Ahn and Park Biomaterials Research (2016) 20:36
DOI 10.1186/540824-016-0083-1

Biomaterials Research

REVIEW Open Access

Liposomal delivery systems for intestinal

lymphatic drug transport

Hyeji Ahn and Ji-Ho Park’

@ CrossMark

Abstract

Intestinal lymphatic drug delivery has been widely studied because drugs can bypass the first-pass metabolism in
the liver via the lymphatic route, which increases oral bioavailability. Various lipid-based nanoparticles have been
used to deliver hydrophobic drugs to the lymphatic pathway. This review focuses on the liposomal delivery systems
used for intestinal lymphatic drug transport. Liposomal formulations have attracted particular attention because
they can stimulate the production of chylomicrons and the incorporated drugs readily associate with enterocyte-
derived chylomicrons, enhancing lymphatic drug transport. We believe that a full understanding of their contribution
to intestinal drug translocation will lead to effective oral delivery with liposomal formulations.
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Background

There are many ways to deliver drugs into the body, in-
cluding oral, pulmonary, subcutaneous, intravenous,
transdermal, and nasal. Among them, oral drug delivery
is particularly useful because it is convenient and com-
fortable for patients and thus is associated with a high
rate of compliance. In other words, patients prefer drugs
to be administered in oral form. However, orally admin-
istered drugs typically show low bioavailability due to
their degradation by enzymes in the gastrointestinal (GI)
tract, the difficulty of absorbing them in the small intes-
tine, and the first-pass metabolism in the liver [1]. After
oral administration, the drugs pass through the small in-
testine and enter the portal vein or intestinal lymphatic
system (Fig. 1). Two main factors control the route that
drugs take: molecular mass and solubility [2, 3]. Soluble,
small drugs are preferentially transported via the portal
vein. These drugs immediately accumulate in the liver
and are then metabolized by enzymes, which lowers the
drug concentration in the bloodstream. An alternative
route for delivering drugs to the systemic circulation is
the intestinal lymphatic pathway. Lipophilic drugs are
known to be transported via the lymphatic system. The
intestinal lymphatic pathway can bypass first-pass
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metabolism in the liver, thus increasing drug bioavail-
ability. Furthermore, the co-administration of drugs
with lipids can enhance their lymphatic transport [4].
In a postprandial state, lipid—drug conjugates and
lipid-based nanoparticles have been widely studied for
the delivery of lipophilic drugs via the lymphatic
pathway. In this article, we highlight liposomal formu-
lations developed to facilitate the lymphatic transport
of loaded lipophilic drugs.

Overview of intestinal lymphatic drug transport
Assembly and secretion of chylomicrons

Chylomicrons are one group of lipoproteins. They con-
sist of triglycerides (85-92%), phospholipids (6—12%),
cholesterol (1-3%), and proteins (1-2%). Lipoproteins
are macromolecules that transport hydrophobic lipids
throughout the aqueous environment of the circulatory
system [3, 5]. Orally administered exogenous lipids are
absorbed into the apical side of enterocytes. Some
monoglycerides and fatty acids diffuse into enterocytes
and enter the portal vein, while others are resynthesized
to chylomicrons and secreted into lymphatic vessels. In
the process of chylomicron formation, monoglycerides
and fatty acids are transformed to triglycerides by either
the a-glycerol-3 phosphate pathway in the rough endo-
plasmic reticulum or the 2-monoglyceride pathway in
the smooth endoplasmic reticulum [3, 6, 7]. Triglycer-
ides synthesized by these two pathways then enter the
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endoplasmic reticulum lumen and are assembled into
chylomicrons. These chylomicrons are transported to
the Golgi and exocytosed from the enterocyte. Finally,
the chylomicrons enter the lymphatic route and circulate
throughout the body.

