chylomicrons from enterocytes (463). 

Moreover, various other inhibitors employing distinct blocking mechanisms, including 



 L 81 and colchicine, have been utilized for assessing the portion of substances 

delivered through the intestinal lymph (59).

The in vivo models offer the best evaluation, yet they pose technical challenges, 

demanding advanced surgical expertise, while also raising ethical concerns regarding 

human application (54, 184). An alternative approach involves the utilization of in vitro 

models, incorporating both cellular and non cellular strategies. Among cellular models, 

Caco 2 cells are commonly employed, but they come with constraints that include their 

resemblance to almost colonic rather than small intestinal tissue and the absence of the 

mucus layer secreted by goblet cells. Moreover, they lack other cell types existing in the 

human mucosa niche such as M cells (51). Advancement has been achieved through the co

culture of Caco 2 cells with lymphoid cells like Raji cells, which exhibit M cell mimicking 

capabilities, or murine derived lymphocytes (464). Nonetheless, this approach faces 

limitations due to the excessive presence of M like cells, possibly leading to an 

overestimation of experimental outcomes. Consequently, there is a high anticipation for 

further enhancements or potential alternatives.

Regarding formulations targeted at lymphatic delivery and utilizing lipid based 

carriers, the typical progression involves initial vehicle degradation via lipolysis. These 

degraded components subsequently transition into micellar vehicles, which are then 

absorbed by enterocytes and reassembled with chylomicrons (234, 278). To evaluate the 

effectiveness of such formulations, in vitro lipolysis has proven useful. This method 

estimates the proportion of the drug intended for intestinal lymphatic uptake by quantifying 

the fraction incorporated into the generated micellar vesicles after the completion of 

lipolysis (465).



The interaction between drugs and chylomicrons plays a pivotal role in facilitating 

drug transportation across enterocytes via lipoproteins carried by the lymphatic system. 

Notably, a direct correlation between drug uptake by isolated chylomicrons and in vivo 

intestinal lymphatic uptake has been documented across nine lymphotropic compounds. 

This finding highlights the credibility of using drug chylomicron association as a reliable 

indicator for assessing intestinal lymphatic uptake (52, 282).

The aim of this study is to develop a model with the use of artificial chylomicrons 

(Intralipid®) to investigate intestinal lymphatic uptake. Intralipid® closely mimics the size 

and composition of natural chylomicrons, as illustrated in Figure 7.1 (264, 466). To 

examine the uptake of lymphotropic drugs known to undergo lymphatic absorption, a Franz 

cell diffusion system was employed. Cannabidiol, halofantrine, quercetin and rifampicin 

were used as model lymphotropic drugs, and the interaction between these drugs and 

Intralipid® was explored. This experimental approach allowed for valuable insights into the 

mechanisms of intestinal lymphatic uptake and its association with Intralipid®. It can be 

employed as a convenient in vitro physiologically based biopharmaceutical tool for 

preliminary assessment to anticipate the outcomes of drug delivery through the intestinal 

lymphatics via chylomicrons.

The following chemicals were used in this study: rifampicin (f100%, CAS: 13292 46 1) 

was obtained from EMD Millipore Corp, Burlington, MA, USA; quercetin (g95%, CAS: 

117 39 5),  L 81 (PL 81) (CAS: 9003 11 6), cannabidiol (CAS: 13956 29 1), and 



1 octanol (99%, CAS: 111 87 5) were from Sigma Aldrich Co. (Saint Louis, MO, USA); 

Halofantrine (CAS: 69756 53 2) was from SmithKline Beecham Pharmaceuticals 

(Brentford, London, UK); Intralipid® 20% was from Fresenius Kabi (Toronto, ON, 

Canada); and peanut oil product was purchased from a local Edmonton grocery. For HPLC 

analysis, water (99.9%, CAS: 7732 18 5), acetonitrile (99.9%, CAS: 75 05 8), methanol 

(99.9%, CAS: 67 56 1), acetic acid (g99.7%, CAS: 64 19 7) and o phosphoric acid (85%, 

CAS: 7664 38 2) were of HPLC grade from FisherFisher Chemical™ (Fisher Scientific, 

Ottawa, ON, Canada); all other reagents were of analytical grade. 

Figure 7.1. Schematic representation of natural chylomicrons (right) and the artificial counterpart 

(left) demonstrating their resemblance. The schematic representation of the chylomicron on the 

(right) is available under a cc license at http://cnx.org/content/col11496/1.6 (accessed on 17 

September 2023). Intralipid® representation  on the (left) was created based on the existing data 

regarding the structure of Intralipid® (466).



The Franz Cell receiver compartment was filled with 12 mL of either Intralipid® or 

Intralipid® mixed with a potential inhibitor or enhancer and maintained at 37.0 ± 0.5 °C 

with magnetic stirring at 600 rpm, as shown in Figure 7.2. A synthetic 0.22 µm 

Polyvinylidene Fluoride (PVDF) membrane impregnated with octanol was placed between 

compartments. For the uptake experiments four model drugs (cannabidiol, halofantrine, 

quercetin and rifampicin) were used and to capture the inhibition and enhancement effect, 

rifampicin was utilized. Two mL solutions of the model drugs were added to the donor 

compartment with the receiver compartment containing either Intralipid® or Intralipid® 

mixed with an enhancer or an inhibitor. At different time intervals (034 h), 0.2 mL samples 

were withdrawn, extracted, and analyzed for drug content using HPLC with a C18 column 

(150 mm × 4.6 mm i.d., 5 µm). The column temperature was maintained at 25 °C, and the 

conditions of analysis for all drugs are listed in Table 7.1.

Table 7.1. HPLC analysis conditions for the model lymphotropic drugs.



To determine the entrapment efficiency of rifampicin in Intralipid®, a solution of 

rifampicin was mixed with Intralipid® at a concentration of ~145 mg/mL and stirred for 15 

min. Then, 0.5 mL of the mixture was added to an Amicon Ultra 0.5 30 KDa centrifugal 

filtering unit (Millipore, Sigma Aldrich, Darmstadt, Germany) and centrifuged at 10,000× 

g for 10 min. The filtrate was collected and analyzed using HPLC. The sample was then 

returned to the filtering unit and the process was repeated. The filtrate was collected again 

and analyzed to determine the entrapment efficiency.

Figure 7.2. Demonstration of the proposed lymphatic uptake model.



The particle size of Intralipid® and Intralipid® mixed with different percentages of 

 L 81 (0.05%, 0.1%, 1% and 10%) were measured using a Malvern Ultra Zeta 

Sizer (Malvern, UK) at an angle of 173° and 25 °C. This instrument uses 10 mW 632.08 

nm HeNe laser, adaptive correlation algorithm, and avalanche photo diode (APD) detector. 

Samples were analyzed in polystyrene latex cells (DTS0012) for 30 runs in triplicates for 

each. Results were analyzed using Malvern Panalytical software (version: 2.1.0.15).

The morphology of various Intralipid® samples was studied using transmission 

electron microscopy (TEM) following a negative staining procedure. A drop of the sample 

was placed on a 300 mesh, carbon coated copper grid, the excess solution was removed 

using blotting paper, and the samples were stained with a drop of 1% phosphotungstic acid 

for 60 s. The stained samples were dried at ambient temperature and observed with TEM 

(JEM 1230, JEOL Ltd., Akishima, Tokyo, Japan) at an acceleration voltage of 120 kV.

Statistical comparisons were performed using GraphPad Prism software version 

10.10.3 (GraphPad Software, San Diego, CA, USA). Paired t tests were employed for 

comparisons between two groups, while one way ANOVA was used for multiple groups. A 



significance level of α = 0.05 was applied, and in all instances, p values of less than 0.05 

were considered indicative of statistical significance.

The chylomicron drug association has proven to be an effective approach for 

investigating the intestinal lymphatic absorption of drugs (52, 282).Therefore, this in vitro 

model was developed to replicate this in vivo process. Since certain lipophilic drugs are 

taken up from the intestinal lumen into enterocytes and subsequently enclosed within 

chylomicrons (53), the developed model was designed to include a donor compartment, 

resembling the intestinal lumen, where the drug solution is placed. Additionally, there was 

a receiver compartment that contains an artificial chylomicron medium, simulating the 

environment within enterocytes. These two compartments were separated by an octanol

immersed membrane, which served as a representation of the lipophilic cell membrane 

found in enterocytes (Figure 7.2).

The results of the release of various drugs into the receiver compartment of the 

proposed intestinal lymphatic uptake model are shown in Figure 7.3 and indicate 

significant differences (p = 0.0236) among the drugs in terms of lymphatic uptake. 

Halofantrine showed the highest uptake, with nearly all drugs detected in the artificial 

chylomicrons compartment after 2 h. Quercetin and cannabidiol showed moderate 

efficiency in passing through the side of the artificial chylomicrons, while rifampicin was 

the least available. The entrapment efficiency results suggested the uptake of the drugs into 

the Intralipid® particles, as none was detected outside.



The examined drugs were individually tested and suggested in previous studies to 

be lymphatically absorbed. Halofantrine has been extensively investigated for lymphatic 

transport, as its bioavailability was improved due to lymphatic voyage (467 469), and its 

superiority over other tested lymphotropics in the proportion traversing into the lymphatics 

is established (234, 281). Investigative reports on cannabidiol, quercetin, and rifampicin 

also documented the contribution of lymphatic uptake to their circulating plasma 

concentrations (277, 470 472).

Figure 7.3. Cumulative percentage of tested drugs (cannabidiol, halofantrine, quercetin, and 

rifampicin) in the receiver compartment of the developed in vitro lymphatic uptake model. Data 

represent mean ± standard error (SE) (n = 3 for all drugs and 2 for halofantrine). Results showed 

significant differences (p < 0.05) among the drugs regarding their lymphatic uptake.

Halofantrine is a lipophilic antimalarial that has prompted several reports 

underscoring the impact of lymphatic transport on its overall oral bioavailability. In a 

specific study utilizing lymph cannulated rats, the administration of halofantrine in lipidic 



vehicles resulted in 15.8% of the drug9s journey occurring through the lymphatic system, 

while the total systemic exposure was documented to be 22.7% of the administered dose 

(469). A parallel experiment with halofantrine in a lipid based formulation of long chain 

triglycerides yielded values of 5.5% and 12.9% for direct systemic circulation transport and 

lymphatic transport, respectively. The total bioavailability documented in the study (19.1%) 

was mostly contributed to by the lymphatic voyage (473). Generally, the absorption of 

halofantrine from the gastrointestinal tract tends to be inconsistent, but the presence of food 

can remarkably boost its absorption (by 6310 times) (474). 

