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Abstract. Oral drug delivery route is one of the most convenient and extensively utilised
routes for drug administration. But there exists class of drugs which exhibit poor
bioavailability on oral drug administration. Designing of drug–lipid conjugates (DLCs) is
one of the rationale strategy utilised in overcoming this challenge. This review extensively
covers the various dimensions of drug modification using lipids to attain improved oral drug
delivery. DLCs help in improving oral delivery by providing benefits like improved
permeability, stability in gastric environment, higher drug loading in carriers, formation of
self-assembled nanostructures, etc. The clinical effectiveness of DLCs is highlighted from
available marketed drug products along with many DLCs in phase of clinical trials.
Conclusively, this drug modification strategy can potentially help in augmenting oral drug
delivery in future.
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INTRODUCTION

Effective delivery of drug to desired site is an absolute
necessity to achieve pharmacological benefits. Drug delivery
systems play major role in safe and effective dispatch of active
drug to desired site of action. These delivery systems can be
administered through various routes like oral, intravenous,
transdermal, topical, nasal, etc. Amongst all, oral route is
most preferred and extensively utilised for drug administra-
tion. It provides lucrative benefits like ease of delivery,
possibility of self-administration, high-dose drug administra-
tion, cost-effective manufacturing, less stringent storage
conditions, etc. Therefore, it is not surprising that roughly
80% of drugs are preferentially administered through oral
route (1). But to achieve all the benefits using oral delivery,
the given drug candidate must show good absorption from
gastrointestinal tract (GIT). Absorption of drugs from GIT
takes place through any one or combination of mechanisms
like passive, transcellular, passive paracellular, carrier-medi-
ated, and receptor-mediated endocytosis (2). Basic physico-
chemical properties of drug like aqueous solubility at
gastrointestinal pH, lipophilicity, stability in gastric environ-
ment and ionisation coefficient determines the extent of drug

absorption from GIT which ultimately affects oral bioavail-
ability. Therefore, although there is plethora of drugs with
good oral bioavailability profile, there also exists class of
drugs which show very poor bioavailability after oral
administration. Possible reason for this bioavailability failure
could be drug instability at GI pH, enzymatic degradation,
insufficient drug lipophilicity to cross GI membranes, exces-
sive ionisation of drug, poor solubility and extensive metab-
olism in liver due to first-pass effect (3).

To circumvent the challenge of poor oral bioavailability,
alternative routes like intravenous, transdermal and pulmo-
nary could be utilised. But this strategy does not decipher the
root cause of problem. Therefore, tailoring of drug properties
as per the basic needs of oral route is the only way to resolve
the problem. The strategy of chemical modification of drug is
a double-edged sword which can help in altering drug
properties, but at the same time, it also affects the safety,
intrinsic activity and pharmacological efficacy of parent drug.
The emergence of the science for prodrug designing provides
the best-fit solution to accost this challenge. This approach
helps in effectively altering drug properties as per the
requirement of therapy by keeping similar safety and efficacy
profile of the parent drug (4). Prodrugs are molecules which
are devoid of intrinsic biological activity but on metabolism
generates biologically active parent drug. Prodrug strategy is
usually used to circumvent the challenges associated with
formulation development, solubility, absorption, instability,
toxicity, etc. Prodrugs majorly fall into two categories, i.e.
carrier-linked prodrugs and bioprecursor prodrugs (Fig. 1). In
carrier-linked prodrugs, active drug is covalently conjugated
to carrier group which gets cleaved in vivo by enzymatic
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action, while bioprecursor prodrugs are generated by modi-
fying parent drug in such a way that it will act as substrate for
metabolic enzymes to generate active drug. For example, if
parent drug contains carboxylate group, the bioprecursor
could be an alcohol derivative, which on oxidative metabo-
lism converts back into aldehyde followed by carboxylate
drug (5–7).

Effectiveness of prodrugs in improving oral drug delivery
can be easily explained using Fick’s first law which gives
estimate of steady-state flux of drug across gastrointestinal
walls.

Jwall ¼ Pwall � Cwall

where Jwall is drug flux across intestinal wall, Pwall is the
permeability coefficient for intestinal wall, and Cwall is the
concentration of drug at the membrane surface (which is
indicated by drug solubility under sink conditions). From the
equation, it is very clear that the absorption from GI walls
depends on solubility of drug in GI environment and its
partition coefficient. The drugs with good solubility profile
may also fail to get effectively absorbed, if they lack sufficient
partition coefficient. Therefore, optimisation of solubility and
lipophilicity is required for effective oral bioavailability.
Although the relationship between chemical structure of
drug and its permeability is quite complex, the general trend
proves that the drugs with sufficient hydrophobic functional
groups usually have good GI permeability. Therefore,
chemica l mod ifica t ion of drug s t ruc ture us ing
hydrophobising moieties like lipids is a practically effective
strategy to improve its diffusivity, permeability through GI
walls and stability in GI environment (3) (Fig. 2).

DLCS—THE CONCEPT

Drug–lipid conjugates (DLCs) are the class of prodrugs
in which active drug is conjugated with the lipidic moiety
through covalent or noncovalent interactions (8). Basically,
the prodrug designing involves the simple chemistry, where
the active functional group of the drug is conjugated with the
corresponding functional group of lipids. These prodrugs
after undergoing metabolism releases parent drug along with
lipid derivatives. The conjugated lipid can belong to diverse
group of lipid derivatives like fatty acids, phospholipids,
glyceride sterols, etc. The lipids are used because of their
typical properties such as biocompatibility, safety, additional
functional roles in drug targeting or self-assembly and
versatility of chemical modification.