The lipid transport pathway varies depending on the
lipid class, lipid-chain length, and degree of saturation
(Fig. 2). Fatty acids with a chain length of 14 carbons or
more are transported via the lymphatic pathway, while
those with short chain lengths, which are more soluble,
are transported via portal blood. Unsaturated fatty acids
are also prone to be transported via the lymphatic path-
way. Thus, these unsaturated and longer-chain fatty
acids are assembled into larger lipoprotein chylomicrons
and enter the intestinal lymphatic pathway [3, 8]. After
the chylomicrons are exocytosed from the small intes-
tine, they enter lymphatic vessels and transport dietary
fats from the small intestine to peripheral tissues includ-
ing muscle, adipose tissues, and heart. Triglycerides in
chylomicrons are hydrolyzed by lipoprotein lipases to
glycerol and fatty acids at the inner surface of capillaries

in the peripheral tissues [9]. These chylomicron rem-
nants are also taken up by liver cells by interacting with
specific receptors in the liver.

Incorporation of lipophilic drugs into chylomicrons for
lymphatic transport

Drugs can be transported into systemic circulation by
either the portal vein or the lymphatic system. The parti-
tion coefficient (P) is the ratio of concentrations of a
drug in two immiscible solutions, octanol and water.
The log P value is a measure of drug lipophilicity. This
value can thus be used to determine the transport path-
way of drugs. Specifically, if the log P value of drugs is
higher than 5, the drugs are highly lipophilic. It has been
reported that lipophilic drugs associate with lipoproteins,
specifically within their core [3, 6]. Lipoproteins associ-
ated with lipophilic drugs enter intestinal lymphatic
vessels and are transported to systemic circulation. Co-
administration with lipids can increase the level of drug
transport through the intestinal lymphatic system (Fig. 3);
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Fig. 2 Pathways of lipid absorption and chylomicron synthesis within enterocytes
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Fig. 3 Lipophilic drug transport mechanisms by association with lipoproteins

thus, several approaches for the co-administration of
lipophilic drugs with lipids have been studied (Table 1).

Postprandial state (diet-derived)

Chylomicron levels in the intestinal lymphatic duct in-
crease substantially after a meal or feeding on fatty food.
Fatty food enhances intestinal lipoprotein synthesis and
the access of drugs to the intestinal lymphatic system.
When drugs are co-administered with fatty food, their
lymphatic transport increases dramatically. Shui-Mei
Khoo et al. investigated the antimalarial drug halofan-
trine regarding intestinal lymphatic delivery [10]. The
lymphatic transport of halofantrine accounted for 1.3%
and 54% of the administered dose after fasting and in a
postprandial state, respectively, suggesting that a post-
prandial state is the main factor influencing lymphatic
halofantrine transport. More recently, Murakami et al.
showed that, in a postprandial state, vitamin E—siRNA
complex was administered by direct injection in a ligated

loop of the large intestine and delivered delivered by the
chylomicron-mediated lymphatic pathway [11]. Lipopro-
tein lipase changed the form from chylomicrons to
chylomicron remnants, which finally accumulated in the
liver. The siRNA delivered to the liver silenced apolipo-
protein B gene expression.

Lipid-conjugated drugs
Drugs modified with a lipid moiety, such as a fatty acid,
glyceride, or phospholipid, show increased lipophilicity
(Fig. 4). These lipid-conjugated drugs can be associated
into enterocyte-derived chylomicrons. However, such
modified drugs should be considered as novel entities
because this modification could raise problems of safety
and toxicity. In addition, confirmation should be ob-
tained that lipid-conjugated drugs show efficacy identical
or similar to that of the original drug [1, 12, 13].

Gert Fricker et al. used a phospholipid—valproic acid
conjugate as a model drug for oral delivery [13].

Table 1 Methods for incorporation of lipophilic drugs into chylomicrons

Method Concept Advantages Disadvantages References
Postprandial state Drugs are co-administered Chylomicrons are synthesized Uncontrollable method [10] - [14]
(diet-derived) with food. more than those of treating
any other methods.

Lipidic prodrugs Drugs are covalently bound Through covalent bonding - Pharmaceutically inert [12] - [15]

to a lipid moiety (fatty acid, with lipids, lipophilicity of - Safety and toxicity problems

glyceride, phospholipid). drugs can be increased.
Lipid-based nanoparticles Administration of a single - Effective carriers for drugs The effect of the formulation on 3] -118]

(formulation-derived)

capsule of long-chain lipid
can stimulate significant

lymphatic transport of drugs.