The pivotal factor contributing to the better and more consistent oral absorption of 

halofantrine with food lies in its transit through the intestinal lymphatic system. When 

halofantrine takes the lymphatic route instead of entering through the portal circulation, it 

evades the extensive liver metabolism it typically undergoes, aligning with the outcomes 

reported.

Dietary fats have been found to enhance the oral bioavailability and systemic 

exposure of quercetin, a potent antioxidant flavonol. This effect is attributed to the 

increased lymphatic transport of quercetin, which allows it to bypass the initial metabolism 

in the liver (475, 476). In experiments involving thoracic duct cannulated rats that received 

intraduodenal doses of quercetin with soybean oil, the transport of quercetin through the 

lymphatic system was notably improved (470). Furthermore, other research has indicated 

that prior exposure to a high fat diet enhances the effects when quercetin is administered. 

In a mesenteric cannulated rat model receiving a dosage of 30 mg/kg of intraduodenal 

quercetin, the maximum concentration (Cmax) of quercetin found in the lymph was 

approximately five times higher than that in the plasma (475).



The non psychoactive compound cannabidiol has been a subject of research for its 

potential therapeutic effects in recent decades. The reported bioavailability of cannabidiol 

has been less than 10% (477, 478). However, cannabidiol is highly lipophilic and has been 

shown to undergo significant transport through the intestinal lymphatic system when taken 

orally with long chain triglycerides (479). In experiments with Sprague Dawley rats, it was 

found that co administering cannabidiol with lipids, as opposed to using lipid free 

formulations, increased its systemic exposure by a factor of three. The use of oils 

containing long chain fatty acids that are packaged into chylomicrons served as the basis 

for developing the FDA approved oral solution of cannabidiol known as Epidiolex®. This 

cannabidiol oil solution is recommended as an antiepileptic medication for the treatment of 

Dravet syndrome in children (480). 

Rifampicin, a lipophilic bactericidal drug commonly used to treat active 

mycobacterial infections, faces several challenges, including poor and unpredictable 

bioavailability and a short biological half life. These issues can result in subtherapeutic 

drug levels in the bloodstream and an increased risk of developing multidrug resistant 

tuberculosis (MDR TB) (481, 482). Incorporating rifampicin into lipid based nano

formulations has been explored as a solution to enhance its oral bioavailability. These nano

formulations help protect the drug from degradation in acidic pH environments, and the 

lipid component primarily aids in improving absorption through the lymphatic system 

(483). Researchers have developed solid lipid nanoparticles (SLNs) and niosomes with the 

aim of enhancing the lymphatic uptake of rifampicin (230, 471). 

When analyzing the in vivo data of the tested drugs, direct comparisons and 

correlations with their in vitro counterparts can pose challenges. The research landscape 



reveals variations in drug concentrations, co administered fats, animal models, and 

experimental setups for different drugs within the literature. Nevertheless, examining the 

highest reported fractions of intestinal lymphatic uptake for halofantrine, quercetin, and 

cannabidiol when co administered with long chain fatty acids or meals containing them, a 

notable pattern emerges. Their order of release in the in vitro model aligns with their 

respective order in vivo, with halofantrine showing a ten fold increase in absorbed amount 

(474), quercetin demonstrating a five fold increase in plasma concentration when factoring 

in lymphatic uptake (475), and a three fold increase in systemic exposure for lipid based 

CBD formulations (478). Although direct comparisons may not hold significant meaning, a 

discernible trend emerges for these three drugs. Conversely, rifampicin lacks sufficient data 

on intestinal lymphatic uptake with food or long chain fatty acids, the criteria on which the 

aforementioned comparisons are based, preventing the establishment of a correlation. 

Rifampicin ranked last when using molecular descriptors to correlate the order of 

the tested drugs with their expected in vivo outcomes. The structures of the different 

molecules tested, along with their molecular descriptors, are depicted in Table 7.2. As 

reported earlier, the degree of the effect sequence was found to be as follows: hydrogen

binding acceptors (HBA) > polar surface area (PSA) > solubility in long chain triglycerides 

(SLCT) > logP > melting point (MP) > logD > molar volume (MV) > density > pKa > 

molar weight (MW) > freely rotatable bonds (FRB) > hydrogen binding donors (HBD) 

(52). It has also been suggested that while HBA, PSA, HBD, MP, density, pKa, and FRB 

negatively affect drug association with chylomicrons, other descriptors increase it.



Table 7.2. Molecular descriptors of tested lymphotropic drugs.

Drug MW HBA PSA LogP
MP

(°C)

Density

(g/cm3)
pKa HBD    Structure

Rifampicin 822.9 15 220.15* 4.9 183 1.178**
1.7

7.9
6

Cannabidiol 314.469* 2* 40.46* 6.3* 66367# 1.04# 9.13* 2*

Quercetin 302.23 7 127.45* 1.48 3163318 1.8##

7.17

8.26

10.13

12.30

13.11

5

Halofantrine 500.4 5 23.5* 8.9

93396 and 
2033204

(for the 
hydrochloride 
salt) **

1.2***
10.05*

14.47
1

Abbreviations: molecular weight (MW), hydrogen binding acceptors (HBA), polar surface area (PSA), 

melting point (MP), and hydrogen binding donors (HBD). Data was obtained from Pub Chem, if certain data 

was not found there then DrugBank *, ChemBK **, ChemSpider databases ***. The following sources were 

also consulted: # https://www.drugfuture.com/chemdata/Cannabidiol.html (last accessed 12 September 2023). 

## https://www.chemsrc.com/en/cas/117 39 5_947030.html (last accessed 12 September 2023).

Considering the drugs examined, it can be noted that rifampicin had the highest 

values for a higher number of factors that can adversely affect release, namely, hydrogen 

bond acceptors and polar surface area, in addition to molecular weight, molecular volume, 

and hydrogen bond donors. Although halofantrine did not have the greatest number of 

proposed factors that aid in drug association with chylomicrons, it had the highest logP 



value, which is thought to enable it to penetrate the octanol immersed membrane more 

easily than others, aiding in its penetration into the lipophilic core of the artificial 

chylomicron vesicles. Quercetin and cannabidiol were in between in terms of their release, 

and this can be justified by the values of their descriptors, which lie in between rifampicin 

and halofantrine.

Given that rifampicin exhibited the slowest release, it was selected for further 

investigation to explore both inhibition and enhancement possibilities.

 L 81 (PL 81) is a non ionic surfactant consisting of 10% ethylene oxide 

(EO) and 90% propylene oxide (PO) copolymers arranged in a tri block structure with the 

hydrophobic PO component located at the core of the two hydrophilic EO chains (334). 

PL 81 has been demonstrated as an in vivo inhibitor of fat absorption and chylomicron 

secretion (254, 484). In the developed in vitro model, when PL 81 was introduced to the 

receiver compartment medium, a decrease in lymphatic uptake of rifampicin was observed. 

Altering concentrations of PL 81 resulted in varying degrees of inhibition, with both 1% 

and 10% causing complete inhibition of release, as shown in Figure 7.4.

PL 81 has been proposed to act in vivo to inhibit lymphotropic drug absorption by 

alternative mechanisms (339). It is thought that it might disturb the stability of the surface 

of the triglyceride particles, induce their aggregation, and thus prevent the formation of the 

chylomicron (348), or it might interfere with the transport of triglycerides from the cytosol 

to the endoplasmic reticulum and consequently inhibit the formation of the triglyceride

based lipoproteins (chylomicrons) (55). It has also been suggested that PL 81 may affect 



chylomicron formation by changing the conformation of the associated protein 

(apolipoprotein) (348).

Figure 7.4. The effect of different percentages of Pluronic® L 81 added to Intralipid® on drug 

release inhibition in the in vitro lymphatic uptake model. Higher concentrations (10% and 1%) 

were highly effective in imparting the inhibition (* p < 0.05). Lower concentration of the Pluronic® 

L 81 (0.1%) showed inhibition but did not reach statistical significance (** p > 0.05). No inhibition 

was seen with the 0.05% of Pluronic® L 81 as confirmed through statistical analysis (** p > 0.05)

The developed model suggested that the concentration of PL 81 plays a critical role 

in its effectiveness in blocking intestinal lymphatic uptake. In these two concentrations 

(10% and 1%), there was a statistically significant difference between the sample groups 

with the inhibitor and the ones without the inhibitor (* p < 0.05). While there was 

inhibition observed with 0.1% PL 81 (57.29 ± 6.25%), no inhibition was observed with 

0.05% PL 81. The lack of statistical significance (p > 0.05) in both cases indicated that the 

inhibition observed may not be consistent or substantial enough to be considered 

significant in the two scenarios, respectively. 



Based on the obtained data, there emerged a suggestion that PL 81 might employ an 

additional, previously undocumented mechanism. This mechanism involves encapsulating 

Intralipid® particles, thereby preventing the drug from entering the chylomicrons.  

L 81 is postulated to coat the Intralipid® droplets, as illustrated in Figure 7.5. The particle 

size results demonstrated that without PL 81, the Intralipid® droplets had discrete edges 

and smaller sizes. But with the addition of 1% and 10% , the particle size 

increased from 477.86 ± 5.19 nm to 646.9 ± 4.87 nm and 1615 ± 8.1 nm, respectively (p = 

0.0424). 

Figure 7.5. Change in the Intralipid® particle size with the varying percentages of Pluronic® L 81 

(p < 0.05). As the percentage of Pluronic® L 81 increased, the particle size also increased. 

Specifically, the presence of 0%, 0.1%, 1%, and 10% Pluronic® L 81 within the Intralipid® yielded 

particle sizes of 477.86 ± 5.19 nm, 585.7 ± 5.06 nm, 646.9 ± 4.87 nm, and 1615 ± 8.1 nm, 

respectively (mean ± SE), n = 3. It was postulated that Pluronic® L 81 coats Intralipid® particles as 

shown in the illustration on top.



TEM images in Figure 7.6 revealed that particles with PL 81 are larger and 

surrounded by a layer that makes their edges less apparent, with agglomerations of particles 

enveloped by the same layer also noted.

                         (a)                         (b)

Figure 7.6. TEM images of Intralipid® particles (a) and Intralipid® with 10% Pluronic® L 81 (b) at 

10 K magnification power (top) and 40 K magnification power (bottom). The Intralipid® droplets 

when captured alone (a) had discrete edges and smaller sizes, while in the presence of Pluronic® L

81 (b), particles were larger and surrounded by a layer that made their edges less apparent. 

Agglomerations of particles enveloped by the same layer can also be noted in the presence of 

Pluronic® L 81.



It has been reported that food, especially a high fat diet, may affect the intestinal 

lymphatic uptake of drugs (476, 485). The mechanism may involve the increased formation 

of chylomicrons following a high fat intake, particularly those providing the appropriate 

fatty acids or triglycerides to produce chylomicrons (470, 486). The length of fatty acid 

chains has been determined to correlate with the efficiency of lymphatic drug transport, 

with longer fatty acids resulting in higher lymphatic uptake. This is attributed to the 

increased lipophilicity of longer fatty acids, which have a higher affinity to form 

chylomicrons (469).

Vegetable oils, being rich in triglycerides, have been shown to stimulate 

chylomicron formation and enhance the oral absorption of some lipophilic drugs suggested 

to be absorbed via the intestinal lymphatics. For example, a three fold improvement in the 

bioavailability of a synthetic cannabinoid (PRS 211,220) was achieved by administering it 

in a peanut oil solution (487). Sesame oil was also documented to induce lymphatic 

transport of cannabidiol, resulting in a 250 fold increase in its plasma concentration and a 

2.8 fold increase in systemic exposure (478, 479).

When peanut oil was added to the Intralipid® in the receiver compartment, the 

lymphatic uptake of the tested drug (rifampicin) through this model revealed a considerable 

improvement (p = 0.0276) as seen in Figure 7.7. Peanut oil was chosen for two main 

reasons: it is well documented to facilitate intestinal lymphatic uptake, and it is composed 

of a variety of long chain fatty acids (as seen in Figure 7.8) that resemble those found in 

soybean oil, which help form the artificial chylomicrons (Intralipid®) (66, 273). Soybean 



oil contains five main fatty acids, including palmitic acid (10%), stearic acid (4%), oleic 

acid (18%), linoleic acid (55%), and linolenic acid (13%) (488). The fatty acids with the 

highest percentages are similar in both peanut and soybean oils, which are linoleic and 

oleic acids (489).

With the addition of oil, rifampicin was emulsified into the oil droplets of the 

Intralipid®, creating a rifampicin carrier area in the receiver compartment, which 

eventually led to higher rifampicin movement into the receiver compartment.

Figure 7.7. Demonstration of the increased in vitro lymphatic uptake of rifampicin via the 

developed model when peanut oil (2%) was added to Intralipid® (p < 0.05). Data represent mean ± 

SE (n = 3). Data at 1, 3 and 4 h demonstrated statistical significance (* p < 0.05) between the 

samples with and without the oil.

Figure 7.9 shows the difference in droplet contrast at both magnification powers; 

with the added oil, the center of the droplets appears clearer and shinier, indicating that the 



oil was emulsified into the center of the Intralipid® droplets. In contrast, without added oil, 

the centers of the droplets appear rather dull.

While it is important to acknowledge that lipid digestion and incorporation into 

chylomicrons for absorption are more intricate processes in vivo, as discussed earlier, this 

approach can still serve as a useful tool for examination. The inclusion of lipolysis would 

enhance this model and provide a more comprehensive understanding of the effects of oils 

in vitro.

Figure 7.8. Illustration of the main fatty acids in peanut oil. This oil also contains other long chain 

saturated fatty acids in small percentages such as arachidic acid (132%), behenic acid (1.534.5%), 

and lignoceric acid (0.532.5%). 

The in vitro model developed in this study, is utilizing a commercial product 

(Intralipid®), has the potential to become an invaluable tool for pharmaceutical researchers. 

It offers a means to investigate lymphatic drug transport4a field where conducting in vivo 

studies in preclinical animal models or clinical trials is challenging. 



Figure 7.9. TEM images showing Intralipid® particles (a) and Intralipid® with 2% peanut oil (b) at 

10 K magnification power (top) and 40 K magnification power (bottom). With the incorporation of 

oil, the centers of the Intralipid® droplets exhibit a distinct clarity and shine, indicating 

emulsification of the oil into the droplet cores. Conversely, in the absence of added oil, the centers 

of the droplets appear dull.

This model represents the initial step towards creating a physiologically based 

predictive tool, which could be further refined to yield more accurate estimations of drug 

interaction with chylomicrons and subsequent lymphatic transport. Notably, the current in

(a) (b)



vitro model does not include a compartment for drug metabolism. This omission warrants 

discussion, and there is an opportunity to potentially adapt the model by incorporating 

elements like microsomes to better mirror in vivo conditions. Another adaptation could also 

encompass lipolysis, which could account for the major intricacies of the lipid 

gastrointestinal pathway.

The developed in vitro model appears to be a valuable tool for investigating and 

predicting lymphatic drug uptake via chylomicrons and assessing the impact of various 

excipients on this process. The tested drugs demonstrated different degrees of lymphotropic 

affinity, which highlights the importance of considering this pathway when designing drug 

delivery systems. The use of the lymphatic uptake inhibitor  L 81 demonstrated 

its potential to inhibit drug uptake via the lymphatic system by coating the Intralipid® 

particles, a finding not previously reported. The addition of peanut oil to the Intralipid® in 

the receiver compartment demonstrated an improvement in lymphatic uptake, suggesting 

that the model can be utilized to explore the impact of solubility enhancers, novel 

formulations, and food effects, particularly fat containing meals that may stimulate 

lymphatic uptake. Future studies may include exploring the effect of other excipients and 

formulations on lymphatic uptake as well as investigating the impact of food on lymphatic 

drug absorption. The model can also be utilized to screen potential lymphatic targeting 

agents and assess their effectiveness in improving lymphatic drug uptake. In summary, this 

in vitro model provides a promising platform for evaluating the lymphatic uptake of drugs 

and their potential for targeted drug delivery.





Intestinal lymphatic drug transport has garnered attention in recent times owing to 

the many potential benefits it presents for drug delivery (53, 54). Following absorption, 

some drugs pass across the intestinal enterocytes, and during that transit, these drugs 

associate with the excretory enterocyte lipoproteins, chylomicrons (234). This process 

underscores the potential and significance of exploiting intestinal lymphatic transport for 

drug delivery purposes.

Chylomicrons are spherical particles that are composed mainly of triglycerides (853

90%) in addition to phospholipids (739%), cholesterol and cholesteryl esters (335 and 13

3%, respectively), and apolipoproteins (132%) (490). They principally play a role in 

absorbing and facilitating the systemic distribution of dietary fats and lipophilic vitamins 

(56). Following digestion, when dietary triglycerides transform into free fatty acids and 

monoglycerides, a subsequent process of re esterification occurs inside enterocytes. During 

this phase, the resulting triglycerides are encapsulated within chylomicrons, which serve as 

transportation carriers into the bloodstream through the lymphatic network (53, 177).

In the context of pharmaceutical applications, specifically lymphatic targeting or 

lymphotropic  drugs, these enterocyte formed chylomicrons offer a unique avenue. By 

hitchhiking on these carriers, candidate molecules gain entry into the circulation. Using 

chylomicrons as an approach holds the promise of evading the initial hepatic metabolism, 

commonly known as the first pass effect, thereby elevating their bioavailability (51, 56, 

254). Alternatively, these drugs could accumulate within the lymphatic system, reaching 

increased concentrations at lymph node target sites. This concentration enhancement may 



translate into a more potent therapeutic impact with reduced off target toxicity. This aspect 

is particularly important for compounds with immunomodulatory or anticancer properties, 

where maximizing their effect within the lymphatic system proves crucial (51, 56).

In a previous study, we presented an in vitro model crafted to predict, inhibit, and 

enhance lymphatic uptake. Its foundation lies in the interaction of drugs with chylomicrons, 

a process documented for its predictive abilities of intestinal lymphatic uptake (282, 350). 

This model consisted of two compartments: a donor compartment containing the drug 

solution under investigation, and a receiver compartment filled with artificial chylomicron 

media (Intralipid®) (350). These artificial chylomicrons serve as carriers for the drug 

molecules and mimic the behavior of naturally occurring chylomicrons in the body.  To 

simulate the in vivo chylomicron blocking effect and suppress drug release in the in vitro 

setting,  L 81 (PL 81) was utilized. This chylomicron blocking agent, proven 

effective in both in vivo and CaCo2 cell culture models, demonstrated an inhibitory effect 

within the in vitro model (334, 336, 348). Moreover, to enhance drug release into the 

receiver compartment and mimic the lymphatic enhancement, peanut oil was used. This 

choice stemmed from being the source of the artificial chylomicrons used in the model and 

was guided by its potential to function as a carrier, facilitating increased drug entry into the 

receiver compartment (264, 350). 

In this study, the aim was to investigate other agents that would enhance or inhibit 

intestinal lymphatic uptake through the chylomicron pathway. Rifampicin served as the 

model drug in this study, consistent with the earlier investigation. Additionally, quercetin 

was used as a second drug to provide further confirmation in some experiments. Additional 

oils were explored to investigate their impact on enhancing intestinal lymphatic uptake. 



Olive, sesame, and coconut oils were chosen for use due to their varying percentages and 

chain lengths of different fatty acids, which are recognized for their impact on in vivo 

lymphatic uptake (277, 490). In order to deliver drugs through intestinal lymphatics, 

various formulation excipients and drug delivery systems have been and are being 

developed (51, 54). One example of the excipients used is Labrafil®. It consists of mono di

and triglycerides and PEG6 (MW 300) mono  and diesters of linoleic (C18:2) acid. It is a 

non ionic water dispersible surfactant for lipid based formulations to solubilize and 

increase the oral bioavailability of poorly water soluble APIs (491). A novel formulation of 

cannflavins was examined in this model system with Labrafil® M 2125 CS being the 

enhancer. Moreover, the study delved into the impact of zeta potential on either enhancing 

or inhibiting intestinal lymphatic uptake. For that, racemic chloroquine (C18H26ClN3), and 

sodium lauryl sulfate (C12H25NaO4S) were utilized. Chloroquine is an antimalarial drug 

that has been shown to reduce plasma levels of triglycerides and cholesterol (492). At 

physiological pH, chloroquine carries a positive charge. The hypothesis was to investigate 

whether this positive charge could influence its interaction with chylomicrons, 

consequently reducing triglyceride levels and potentially drugs transported through 

chylomicrons. To further confirm the impact of this charge interaction, sodium lauryl 

sulfate, an anionic surfactant widely used in pharmaceutical formulations (493), was 

employed due to its negative charge, which contrasts with that of chloroquine. Both of 

these substances showed their capability of influencing the zeta potential of artificial 

chylomicron particles in preliminary experiments. Using the previously developed in vitro 

model, the study investigated how the addition of these agents to the artificial chylomicron 

compartment could affect the uptake of model drugs into this compartment.