- Solid lipid nanoparticles

- Self-nanoemulsifying drug
delivery systems

- Emulsion

- Liposomes

- Stimulators of chylomicron
production

drug absorption and lymphatic
transport is less clear.
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Phospholipid—drug conjugates have been shown to en-
hance the absorption and bioavailability of oral drugs.
The absorption of this conjugate was examined in rats
by administering long-chain or medium-chain triglycer-
ide formulations. It was found that the bioavailability of
the conjugates was enhanced when conjugates were ad-
ministered with long-chain triglyceride formulations.
Drug lipophilicity increases by conjugation with the
phospholipid, resulting in enhanced absorption into
enterocytes. Arik Dahan et al. showed that phospho-
lipid—drug conjugates have been associated with chylo-
microns and reach the systemic circulation via the
lymphatic pathway [15]. An example of using drug—gly-
ceride conjugates to improve oral delivery has been also
reported [16]. Specifically, mefenamic acid was modified
with glyceride to reduce its side effects in the GI tract.
The biolabile prodrugs of mefenamic acid showed higher
plasma concentrations than upon treatment with the
parent drug. These lipidic prodrugs thus increase bio-
availability and reduce side effects in the GI tract.

Lipid-based nanoparticles (formulation-derived)

The administration of a single capsule of long-chain
lipids can stimulate significant lymphatic transport of
drugs. Exogenous lipids from various formulations en-
hance lymphatic transport by assembling into chylomi-
crons for endogenous lipid transport. Thus, drugs
together with exogenous lipids can be delivered more ef-
ficiently to the intestinal lymphatic system through an
increase in chylomicrons. Suzanne M. Caliph et al
showed lipid-based nanoparticles with long-chain lipids
increased the oral bioavailability of lipophilic drugs [17].
Other studies reported that docetaxel nanocapsules con-
sisting of long-chain triglycerides were transported in
the form of lipoproteinated nanocapsules [18, 19]. These
nanocapsules were recognized as triglyceride-rich parti-
cles in enterocytes, which resulted in them being trans-
ported through the intestinal lymphatic pathway.
Chylomicron-mimicking carriers have also been devel-
oped to enhance the intestinal lymphatic pathway [20].
Carriers made of Compritol 888 ATO and soybean PC

were recognized as chylomicrons in enterocytes. Metho-
trexate loaded in the carriers was delivered efficiently to
the systemic circulation via the lymphatic route.

Liposomal formulations for lymphatic drug
transport

Liposomes are spherical vesicles formed by one or sev-
eral kinds of lipid with an aqueous phase inside and be-
tween the lipid bilayers [21-23]. Hydrophilic molecules
can be loaded into the interior of liposomes, and hydro-
phobic or lipophilic molecules into the lipid bilayer
(Fig. 5). Compared with other lipid-based nanoparticles,
liposomes have the ability to encapsulate and protect
drugs and to increase their absorption into enterocytes.
Liposomes can protect labile drugs from denaturation by
the harsh conditions in the GI tract. Lipids of liposomes
can also be utilized to stimulate the production of chylo-
microns in enterocytes, thus enhancing drug transport

Fig. 5 Liposomes with a hydrophilic drug a encapsulated in the
aqueous core and a hydrophobic drug b incorporated into
the membrane
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into the lymphatic system. Furthermore, enterocyte up-
take of liposomes can be controlled with their size;
smaller showed higher uptake [24]. Therefore, this sec-
tion mainly focuses on liposomal formulations for oral
drug delivery, especially lymphatic drug transport.