Rifampicin (f 100%, CAS: 557303) was procured from EMD Millipore Corp, 

Burlington, MA USA; while quercetin (g 95%, CAS: 117 39 5); 1 octanol (99%, CAS: 

111 87 5); and chloroquine as diphosphate salt (98.5 101.0%, CAS:5 0 63 5) were sourced 

from Sigma 3Aldrich Co. (Saint Louis, MO, USA). Intralipid® (20%) was from Fresenius 

Kabi (Toronto, ON, Canada). Peanut, olive and sesame oil products were acquired from a 

local Edmonton grocery, while coconut oil (CAS: 8001 31 8) was from Medisca (Saint

Laurent, Qc, Canada) and sodium lauryl sulphate (f 100%, CAS: 151 21 3) was obtained 

from Caledon Laboratories (Toronto, ON, Canada). Labrafil® M 2125 CS was obtained 

from Gattefosse (Toronto, ON, Canada) while cannflavin (g 98%, CAS: 76735 57 4) was 

from Cayman Chemical (Michigan, USA).Additionally, synthetic hydrophobic 

Polyvinylidene Fluoride (PVDF) membranes were from Millipore affiliated with Merck 

KGaA, Darmstadt, Germany. For HPLC analysis, methanol (99.9%, CAS: 67 56 1), and 

acetic acid (g 99.7%, CAS: 64 19 7) were of HPLC grade and were obtained from Fisher 

Scientific (Ottawa, ON, Canada); all other reagents were of analytical grade.

The receiver compartment of the Franz cell was filled with either Intralipid® (20%) 

alone or Intralipid® mixed with a potential enhancer or inhibitor, totalling 12 mL. Olive, 

sesame, peanut, and coconut oils were added at a 2% concentration into the Intralipid® in 



the receiver compartment to explore their potential as enhancers for uptake in the model. 

Additionally, 5% (+/ ) chloroquine, 2%, 1%, and 0.5% sodium lauryl sulfate were 

introduced into the receiver compartment containing Intralipid® to investigate the impact 

on zeta potential. The experimental setup was maintained at a temperature of 37.0 ± 0.5 °C, 

and magnetic stirring at 600 rpm was employed for fluid agitation. A hydrophobic PVDF 

membrane, with a pore size of 0.22 µm and impregnated with n octanol, was positioned 

between the compartments. Within the donor compartment, 2 mL solutions (1 mg/mL) of 

the model drugs, rifampicin, quercetin, in methanol and dimethyl sulfoxide, respectively  

were introduced. The receiver compartment in various experiments contained either 

Intralipid® or a mixture of Intralipid® with an enhancer or an inhibitor at specific 

percentages. Sampling was conducted at various time intervals (0  4 hours), involving the 

withdrawal of 0.2 mL samples. A similar procedure was followed with cannflavin A being 

in the donor compartment and Labrafil® M 2125 CS added to the Intralipid® in the receiver 

compartment to investigate the effect of adding Labrafil® to the cannflavin formulation. 

Samples taken from the receiver compartment were subsequently extracted and subjected 

to analysis for drug content through Shimadzu HPLC (LC 10AD, Shimadzu Corporation, 

Kyoto, Japan) equipped with SIL 10A (Shimadzu Auto Injector) and UV VIS detector 

(SPD 10AV). Analysis was done via Kinetex™ C18 column (250 mm × 4.6 mm i.d.  5 μm) 

from Phenomenex (California, USA) (350). The column temperature was maintained at 

25 °C, and specific analysis conditions for all the drugs are in Table 8.1. The resulting peak 

areas were integrated using LabSolutions software (Shimadzu Corporation, Kyoto, Japan). 

Cannflavin A was detected using the method developed by O9Croinin et al. (494). This 

methodology utilizes electrospray ionization liquid chromatography mass spectrometry 



(LC MS) analysis to separate and quantify cannflavins using an efficient isocratic elution. 

The LC MS system consists of a Phenomenex Luna® 3 µm C18 (2) 100 Å 150 × 4.6 mm 

(Torrance, CA, USA) column for separation and a single quadrupole mass spectrometry 

apparatus (Shimadzu, Kyoto, Japan) for quantification of cannflavin A in positive single 

ion monitoring mode.

Table 8.1. HPLC Analysis conditions for the model lymphotropic drug.

The zeta potential measurements of both Intralipid® and the Intralipid® mixtures 

with different agents, specifically (+/ ) chloroquine at 10%, 5%, 2.5%, 1.25%, and 0.125% 

in addition to sodium lauryl sulfate at 2%,1% and 0.5%  were conducted using dynamic 

light scattering, employing the Malvern Ultra Zeta Sizer (Malvern, United Kingdom). This 

analysis was conducted at a temperature of 25 °C, using polystyrene latex cells (DTS0012) 

in triplicates for each sample. The obtained results were analyzed using Malvern 

Panalytical software (version: 2.1.0.15).

Model Drug Mobile Phase Flow rate (mL/min)  Detection Wavelength (nm)

Rifampicin Methanol,

Acetate Buffer (pH=5.8)

(60:40)

1.2 254

Quercetin Methanol,

Acetate Buffer (pH=5.8)

(60:40)

1.2 257, 370



Statistical analysis was conducted using GraphPad Prism software version 10.10.3 

(GraphPad Software, San Diego, CA, USA). For comparisons between two groups, paired 

t tests were performed or one tailed p values were determined. A significance level of α = 

0.05 was applied, and in all cases, p values less than 0.05 were considered indicative of 

statistical significance.

Chylomicrons, being lipoproteins rich in triglycerides  primarily derive their 

triglycerides from dietary sources (254). This emphasizes the significance of diet and lipid

based prodrugs and formulations in promoting the production of chylomicrons (495). 

Consequently, it would promote the uptake of drugs delivered via such formulations and 

delivery systems into the intestinal lymphatic system through the chylomicron pathway, 

ultimately enhancing the bioavailability of potential therapeutic agents (184, 496, 497).

In the quest for these effects, the utilization of oils containing long chain fatty acids 

emerged as a prominent strategy. Long chain triglycerides are primary constituents of 

chylomicrons (254, 333), therefore, oils rich in long chain fatty acids, such as sesame oil, 

olive oil, and peanut oil are frequently employed (277, 469, 498). Typically, long chain 

triglycerides undergo re esterification and become part of chylomicrons, allowing them to 

enter the lymphatic system. In contrast, medium chain triglycerides are known to be 

transported mainly via the portal pathway (498, 499). Few studies have reported that 



medium chain triglycerides appear in human chylomicrons after their oral administration 

(277, 500). In this study, coconut oil was incorporated, distinguished by its high proportion 

of medium chain triglycerides fatty acids (501), to enhance the breadth of comparison with 

other oils. All other oils are abundant in long chain fatty acids, recognized for their 

lymphatic transportation properties. In the assessment of the potential of various oils to 

enhance intestinal lymphatic uptake as depicted in Figure 8.1, distinct patterns of uptake 

emerged. Coconut oil showcased the most prominent early stage release effect. Olive oil 

initially exhibited a lesser magnitude of uptake enhancement than coconut oil, yet towards 

the later stages of evaluation, it had a similar enhancing effect resulting in a 3.5 fold 

increase in uptake. Moreover, sesame oil initially exhibited a similar enhancement pattern 

to that of olive oil. However, its release profile eventually matched that of peanut oil, which 

demonstrated the least pronounced impact. As previously reported, the addition of peanut 

oil to Intralipid® resulted in a 1.5 fold increase in lymphatic uptake of rifampicin in the in

vitro model (350).

The fatty acid composition of the diverse oils used in this work is detailed in Table 

8.2. Coconut oil distinguishes itself with an abundance of saturated medium chain fatty 

acids, setting it apart from other used oils that are predominantly composed of long chain 

fatty acids (49, 501). This specific characteristic renders it the least likely, if at all, to 

impact lymphatic uptake in vivo (502, 503). However, it also corresponds with the 

performance of coconut oil when compared to its counterparts in vitro. Its superiority in 

enhancing the uptake in the in vitro model can be traced to its elevated content of medium

chain fatty acids, which exhibit heightened water solubility in comparison with the other 

oils (501, 504). This increased water solubility is thought to facilitate the integration of the 



oil within the aqueous external phase of Intralipid®. Therefore, coconut oil served as a 

favorable vehicle for the drug, facilitating its capture within the artificial chylomicron 

particles within the receiver compartment of the used model.

Fatty Acid Length:Saturation % of fatty acid in different oils

Coconut Oil 
(501)

Olive Oil 
(505)

Sesame Oil 
(506)

Peanut Oil 
(507)

Capric Acid C8:0 7

Caprylic Acid C10:0 8

Lauric Acid C12:0 49

Myristic Acid C14:0 8

Palmitic Acid C16:0 8 7.5 20 11 16 11 14

Stearic Acid C18:0 2 0.5 5 11 16

Oleic Acid C18:1 6 55 83 35 46 45 53

Linoleic Acid C18:2 2 3.5 21 40 48 27 32

Linolenic Acid C18:3 0.5

Arachidic Acid C20:0 1 2

Behenic Acid C22:0 1.5 4.5







Various lipid based formulation excipients and drug delivery systems have been and 

continue to be developed to deliver drugs through intestinal lymphatics (51, 54, 184). To 

assess the suitability of our in vitro model for formulation development, we examined the 

uptake of cannflavin A with and without Labrafil®. The results presented in Figure 8.2 

demonstrate the efficacy of the model in studying the impact of formulation excipients on 

intestinal lymphatic uptake, with Labrafil® enhancing cannflavin uptake.

Figure 8.2. Demonstration of the increased in vitro lymphatic uptake of cannflavin A (CFA) via the 

developed model when Labrafil® 2125 CS (uptake enhancer) was added to Intralipid®. Data 

represent mean ± SD (n = 6). * Indicates the statistical significance (p < 0.05) between the different 

groups.



(+/ ) Chloroquine is a drug that is primarily employed for malaria prevention and treatment 

(513). This compound possesses dibasic characteristics, featuring two basic groups 

corresponding to the nitrogen in the quinoline ring and the diethylamino side chain 

nitrogen. These groups possess ionization constants of 8.1 and 10.2, respectively (514). At 

physiological pH levels around 7.4, (+/ ) chloroquine predominantly undergoes ionization 

in its mono protonated form, while in lower pH regions of the body, it can transition into its 

di protonated state (Figure 8.3) (492).

Figure 8.3. Microspecies of chloroquine at different pHs (0 14) showing the ionization behaviour 

of chloroquine throughout this range of pH values. 



As illustrated in Figure 8.4, the introduction of 5% (+/ ) chloroquine into the 

Intralipid® within the receiver compartment led to reduction in drug release for both 

rifampicin and quercetin. Specifically, when (+/ ) chloroquine was added, only a mere 

0.4% of the release achieved with (+/ ) chloroquine was observed for rifampicin. Similarly, 

with quercetin, the presence of (+/ ) chloroquine resulted in approximately 1% of the 

release that was documented in its absence.

Figure 8.4. Illustration of the differences in the percentage of the in vitro lymphatic uptake of the 

model drugs; rifampicin (16.54 ± 4.13) and quercetin (34.42 ± 7.53) via the developed model when 

5% (+/ ) chloroquine was added to the Intralipid® in the receiver compartment of the model. Upon 

doing that the uptake decreased to (0.38 ± 0.35, p < 0.05) and (0.92 ± 0.01, p < 0.05) for rifampicin 

and quercetin, respectively.



This inhibition mechanism is assumed to arise from the positively charged nature of 

(+/ ) chloroquine within the donor compartment. This positive charge might have prompted 

an interaction with the negatively charged Intralipid® particles, thus impeding the entry of 

the tested drugs into the artificial chylomicron particles. To validate this hypothesis, zeta 

potential measurements were conducted for Intralipid® both with and without the addition 

of (+/ ) chloroquine. From Figure 8.5, it was evident that as the percentage of (+/ ) 

chloroquine increases, a corresponding rise in the neutralization of the negative charge on 

Intralipid® occurs. This trend resulted in a reduction of the zeta potential on the Intralipid® 

particles.

In our previous publication, it was demonstrated how the PL 81 coating 

encapsulated the Intralipid® particles, thus hindering drug penetration (350). This 

confirmation was supported by microscopic images, thus it was raised that there might be 

another biophysical mechanism for PL 81 chylomicron blockage. In this context, the 

primary objectives are two fold: first, to determine if the inhibition mechanism of 

chloroquine relies solely on the presence of the coating, and second, to investigate the 

potential involvement of zeta potential in this process.

To address the second part, an alternative agent was introduced with the aim of 

elevating the zeta potential of Intralipid® particles. This part of the experiment was to 

investigate whether enhancing the zeta potential would translate to an increased in vitro 

lymphatic drug uptake or not. Thus, sodium lauryl sulphate (SLS) was used to increase the 

zeta potential to see if that would increase the lymphatic uptake via the used model.



Figure 8.5. Change in the Intralipid® zeta potential with the varying percentages of chloroquine 

(blue) and sodium lauryl sulphate (SLS, red) expressed as an average of triplicates. The zeta 

potential of Intralipid® alone is grey. 

Sodium lauryl sulfate (SLS) is an alkaline, anionic surfactant with versatile 

applications. Within pharmaceutical formulations, SLS fulfils various roles including those 

of an emulsifying agent, modified release facilitator, penetration enhancer, solubilizing 

agent, tablet, and capsule lubricant (493, 515). Upon incorporation of SLS within the range 

of 0.5 2% into Intralipid®, escalation in the zeta potential was observed, as illustrated in 

Figure 8.6. Investigating the impact of varying SLS percentages on the release of 

rifampicin revealed intriguing insights. At 0.5% SLS concentration, there was almost no 

change of zeta potential, and also the effect on release remained minimal. Addition of 1% 

and 2% SLS translated to zeta potential increases of approximately 1.4 and 1.6 times, 



respectively. Correspondingly, these SLS levels yielded enhancements of 1.6 and 1.2 times 

the uptake within the in vitro model.  

Figure 8.6. Demonstration of the increased in vitro lymphatic uptake of rifampicin via the 

developed model when different percentages of sodium lauryl sulphate (SLS) were added to 

Intralipid® in the receiver compartment. * Indicates the statistical significance (p < 0.05) between 

the different groups.

Literature has indicated that SLS may enhance absorption, possibly through a 

connection with the cAMP system. In this current experimental setup, as there is no cAMP 

system involved, it is suggested that the effect is physicochemical rather than biological 

(493). The experiment aimed to test the hypothesis that increasing the zeta potential 

through the addition of Sodium Lauryl Sulfate (SLS) would enhance uptake in the in vitro 

model. Still, it is important to note that SLS functions as an anionic emulsifier within the 

concentration range of 0.5 2.5% (516). Therefore, another potential explanation for the 



observed results could be attributed to the emulsifying role of sodium lauryl sulfate. At 

lower concentrations (0.5% and 1%), SLS would be adsorbed at the oil water interface, 

facilitating the uptake of rifampicin into the internal phase droplets. But, as the 

concentration increased (2%), the interface could have become saturated, indicating an 

excess of SLS molecules covering the available surface area. Consequently, once the 

interface reached saturation, the uptake of rifampicin into the droplets became more 

challenging. As a result, little difference was observed in the latter case (2% SLS) 

compared to the scenario in which no SLS was added to the medium.

Yet, if only coating was the factor affecting the uptake, SLS would have decreased 

it similar to PL 81 and which was found to coat the Intralipid® particles and hence impede 

the rifampicin uptake. The outcomes acquired from this study may potentially imply the 

existence of an optimal range of sodium lauryl sulphate wherein the uptake enhancement 

becomes apparent. Nonetheless, these findings underscore the affirmative influence of zeta 

potential increase on uptake within the in vitro model. Moreover, the precise mechanism 

through which alterations in zeta potential produce these uptake effects necessitates further 

comprehensive investigation.

In this study, our previously developed in vitro model was utilized to investigate 

how various agents influence the uptake into artificial chylomicrons (Intralipid®). 

Typically, long chain fatty acids facilitate intestinal lymphatic uptake, while medium chain 

counterparts are mainly absorbed through the portal pathway. The results showcased the 

ability of the model to distinguish between oils containing long chain fatty acids, 



particularly olive, sesame and peanut oils. Yet, it did not capture the difference between 

these long chain rich oils and medium chain rich oil (coconut oil) in terms of lymphatic 

uptake. The increased uptake observed with coconut oil was attributed to its better 

emulsification in artificial chylomicron media, due to its composition the medium chain 

fatty acids. Moreover, the enhanced uptake of the tested formulation with linoleoyl 

polyoxyl 6 glycerides emphasized the practical utility of our model in optimizing 

formulations. Additionally, the findings indicated that adjusting the zeta potential, 

increasing it with sodium lauryl sulfate (SLS) and decreasing it with (+/ ) chloroquine, 

resulted in corresponding increases and decreases in uptake in the in vitro model. These 

results underscored the potential influence of zeta potential on intestinal lymphatic uptake 

in our model. Nevertheless, further research is necessary to explore whether this 

mechanism holds true in vivo.
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Figure 9.5. Dissolution profile and organic phase partition of Rofact capsules (300 mg) into 200 

mL of 0.1 N HCl and 100 mL octanol, respectively. Error bars represent the standard deviation 

(n=3).



a)

b)

Figure 9.6. 





After absorption, dietary fats and lipophilic vitamins traverse intestinal enterocytes 

and are packaged into excretory enterocyte lipoproteins, known as chylomicrons. These 

chylomicrons primarily transport the absorbed fats and lipophilic xenobiotics into the 

bloodstream via the lymphatic network (51, 53, 56). Particularly for drug molecules, 

especially lipophilic ones (with a log P > 5), hitchhiking on chylomicrons enables them to 

bypass first pass liver metabolism, thus potentially enhancing their bioavailability. 

Additionally, these extracellular lipoprotein particles shows great promise for drugs 

targeting the lymphatic system, offering potential for enhancing therapeutic efficacy while 

minimizing off target toxicity (51, 54, 56, 182, 234).

Despite the significance and unique characteristics of the intestinal lymphatic 

absorption pathway, the field of in silico modeling for lymphatic oral absorption remains 

relatively underexplored (54, 184). To our knowledge, only one model has been reported, 

aiming to establish a quantitative relationship between molecular structure and the 

lymphatic transfer of lipophilic compounds co administered with a long chain triglyceride 

vehicle. Molecular descriptors were computed using the VolSurf computer program, and a 

structure3property relationship was established through partial least squares analysis (PLS). 

The predictive power of the PLS model was found to surpass that of the frequently used 

method correlating log P values (LogKow) with lymphatic transfer (235). 

In the context of mechanistic in silico modeling, physiological based 

pharmacokinetic (PBPK) modeling has emerged as a promising approach to assess drug 

exposure in virtual populations and to obtain mechanistic insight into drug characteristics 



(546 549). PBPK models provide simulated concentration versus time profiles of a drug 

and its metabolite(s) in plasma or an organ of interest and simultaneously allow for 

estimation of a variety of PK parameters (550). This modeling approach provides a 

mechanistic understanding of drug behavior by integrating physiological parameters, 

allowing for personalized predictions of drug pharmacokinetics and the assessment of 

interindividual variability (551). It enables the prediction of first in human dose selection 

and optimization of dosing regimens (552, 553), drug interactions involving enzymes, 

transporters, and multiple interaction mechanisms (554, 555), evaluation of drug 

disposition and safety in special populations (556), and other application (549, 550, 554). 

This approach is both commonly and increasingly being accepted by regulatory agencies as 

a valuable tool in drug development and new drug and formulation approvals (546, 557, 

558).

Intestinal lymphatic uptake still remains a relatively overlooked aspect in drug 

development and clinical pharmacokinetics using PBPK modeling, despite the significant 

implications for drug absorption, especially with the growing use of lipid based 

formulations such as solid lipid nanoparticles and other formulations aimed at enhancing 

systemic absorption via this additional pathway. This study aims to address this gap by 

developing a PBPK model that incorporates intestinal lymphatic transport for absorption 

prediction, using halofantrine as a model drug for lymphotropism. Halofantrine is an 

antimalarial treatment that demonstrates unique absorption characteristics, related to its 

erratic absorption (559). To ensure consistent absorption and improved bioavailability of 

halofantrine, it is recommended to be administered with a fatty meal, leveraging its 

lipophilic nature to facilitate additional absorption through the intestinal lymphatics (469, 



560). Therefore, modeling the intestinal lymphatic uptake of halofantrine is crucial in 

accurately elucidating and characterizing its disposition, efficacy, and safety. 