Improvement of stability and bioavailability of drugs by
liposomal formulations

Liposomal drugs have several advantages over free
drugs for oral delivery. Liposomal formulations protect
drugs from harsh conditions and slow down the rate of
enzymatic degradation in the GI tract, thus improving
drug stability and bioavailability [25, 26]. Kisel et al.
showed that liposomes composed of phosphatidyletha-
nol had capability to protect the incorporated drugs
from pancreatic phospholipase [27]. Liposomal encap-
sulation also enhances the oral bioavailability of poorly
absorbed hydrophilic drugs. Sharon Sheue Nee Ling et
al. demonstrated increase in the oral bioavailability of
cefotaxime, a hydrophilic drug, with liposomal formula-
tions [28]. In addition, the liposomal formulation pro-
moted lymphatic transport of cefotaxime. Cefotaxime
concentrations in the lymph and plasma are higher when
administered with liposomal formulations than when
administered with an aqueous solution. These findings
demonstrate that liposomal formulations can play an im-
portant role in improving drug stability and bioavailability
for oral delivery, by facilitating lymphatic drug transport.

Improvement of liposome absorption into enterocytes
Liposome formulations have been engineered by several
methods to increase the efficiency of their uptake into
enterocytes. First, surfactants such as bile salts can be
incorporated into liposomes to enhance cellular uptake
by disrupting the apical side of enterocytes [29, 30]. Bile
salts incorporated into liposomes stabilize the liposo-
mal membrane from bile acids in the GI tract. In
addition, bile salt-incorporating liposomes show a pro-
longed residence time compared with conventional li-
posomes that incorporated cholesterol instead of bile
salts. Second, elastic liposomes are taken up more effi-
ciently by enterocytes [31]. Liposomes with Tween 80
and ethanol show elastic properties. These elastic lipo-
somes exhibit good stability in simulated gastric and in-
testinal fluids, and sustained release of the incorporated
drug. In oral delivery, elastic liposomes encapsulating
(+)-catechin show an increased plasma level of (+)-cat-
echin compared with free (+)-catechin. In addition, the
modification of liposomes with Pluronic F127 can en-
hance their mucus penetration and cellular uptake [32].
Pluronic F127-incorporating liposomes also show more
efficient delivery of coumarin 6 to enterocytes than un-
modified liposomes.
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Effect of surface charge of liposomes on intestinal
lymphatic drug transport

Modifying the surface charge of liposomal membranes
increases cellular uptake and lymphatic drug transport.
The residence time of liposomal formulations in the GI
tract influences drug bioavailability. To increase the GI
residence time, the surface charge of liposomes was
engineered by coating them with carbopol or chitosan
[33-35]. Chitosan and carbopol have mucoadhesive
properties due to their positive charges. Therefore, a car-
bopol or chitosan coating improves the enteral absorp-
tion of liposomal drugs. In addition, in a recent study,
liposomes were prepared with cationic stearylamine
(SA), anionic phosphatidylserine (PS), or chitosan (CS)
[36] and subjected to a mucoadhesion experiment. The
liposomes prepared with SA showed better mucoadhe-
sion than those prepared with PS and CS. This suggests
that the positive charge of liposomes increases their
mucoadhesion, resulting in enhanced intestinal lymph-
atic drug delivery.

Conclusions

When drugs are orally administered, they can bypass
first-pass metabolism through the lymphatic pathway.
During intestinal lymphatic drug transport, long-chain
and unsaturated lipids are assembled into chylomicrons
in enterocytes. These chylomicrons are then exocytosed
from the cell and enter the lymphatic route. If lipophilic
drugs are co-administered with these lipids, they are
prone to incorporation into chylomicrons and can be de-
livered to the lymphatic system in the form of chylo-
micron—drug complexes. Thus, co-administration with
lipids can enhance the lymphatic transport of lipophilic
drugs. There are several methods to enhance such
lymphatic drug transport: administration during a post-
prandial state and the use of lipidic prodrugs and lipid-
based nanoparticles. In particular, liposomes, which are
the lipid-based nanoparticles most commonly used in
drug delivery, have advantages over other methods in in-
testinal lymphatic drug transport because they can de-
liver various lipophilic drugs efficiently to enterocytes
and utilize their phospholipids to stimulate the forma-
tion and exocytosis of chylomicron—drug complexes.
Further research is needed to elucidate the effects of
liposomal components on the formation and exocyt-
osis of chylomicron—-drug complexes in intestinal
lymphatic delivery.