The input parameters used in the pharmacokinetic and the physiologically based 

pharmacokinetic models (PK, and PBPK, respectively) were obtained via ADMET 

predictor 10.4 (AP 10.4, Simulations Plus, Lancaster, CA, USA) or from published and 

reported in vitro values. All input model parameters are listed in Table 10.1. The data for 

absorption, distribution, metabolism, and elimination of halofantrine in both fasted and fed 

states, has been previously reported by Miton et al. (60), and was modeled and constructed 

using GastroPlus™ 9.8.3 (Simulation Plus, Inc., Lancaster, US). The Advanced 

Compartmental Absorption and Transit (ACAT™) model and PBPK Plus™ was utilized, 

alongside the drug metabolism module. Halofantrine pharmacokinetic parameters were 

determined utilizing the PKPlus tool within GastroPlus™ software. For the PBPK 

modeling, human organ weights, volume, and blood perfusion rates were derived from the 

Population Estimate of Age Related (PEAR™) physiology module within GastroPlus™. 

Tissue plasma partition coefficients (Kp) were predicted using the default in silico 

Lukacova Kp method (561). Metabolic clearance was estimated from in vitro Km and Vmax 

values of CYP3A4 sourced from literature (562). 

The PK model was derived from a selected IV profile construct using data in 

Krishna et al. (563), where a 1 mg/kg IV infusion of halofantrine was administered over 

one hour to nine adults (primarily male). These individuals had a mean age of 21 years and 

an average weight of 52 kg.



The modeled oral halofantrine pharmacokinetic profiles in both fasting and fed 

states were reported by Milton et al. (60). In their study, six healthy males were 

administered a 250 mg tablet of halofantrine hydrochloride after an overnight fast. These 

same subjects underwent a washout period of at least 6 weeks before receiving the same 

dose in the same tablet form, after consuming a standardized fatty meal consisting of 60 g 

of fat (including sausage, scrambled egg, fried potato, and one pint, 568 mL, of whole 

pasteurized milk). The pharmacokinetic profiles obtained included mean values reported 

for all individuals with an average weight of 68 kg and a mean age of 28 years in both the 

fasting and fed states. 

Table 10.1. Input parameters for the different properties of halofantrine used in developed PK and 

PBPK models obtained via ADMET predictor 10.4 (AP 10.4, Simulations Plus, Lancaster, CA, 

USA) or from published reports.



Several differences were noted in the halofantrine pharmacokinetic profiles in both 

fasting and fed states (Figure 10.1). One important distinction between the two states was 

the decreased pre systemic loss due to the first pass effect in the fed state (9.9%) compared 

to the fasting state (77.2%). This is demonstrated through the absorption of halofantrine, as 

indicated by maximum plasma concentration (Cmax) and area under the curve up to time (t) 

(AUC0 t) (569), being higher in the fed state (Table 10.2).

Two PBPK models were developed for halofantrine for the fasting and the fed states, 

respectively. The fasting state profile closely matched the reported data in terms of Cmax 

and AUC0 t for the drug, as illustrated in the Figure 10.2 and summarized in Table 10.3. 

For the fed state, the final profile is depicted in Figure 10.3. Values of the different 

parameters in comparison to the observed data are in Table 10.3.

Table 10.2. PK model parameters for simulated and observed (60) fasting and fed states of 

halofantrine.

s.d. represents the standard deviation. 



Figure 10.1. Pharmacokinetic (PK) model of simulated and observed (60) profiles of halofantrine 

in the fasting (top) and fed (bottom) States. Observed data represent the mean values for 6 subjects 

and the error bars represent the standard deviation of the observed highest plasma concentration 

(Cmax).



Table 10.3. PBPK model parameters for simulated and observed (60) fasting and fed states of 

halofantrine.

s.d. represents the standard deviation. 

Figure 10.2. Physiologically Based Pharmacokinetic (PBPK) model of simulated and observed 

(60) profiles of halofantrine in the fasting state. Observed data represent the mean values for 6 

subjects and the error bars represent the standard deviation of the observed highest plasma 

concentration (Cmax).



Figure 10.3. Physiologically Based Pharmacokinetic (PBPK) model of simulated and observed 

(60) profiles of halofantrine in the fed state. Observed data represent the mean values for 6 subjects 

and the error bars represent the standard deviation of the observed highest plasma concentration 

(Cmax).

Gastroplus™ uses an advanced compartmental and transit (ACAT) model to predict 

absorption, distribution, metabolism, and excretion properties of drugs.  In this model, the 

gastrointestinal tract is divided into nine compartments from the stomach to the ascending 

colon and accounts for the different physicochemical factors of the drug, along with the 

mechanistic descriptions of the underlying biophysical and biochemical processes to 

predict the intestinal drug absorption and in vivo drug behaviour (570 572).  



This work aimed at using Gastroplus™ to develop a PBPK model to investigate the 

behaviour of halofantrine after oral administration in the fasting and the fed state, where in 

the latter significant contribution of intestinal lymphatic uptake is likely enhanced. 

For the PBPK generation, determining the pharmacokinetic parameters through 

appropriate PK models is the first step to provide insights into the observed drug plasma 

profiles (573) which can be used to further develop and define the PBPK model and to help 

direct the building of a PBPK model based on the determined pharmacokinetic parameters.

To obtain an accurate and descriptive PK model, an intravenous (IV) dose profile is 

essential to utilize in conjunction with the oral plasma profile. Intravenous administration 

usually provides complete bioavailability and drug delivery into the bloodstream, allowing 

the isolation of the absorption phase, which can be used to establish a baseline 

pharmacokinetic profile and model pharmacokinetic parameters such as total body 

clearance, volume of distribution, and elimination half life without the possibility of 

contamination by unabsorbed drug (574). Additionally, it will act as a reference when 

calculating the oral bioavailability by comparing the oral profile to the intravenous profile 

from Krishna et al. (563, 575, 576). 

For the halofantrine profiles in both states (fasting and fed), identical input 

parameters for the drug were utilized, as outlined in Table 10.1. However, the fasting state 

physiology of the human body was employed for modeling the fasting state profile, while 

the fed state (characterized by high fat and high calorie intake) was chosen for the fed state 

profile. Additionally, the fed state profile incorporated a shift to zero order gastric 



emptying kinetics where the gastric emptying time is calculated based on a linear 

correlation to the caloric content of the meal. Moreover, the bile salt concentrations in the 

intestinal compartments are calculated based on the percentage of fat in the meal (577). 

Appreciably greater extent of halofantrine evaded the first pass extraction by the 

liver when administered in the fed state. This enhanced absorption of halofantrine is likely 

facilitated by the absorption through the intestinal lymphatic pathway, which anatomically 

bypasses the liver, reducing first pass effects and leading to higher systemic drug exposure 

(467, 469).

The theoretical effect of food on extraction ratio of a high extraction ratio (E) drug 

suggests that in the fed state, the reduced first pass effect results in a higher proportion of 

the drug reaching systemic circulation compared to the fasting state and a lower extraction 

ratio would be evident. This phenomenon where a high E drug such as halofantrine in 

fasted conditions is changed to a low E drug under fed conditions can lead to an increased 

Cmax, and AUC, indicating enhanced oral drug bioavailability (F) in the fed state due to 

reduced hepatic extraction and thus more drug available for lymphatic absorption. An 

increase in drug AUC with increases in fraction absorbed lymphatically is highly 

pronounced with a high E drug (>10 fold), along with significant increases in Cmax and 

AUC (284). 

Another significant consideration noticed between the halofantrine fasting and fed 

states profiles is the number of compartments necessary to accurately model each profile. 

While a two compartment model adequately represented the fasting state condition, 

applying the two compartment model to the fed state profile failed to precisely capture its 



disposition characteristics, as evidenced by two crucial goodness of fit criteria4the Akaike 

Information Criterion (AIC) and Schwarz Criterion (SC) (578, 579). For the fed state 

profile, the AIC and SC values for the two compartment model were 24.954 and 17.643, 

respectively. In contrast, the three compartment model exhibited a markedly improved fit, 

with an AIC of 60.348 and an SC value of 50.947, both more than two fold lower 

(Supplementary Materials). Therefore, the three compartment model was selected.

In pharmacokinetic modeling, a two compartment model typically represents drug 

distribution between the central compartment (blood) and a peripheral compartment 

(tissue). This model assumes that drug distribution throughout the body can be adequately 

described by these two compartments. However, in some cases, particularly when 

considering complex absorption processes or additional tissue compartments, a two

compartment model may not fully capture the behavior of drugs. In cases where there are 

significant delays in absorption, extensive tissue distribution, multiple metabolic pathways, 

lymphatic or lysosomal trapping, in addition to other scenarios, a more comprehensive 

approach with additional compartments may offer a more comprehensive understanding of 

the pharmacokinetic behavior of drugs. The decision to use a multi compartment model 

depends on the specific characteristics of the drug being studied and the objectives of the 

analysis. However, introducing a third compartment in this scenario enables a more 

nuanced representation of the distribution and elimination kinetics of the drug under 

different conditions (580, 581). 

In the case of the fed state profile of halofantrine, the addition of a third 

compartment was proposed to better describe its disposition characteristics when taken 

with a fatty meal. This third compartment may help us identify the importance of an 



additional input pathway of absorption and disposition is particularly evident in the fed 

state that may be related to the intestinal lymphatic system. Compartmental PK modeling in 

this software (PK Plus) is built so that the drug once crossing the basolateral intestinal 

barrier, it proceeds to the portal vein and subsequently enters the liver. Upon evading first

pass metabolism, the drug gains access to the systemic circulation, allowing distribution to 

peripheral compartments (Figure 10.4). Thus, the third compartment can be related 

theoretically to the undetermined mechanistic distribution or the uptake through the 

lymphatics which is involved in its absorption postprandially. Yet, the lymphatic absorption 

pathway is not incorporated directly into the software but accounted for indirectly in the 

ACAT model with the bile salt concentrations after a fatty meal and the solubility of the 

drug in the FeSSIF condition (577). Therefore, the third compartment was linked to a 

process that would be captured by the software building and it is related to disposition of 

the drug after reaching the general circulation which is the lysosomal trapping. 

Halofantrine being a weak basic lipophilic drug is reported to be trapped inside cellular 

lysosomes (lysosomotropic) (41, 582). This additional tissue compartment accounts for the 

third compartment within the fed state profile.