Acknowledgements
This study was supported by the KUSTAR-KAIST Institute at KAIST.

Funding
This study was funded from the Korea Advanced Institute of Science and
Technology.



Ahn and Park Biomaterials Research (2016) 20:36

Availability of data and material
All data generated or analysed during this study are included in this
published article.

Authors’ contributions
HJ collected whole data and drafted the manuscript. JP revised the
manuscript. Both authors read and approved the final manuscript.

Competing interests
The authors declare that they have no competing interests.

Consent for publication
Not applicable.

Ethics approval and consent to participate
Not applicable.

Received: 22 July 2016 Accepted: 9 November 2016
Published online: 23 November 2016

References

1. Goldberg M, Gomez-Orellana I. Challenges for the oral delivery of
macromolecules. Nat Rev Drug Disc. 2003;2:289-95.

2. Charman WNA, Stella VJ. Estimating the maximum potential for intestinal

lymphatic transport of lipophilic drug molecules. Int J Pharm. 1986;34:175-8.

3. Porter CJH, Trevaskis NL, Charman WN. Lipids and lipid-based formulations:
optimizing the oral delivery of lipophilic drugs. Nat Rev Drug Disc. 2007,6:
231-48.

4. Ali Khan A, Mudassir J, Mohtar N, Darwis Y. Advanced drug delivery to the

lymphatic system: lipid-based nanoformulations. Int J Nanomedicine. 2013;8:

2733-44.

5. Wasan KM, et al. Impact of lipoproteins on the biological activity and
disposition of hydrophobic drugs: implications for drug discovery. Nat Rev
Drug Disc. 2008;7:84-99.

6. Trevaskis NL, et al. From sewer to saviour — targeting the lymphatic system

to promote drug exposure and activity. Nat Rev Drug Disc. 2015;14:781-803.

7. Shi'Y, Burn P. Lipid metabolic enzymes: emerging drug targets for the
treatment of obesity. Nat Rev Drug Disc. 2004;3:695-710.

8. Porter CJH, et al. Intestinal lymphatic drug transport: an update. Adv Drug
Deliv Rev. 2001;50:61-80.

9. Redgrave TG. Chylomicron metabolism. Biochem Soc Trans. 2004;32:79-82.

10. Khoo S-M, et al. A conscious dog model for assessing the absorption,
enterocyte-based metabolism, and intestinal lymphatic transport of
halofantrine. J Pharm Sci. 2001;90:1599-607.

11, Murakami M, et al. Enteral siRNA delivery technique for therapeutic gene
silencing in the liver via the lymphatic route. Sci Rep. 2015;5:1-13.

12. Zhou C, et al. The preparation of a complex of insulin-phospholipids and
their interaction mechanism. J Pept Sci. 2012;18:541-8.

13. Fricker G, et al. Phospholipids and lipid-based formulations in oral drug
delivery. Pharma Res. 2010,27:1469-86.

14. Charman WN. Lipids, lipophilic drugs, and oral drug delivery—Some
emerging concepts. J Pharm Sci. 2000,89:967-78.

15. Dahan A, et al. The oral absorption of phospholipid prodrugs: In vivo and in
vitro mechanistic investigation of trafficking of a lecithin-valproic acid
conjugate following oral administration. J Control Release. 2008;126:1-9.

16.  Khan MSY, Akhter M. Glyceride derivatives as potential prodrugs: synthesis,
biological activit y and kinetic studies of glyceride derivatives of mefenamic
acid. Pharmazie. 2005;60:110-4.

17.  Caliph SM, et al. Effect of short-, medium-, and long-chain fatty acid-based
vehicles on the absolute oral bioavailability and intestinal lymphatic
transport of halofantrine and assessment of mass balance in lymph-
cannulated and non-cannulated rats. J Pharm Sci. 2000;89:1073-84.

18.  Attili-Qadri S, et al. Oral delivery system prolongs blood circulation of
docetaxel nanocapsules via lymphatic absorption. Proc Natl Acad Sci U S A.
2013;110:17498-503.