Capturing lysosomal trapping in the fed state profile rather than the fasting state 

profile may be attributed to the higher drug concentration reaching the general circulation 

and tissues, including lysosomes, when in the fed state compared to the fasting state. In the 

fasting state, the goodness of fit of the three compartment model exhibited significant 

decline compared to the two compartment model. Adjusting the unbound fraction in the 

enterocyte (Fuent) in the fasting state facilitated the lysosomally trapped portion of 

halofantrine, leading to the development of a more representative PK model. 



Figure 10.4. Diagram depicts the absorption pathway adopted in the in silico models for orally 

administered drugs, utilizing continuous arrows to signify the route from the intestine through the 

portal vein to the liver and subsequently to the general circulation. Additionally, the overlooked 

absorption pathway is illustrated with dotted arrows, indicating that drugs can travel through the 

mesenteric lymph to enter the general circulation.

The genesis here is a PBPK model for the fasting state profile of halofantrine using 

physicochemical properties derived from the values presented in Table 10.1 and the 

profiles documented by Milton et al. (60). 



Given the low solubility and high permeability of halofantrine (biopharmaceutical 

classification system, BCS, Class II drug) (583), the distribution of the drug was 

determined to be perfusion rate limited. With the perfusion limited distribution, the 

accumulation rate of the drug in tissues is constrained by the blood flow rate within the 

tissue (perfusion rate) (584). Instantaneous partitioning is assumed, where the tissue's 

specific partition coefficient (Kp) is employed to determine drug partitioning between 

plasma and the entire tissue at each time interval. As a result, the drug concentration in the 

tissue is calculated as the product of the tissue Kp and the instantaneous drug concentration 

in the plasma during the relevant time period (585). 

Renal clearance was set to (glomerular filtration rate * unbound drug fraction (GFR 

* Fu)) to account for the portion cleared through the kidneys. As halofantrine is primarily 

metabolized by the liver, chiefly through CYP 3A4 (586, 587), the Km and Vmax of this 

enzyme were incorporated, based on literature data (562).

The initial profile of the fasting state, shaped by these inputs, aligned with the 

observed data but indicated a greater clearance phase than observed. Optimization of the 

metabolism constant and maximum velocity of enzyme reaction (Km and Vmax, 

respectively), values for CYP 3A4 resulted in the profile presented in Figure 10.2. 

In a physiologically based model, changing the physiology to the fed state would 

often predict the fed state plasma profile especially for low extraction ratio drugs (588, 

589). Thus after uploading the observed fed state profile, and adjusting the physiological 

conditions to reflect the fed state (characterized by high fat and high calories) zero order 

emptying option was selected for as previously mentioned. However, in this scenario a 



change in the fed state physiology is involved but an additional absorption route with 

pharmacokinetic implication related to the first pass effect is suggested. As the intestinal 

lymphatic uptake cannot yet be directly simulated here, and taking into account that 

halofantrine is a high E drug, then reducing the first pass percentage as shown with the PK 

modeling would be a suitable approach to adjust the PBPK model in the fed state to reflect 

the increase in the drug absorption caused by reduced hepatic extraction and intestinal 

lymphatic uptake. Firstly, the linear clearance obtained from the non compartment model 

of the concentration time profile used was employed to develop the model in the fed state. 

However, the observed Cmax value was 2.6 times higher than the predicted one.

By altering the pKa of halofantrine to 5.6, the predicted profile approached closer to 

the observed profile and fell within the statistically observed values. Subsequent 

optimization of Km and Vmax was performed to eventually result in the profile depicted in 

Figure 10.3. The explanation for more accurate modeling when pKa was altered can be 

attributed to the administered dosage form which was the hydrochloride salt, which 

undergoes conversion to the free base to enhance its association with lipid digestion 

products. This transformation facilitates packaging into chylomicrons formed by 

enterocytes, enabling transportation through the intestinal lymphatic route. This process 

bypasses the first pass liver extraction and clearance, leading to increased fraction 

absorbed. Halofantrine, being a tertiary aliphatic amine, is expected to have a high pKa. 

The calculated pKa was found to be 8.16 (564) as used in all previously described models. 

However, in a representative fed state media (pH = 6), it was documented in the literature 

that halofantrine has a pKa of 5.58 ± 0.07 (565). Molecular modeling calculations 

suggested that the decrease in pKa might result from the folding of the side chain, bringing 



the tertiary amine closer to the benzylic hydroxyl group. This spatial arrangement forms an 

intramolecular hydrogen bond, reducing the basicity of the amine in halofantrine (Figure 

10.5). The shift in pKa from 8.16 to 5.58 brought about significant implications for the 

solubilization and absorption of halofantrine. This change increased the solubilization ratio 

by 16 fold, favoring its unionized form. Consequently, it enhanced its association with lipid 

digestion products, facilitating its absorption with approximately 80% predicted to occur 

primarily in the duodenum and jejunum (pH=5.4 6, according to the ACAT Model). These 

segments have a higher density of villi (274), where lymphatic capillaries (lacteals) are 

located (53) which will facilitate the traverse of halofantrine through the intestinal pathway 

into the general circulation. 

Figure 10.5. Illustration showing the side chain folding, drawing the tertiary amine nearer to the 

benzylic hydroxyl group (*). This spatial configuration creates an intramolecular hydrogen bond, 

consequently lowering the basicity of amine in halofantrine and changing the PKa from 8.16 for the 

left molecular configuration to 5.58 for the right molecular configuration.

As demonstrated, developing a PBPK model to reflect the intestinal lymphatic 

uptake is not a straightforward process, at least using the existing algorithms in 

GastroplusTM. For high E drugs,  the most prominent and likely effect would be related to 



changes in pre systemic metabolism as seen with the example used here  then adjusting 

the enzyme kinetics might help reflect additional intestinal lymphatic uptake. However, for 

medium and low E drugs, where adjusting the metabolism profile might not be as efficient 

in reflecting drugs lymphatic uptake, empirical adjustment of the different properties of 

individual gut compartments might also be an option. Important considerations from this 

could be the significance of updating the ACAT model to accommodate the intestinal 

lymphatic uptake route to further characterize the model and dual absorption processes of 

drugs reaching the general circulation through the intestinal lymphatics. By including such 

updates in the model, pharmaceutical scientists could more optimally simulate the 

absorption kinetics of lymphotropics and rationally account for the impact of food or 

formulation on their pharmacokinetics. Additionally, integrating the relevant equations and 

functions is crucial to accurately address the impact of this route on the metabolism and 

disposition of potential drugs and the increasingly prevalent lipid formulations utilized for 

hydrophobic drug delivery.

This study presents an initial investigation into the in silico modeling of intestinal 

lymphatic uptake using halofantrine as a case study. Despite the importance of the 

intestinal lymphatic absorption pathway, this area of research remains relatively 

underexplored. Theoretical considerations regarding the impact of food on the extraction 

ratio of high extraction ratio (E) drugs, such as halofantrine, offer avenues to modulate 

PBPK models for such drugs when administered in formulations targeting lymphatics or 

alongside food effects that can enhance intestinal lymphatic uptake. However, it is crucial 

to integrate experimental data into pharmacokinetic modeling approaches for precise 



predictions, as demonstrated by the variation in halofantrine pKa under post prandial 

intestinal conditions. Additionally, alternative measures may be considered for medium and 

low E drugs. Nonetheless, all these methods are indirect, underscoring the necessity for 

developing alternative and direct modeling options for this critical route. Overall, this study 

contributes to advancing our understanding of intestinal lymphatic uptake using existing 

models. It also emphasizes the need to refine these models to make direct and better 

predictions of the intestinal lymphatic uptake, which will be reflected in improving drug 

development strategies, and ultimately enhancing therapeutic outcomes for patient. 

Table 10.4.31Goodness of fit criteria parameters for compartmental pharmacokinetic models of 

halofantrine in fasting and fed states.

AIC = Akaike Information Criterion, SC = Schwarz Criterion 







59.08 ± 2.0  √ 113.81 √

3.09 ± 0.06  √ 19.99 √

0.46 ± 0.02  √

59.1 ± 5.0  √
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To investigate the intestinal lymphatic uptake, researchers have employed the 

mesenteric lymph duct cannulation model in rats. This approach allows for direct sampling 

of the mesenteric lymph node, providing a streamlined method for quantifying drugs 

entering the systemic circulation through the intestinal lymphatics. However, the procedure 

is invasive and involves complex surgical steps that can affect lymph flow and pressure, 

complicating sequential sampling (54, 283).

A more widely adopted technique that circumvents the limitations of the previously 

mentioned method is the lymph blocking approach also in rodents. This method aims to 

inhibit the production and/or release of chylomicrons from enterocytes. A comprehensive 

compilation of various agents used in this approach, including  L 81, puromycin, 

vinca alkaloids, colchicine, and cycloheximide, can be found in Chapter 5. This chapter 

provides a thorough analysis of diverse models, listing and evaluating existing studies 

while highlighting the gaps in current research regarding these models (592).







In Chapter 8, more agents were evaluated using an in vitro model for their 

enhancement action of intestinal lymphatic uptake, focusing particularly on olive, sesame, 

and coconut oils due to their distinct percentages and chain lengths of fatty acids, which are 

known to influence in vivo lymphatic uptake via chylomicrons (501, 505, 507). The 



findings aligned with in vivo observations that the enhancement of lymphatic uptake was 

associated with the percentage of long chain fatty acids present in olive, sesame, and 

peanut oils (277).  Interestingly, coconut oil, which is rich in medium chain fatty acids, 

demonstrated the most effective performance. This superior performance was attributed to 

the better solubility of medium chain fatty acids in the chylomicron media used in the in

vitro model. It was noted that while the model could distinguish between oils containing 

long chain fatty acids, it could not effectively differentiate between long chain and 

medium chain fatty acids (62).

Following the results obtained with  L 81 and the proposed mechanism in 

the previous chapter, zeta potential was considered as another biophysical factor that could 

influence drug chylomicron association and consequently, intestinal lymphatic uptake. To 

investigate this, racemic chloroquine (C18H26ClN3) and sodium lauryl sulfate 

(C12H25NaO4S) were used, having been tested to affect the zeta potential of artificial 

chylomicrons in opposite ways. Chloroquine decreased the zeta potential of the artificial 

chylomicrons and inhibited in vitro uptake, whereas sodium lauryl sulfate increased the 

zeta potential and enhanced the uptake (62). This prompted further questions about whether 

similar effects would be observed in vivo, as there were no existing reports linking these 

agents to the lymphatic uptake of potential lymphotropics. Additionally, the various 

mechanisms underlying the incorporation of drugs into chylomicrons remain to be 

elucidated.