19. Fang G, et al. Improved oral bioavailability of docetaxel by nanostructured
lipid carriers: in vitro characteristics, in vivo evaluation and intestinal
transport studies. RSC Adv. 2015;5:437-96447.

20. Paliwal R, et al. Engineered chylomicron mimicking carrier emulsome for
lymph targeted oral delivery of methotrexate. J Pharm. 2009;29:181-8.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

Page 6 of 6

Torchilin VP. Recent advances with liposomes as pharmaceutical carriers.
Nat Rev Drug Disc. 2005;5:145-60.

Yoo J-W, et al. Bio-inspired, bioengineered and biomimetic drug delivery
carriers. Nat Rev Drug Disc. 2011;10:521-35.

Allen TM, Cullis PR. Liposomal drug delivery systems: From concept to
clinical applications. Adv Drug Deliv Rev. 2013,65:36-48.

Andar AU, et al. Microfluidic preparation of liposomes to determine particle
size influence on cellular uptake mechanisms. Pharm Res. 2014;31:401-13.
Kim H, et al. Liposomal formulations for enhanced lymphatic drug delivery.
Asian J Pharm Sci. 2013;8:96-103.

lwanaga K, et al. Oral delivery of insulin by using surface coating liposomes:
Improvement of stability of insulin in Gl tract. Int J Pharm. 1997;157:73-80.
Kisel MA, et al. Liposomes with phosphatidylethanol as a carrier for oral
delivery of insulin: studies in the rat. Int J Pharm. 2001,216:105-14.

Ling SSN, et al. Enhanced oral bioavailability and intestinal lymphatic
transport of a hydrophilic drug using liposomes. Drug Dev Ind Pharm. 2006;
32:335-45.

Niu M, et al. Hypoglycemic activity and oral bioavailability of insulin-loaded
liposomes containing bile salts in rats: The effect of cholate type, particle
size and administered dose. Eur J Pharm Biopharm. 2012,81:265-72.

Niu M, et al. Enhanced oral absorption of insulin-loaded liposomes
containing bile salts: A mechanistic study. Int J Pharm. 2014;460:119-30.
Huang Y-B, et al. Elastic liposomes as carriers for oral delivery and the brain
distribution of (+)-catechin. J Drug Target. 2011;19:709-18.

Li X, et al. Novel mucus-penetrating liposomes as a potential oral drug
delivery system: preparation, in vitro characterization, and enhanced cellular
uptake. Int J Nanomedicine. 2011,6:3151-62.

Takeuchi H, et al. Mucoadhesive properties of carbopol or chitosan-coated
liposomes and their effectiveness in the oral administration of calcitonin to
rats. J Control Release. 2003;86:235-42.

Thanou M, Verhoef JC, Junginger HE. Oral drug absorption enhancement by
chitosan and its derivatives. Adv Drug Deliv Rev. 2001;52:117-26.

Takeuchi H, et al. Enteral absorption of insulin in rats from mucoadhesive
chitosan-coated liposomes. Pharm Res. 1996;13:896-901.

Kim HJ, Lee CM, Lee YB, et al. Preparation and mucoadhesive test of CSA-
loaded liposomes with different characteristics for the intestinal lymphatic
delivery. Biotechnol Bioprocess Eng. 2005;10:516-21.

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal

* We provide round the clock customer support

e Convenient online submission

* Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at

www.biomedcentral.com/submit () BiolVled Central




	Abstract
	Background
	Overview of intestinal lymphatic drug transport
	Assembly and secretion of chylomicrons
	Incorporation of lipophilic drugs into chylomicrons for lymphatic transport
	Postprandial state (diet-derived)
	Lipid-conjugated drugs
	Lipid-based nanoparticles (formulation-derived)


	Liposomal formulations for lymphatic drug transport
	Improvement of stability and bioavailability of drugs by liposomal formulations
	Improvement of liposome absorption into enterocytes
	Effect of surface charge of liposomes on intestinal lymphatic drug transport

	Conclusions
	Acknowledgements
	Funding
	Availability of data and material
	Authors’ contributions
	Competing interests
	Consent for publication
	Ethics approval and consent to participate
	References