A practical application of the model was demonstrated in developing a formulation 

for cannflavin A, incorporating a known synthetic enhancer of lymphatic uptake (Labrafil® 



M 2125 CS). Upon testing, the in vitro uptake of cannflavin A was significantly better 

when combined with Labrafil® M 2125 CS compared to when it was tested without it (62).

In Chapter 5 it was shown that general bioavailability equation does not account for 

all pathways through which orally administered drugs enter the systemic circulation. While 

most drugs pass from the GIT into the systemic circulation via the portal blood, some may 

take alternative routes, such as the intestinal lymphatic system and possibly through 

chylomicrons. This assumption that all drugs are absorbed through the portal blood 

underlies known dissolution testing methods as well (527). Therefore, for lymphotropics a 

more representative dissolution model should be used4one that considers both blood and 

lymphatic pathways through which active pharmaceutical ingredients (APIs) may enter the 

general circulation.

In Chapter 9, the release profiles of three commercial products of the lymphotropic 

drug, terbinafine, were evaluated using modified USP Apparatus II and IV. These modified 

apparatuses featured an artificial chylomicron containing compartment within the 

dissolution vessel, providing a lipid dissolution sink specifically for lymphotropic drugs. 

Distinct release patterns were noted in both aqueous and lymphatic media, with the 

modified USP IV apparatus demonstrating greater variation in aqueous release profiles. 

This setup more accurately represented physiological conditions, incorporating both 

simulated gastric and intestinal environments (593).
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Pluronic® L 81, another known 

agent, exhibited an inhibitory effect in the model, likely through a novel biophysical 

mechanism involving the coating of Intralipid® particles. Moreover, the data indicated that 

zeta potential influences intestinal lymphatic uptake, resulting in corresponding increases 

and decreases in uptake within the in vitro model based on the agent used. This novel 

finding necessitates further in vitro and in vivo investigations.





Documented reports highlighted the need for future research to elucidate the 

detailed mechanisms of the entry and transport of drugs through the intestinal lymphatic 

system. Moreover, additional studies related to in vivo chylomicron blockage models could 

be explored. While many vinca alkaloids have been reported to affect triglyceride profiles 

and potentially block chylomicrons, only vincristine and vinblastine have been tested for 

this purpose. Therefore, other vinca alkaloids that have been reported to disrupt triglyceride 

absorption could be investigated as potential chylomicron blockers. Furthermore, additional 

research is needed to determine the effective and toxic doses of colchicine to gain a better 

understanding of its clinical impact on blocking the chylomicron pathway in humans.

The developed in vitro model for studying lymphatic uptake via chylomicrons 

represents a foundational step towards creating a physiologically based predictive tool for 

estimating drug interactions with chylomicrons and their subsequent lymphatic transport. 

Enhancing the model by incorporating microsomes would help simulate the pre systemic 

metabolic loss occurring at the enterocyte stage of drug absorption. Moreover, integrating 

lipolysis into the current framework could account for the portion of the drug that is 

digested and absorbed by enterocytes, thereby further improving the accuracy of the model 

and its physiological relevance.

The developed lymph focused dissolution models have demonstrated potential in 

evaluating lymphatic uptake via chylomicrons, an area previously unexplored. However, 

these models can be further refined; for instance, incorporating surfactants could help 



maintain drug solubility in the alkaline conditions of the modified apparatus IV, which 

simulates both gastric and intestinal environments and thus presents solubility challenges 

for alkaline drugs in the second stage. Also, continuous sampling from the lymphatic 

compartment could be explored to enable simultaneous monitoring of drug uptake profiles 

into the lymphatic region alongside the aqueous dissolution profile. This approach would 

provide insights into the dynamics of drug absorption into both portal and lymphatic 

pathways.

For all models, establishing a correlation with in vivo lymphatic uptake through a 

mathematical framework would aid in achieving the ultimate goal of in vitro in vivo 

correlation. This correlation would provide a predictive capability that would reduce the 

reliance on animal studies, thereby addressing animal ethics concerns and cutting down on 

the time and resources required for preclinical testing. Furthermore, having a validated 

mathematical model that reliably predicts in vivo behavior could streamline regulatory 

submissions, providing strong supportive data and potentially accelerating the approval 

process for new therapies. This approach will hopefully enhance scientific understanding 

and also foster innovation in drug development.
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totaling 50.0 g were prepared, incorporating the chosen liquid lipid 

magnetic stirrer at 300 rpm until complete dissolution was achieved. 

mechanical homogenizer at 8000 rpm (Ultraturrax, IKA

) for 5 min. The resulting coarse emulsion underwent further 

International, Inc. USA), employing five consecutive cycles at 600 bar.



μS.cm21 was prepared by adding NaCl 0.2 % (w/v) and used to dilute the samples before 
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(α = 0.05), indicating that the model fitted the data well and there was a strong functional 
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1.1. Law of Superposition:
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ÿĀ = Āąýÿ�Āÿÿ2∞

τ >

�Āÿ =  ý ×ĀąýÿÿĀþąþ�Ă  
�Āÿ =  ý ×ĀąýÿĀÿ × ÿĀÿĄþ



ÿĆ,ýý  =  �Āÿÿ2∞ÿ  



�ĀÿþÿĄāĂÿ Āąýÿ�Āÿþþ = Ā

�Āÿþþ =  ý�þĄ→∞ ∫ ÿĄ (þ)þþþĄ+ĀþĄ
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ÿĄ(þ) = ÿĄ2Ā(þ) + Ā(þ 2 þĄ)  ÿĄ(þ) =  ∑ Ā(þ 2 þÿ)Ąÿ=Ā   

Modeling A Hypothetical Drug <Canadamycin=

2.1 Pharmacokinetics After a Single Intravenous Dose:
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ÿ(þ) =  ∑ �ÿÿ2þ/�Ā =  ∑ �ÿÿ2�ĀþăĀĄĀ  
is the concentration coefficient, τ

= 1/ τ

ÿĆĀ� =  ÿĆĀÿ  ÿ2āÿĂþ 
ÿĆāÿ =  ÿĆĀ� + ÿĆĀÿ = ÿĆĀÿ  ÿ2āÿĂþ + ÿĆĀÿ
ÿĆā� = [ÿĆĀÿ  ÿ2āÿĂþ + ÿĆĀÿ ] ÿ2āÿĂþ

ý = ÿ2āÿĂþ 



ÿĆā� = ÿĆĀÿ ý + ÿĆĀÿ ýā
ÿĆāÿ = ÿĆĀÿ + ÿĆĀÿ ý + ÿĆĀÿ ýā

2.2 Pharmacokinetics After Multiple Intravenous Dosing:





ÿă�� = ÿĆĀÿ(Ā2ý) =  āÿ(Ā2ÿ.āĄĆ) = āą. Ĉā ăā/Ā
ÿăÿĄ = ÿĆĀ ýÿ(Ā2ý) = ÿþ��  ý = āą. Ĉā � ÿ. āĄĆ = ą. Ĉā ăā/Ā



τ = 8 hr

� = �2ý��ā �20.17 � 8

2.3 Pharmacokinetics After Multiple Oral Dosing:

ÿăÿĄ = ý � Āąýÿ � ā�ā � (ā�2āÿĂ) [ ÿ2āÿĂ�Ā2ÿ2āÿĂ�]
ÿăÿĄ = � [ ýĀ2ý]

interval (τ) after the first dose, as demonstrated in equation 20.



ÿăÿĄÿĆĀ� = ĀĀ2ÿ2āÿĂ� = Ā(Ā2ý) 

ÿĆ = ý � Āąýÿ � ā�ā � (ā�2āÿĂ) [ÿ2āÿĂ� 2 ÿ2ā��]
dose is given as a single dose every dosing interval (τ) or 

τ = 12 hr



ÿĆ = ý � Āąýÿā � āÿĂ � �
Āąýÿ = ÿĆ � ā � āÿĂ � �ý =  ĀĄ � Ăÿ � ÿ.ĀĀą � ĀāĀ = ąāă ăā

� = �2ý��ā  �20.116 � 12
Āą�þÿĄā Āąýÿ = ā�ÿĄþÿĄ�Ąýÿ ĀąýÿĀ2ý =  ąāăĀ2ÿ.āĄ = ćĂā ăā

ÿăÿĄ = ý � Āąýÿā [ ÿ2āÿĂ�Ā2ÿ2āÿĂ�] = Ā � ąāăĂÿ [ ÿ.āĄĀ 2 ÿ.āĄ] = ą. ĈĂ ăā/ăĀ 
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ÿăÿĄ = ý � Āąýÿā [ ÿ2āÿĂ�Ā2ÿ2āÿĂ�] = Ā � ĂĀāĂÿ [ ÿ.ĄĀ 2 ÿ.Ą] = Āÿ. ă ăā/ăĀ 





(a) (b)

ADME Process Main related causes of non linearity Examples

Absorption 

Carrier mediated transport Gabapentin (46), 
Metformin (47)

Saturable pre systemic loss
Gut metabolism Verapamil (48)

First pass metabolism Propranolol (49)

       Distribution 
Saturable plasma protein binding Paclitaxel (50)

Saturable tissue binding Imipramine (51)

El
im

in
at

io
n Metabolism

Saturable metabolism Theophylline (52)

Enzyme induction Carbamazepine (53)

Excretion 
Saturable renal excretion Saturable active secretion Zidovudine (54)

Saturable reabsorption Methotrexate (55)

Saturable biliary excretion Tetracycline (56)



3.1 Less than proportional increase in AUC (AUCSS < AUCSingle Dose):



āþ = āĆ + ∑ āþ ĀÿĀþ



Āÿ = ÿþ+ĀĀĄĆþ+ÿþ+ĀĀ
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changes in intrinsic clearance (CLint9). Enzyme autoinduction



3.2 More than proportional increase in AUC (AUCSS >AUCSingle Dose):



• hr) exceeded that recorded after the initial dose (788 ± 224 

• hr). That increase in AUC was attributed to the saturation of the first





�ÿĆ�þ = āăÿă ÿĆ

�ÿĆ�þ = āă � ÿĆÿĆ = āă



ÿĀý = Ā ÿ� þýý + ÿĀ

(CLint9). Enzyme inhibition can be a time
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