As the prodrugs are inactive themselves, they need to get
converted back into the active form to show their pharmaco-
logical action. The conversion could be triggered by any in-
vivo biological stimulation, for example by pH or enzymatic
transformation. However, majority of biotransformations are
driven by physiological enzymes. The speed and degree of the
biotransformation depends mainly on the enzyme expression
levels (which in turn depends on pharmacogenomics of
patients). Therefore, while designing prodrugs, it is crucial
to take into consideration the genetic polymorphism and
race-specific enzyme expression levels. In general, DLCs are
designed in such a manner that they will get metabolised by

enzymes having broad substrate specificity, e.g. esterase,
amidases and hydrolases. Chemical bonds which get cleaved
by highly substrate specific enzymes are usually avoided due
to the risk of enzyme saturation and patient response
variability. The enzymes responsible for prodrug conversion
into active drug could be present at various sites like blood,
liver, GIT and organ-specific tissues. Esterase, hydrolases,
amidases, paraoxonases and cytochrome P450-based enzymes
are major classes of enzymes responsible for bioconversion of
prodrugs (9–12).

MECHANISM OF DRUG RELEASE FROM DLC-
BASED FORMULATIONS

In DLC-based formulations, majorly prodrug is loaded
into inert carrier system like tablet, capsule and/or
nanocarrier. Therefore, the drug release from DLC-loaded
formulations follows two critical steps: first, the release of
DLC from drug carrier system via diffusion and/or erosion,
followed by bioconversion of DLC into parent drug by
gastrointestinal enzymes or other physiological enzymes.
Second stage directly impacts the bioavailability and efficacy
of DLC. Therefore, while designing DLC-based prodrugs, the
enzyme specificity and relative abundance of enzyme at
particular physiological site must be critically analysed to
avoid failures in further drug development stages. The lipids
which get released after cleavage of DLC are easily
metabolised and eliminated from the body. Low water
solubility of DLCs prevents initial burst release from drug
carriers. Two rate kinetics play part in drug release process
from DLC-based formulations (13). DLC-loaded carrier
systems are considered as a heterogeneous system. Rate of
drug release from such systems is influenced by hydrolysis of
DLC as well as the rate of drug diffusion from bioerosion of
the associated delivery carrier. The release of 5-fluorouracil
from a 1-(2-methacryloyloxy)ethylcarbamoyl-5-fluorouracil
matrix showed that both hydrolysis rate constant and
diffusion rate constant play major role in modulating drug
release kinetics. Although this study considers polymer-based
prodrug, the findings still can be easily extrapolated to the
DLCs due to the involvement of similar factors in drug
release (13–16).

Release of DLC from carrier system occurs through
diffusion and/or erosion which could be analysed by models
like Higuchi or Korsmeyer–Peppas or Hixson–Crowell equa-
tions (17–19), while release of drug from DLC (which is
dependent on enzymes) follows zero- or first-order release
kinetics. Hydrolysis rate constant for DLC depends on
chemical nature of linkage, lipid structure and stearic
hindrance. The rate of hydrolysis of ester-based linkages
depends on extent of hydration; therefore, hydrophilic
neighbouring groups can assist in faster hydrolysis. On the
other hand, hydrophobic groups retard hydrolysis rate. This
phenomenon can be used in manipulating the rate of drug
release by changing the ratio of hydrophilic and hydrophobic
groups on lipid structure (15,20). The rate by which DLC gets
converted into parent drug also depends on formulation
factors like hydrophobicity of drug, composition of release
media, in vivo environment like pH and presence of enzymes
(21–23). Composition of delivery carrier can also affect the
release kinetics of drug. For example, lipid conjugate of
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mitomysin C showed faster release after incorporation into
hydrogenated soybean phosphatidylcholine-based liposomes
than in cholesterol-based liposomes. Better membrane stabil-
ity of cholesterol-based liposomes could possibly be respon-
sible for this behaviour. In summary, the successful
development of effective DLC requires in-depth understand-
ing of mechanism of release which ultimately helps in the
tailoring of drug release rate for intended therapeutic
application (24).

SELECTION PARAMETERS FOR DLC DESIGNING

Careful selection of the lipid and the drug based on their
structure compatibility with each other is necessary in DLC
designing. The selection of the drug and the lipid is done by
considering multiple factors as follows:

Selection of the Lipids

Lipids are selected by considering points like functional
role of lipids, their melting point, drug structure, its stability in
GIT, solubility of lipid and solubility of resulting DLC in GIT.

The lipids should possess sufficient number of functional groups
for easy conjugation with drug. Four different classes of the
lipids could be selected, such as fatty acids, steroids, glycerides
and phospholipids (Fig. 3). Functional role of lipid is key
determinant in the selection process of lipids for DLC develop-
ment. For example, glyceride-based prodrugs are majorly taken
up into systemic circulation through lymphatic route. Therefore,
this strategy could be used in designing targeted drug delivery to
lymphatics which is useful in treating lymphatic cancer or
infections. Also, uptake through lymphatic route helps to bypass
first-pass metabolism. Therefore, glyceride-based prodrugs
might prove useful to design oral delivery system for drugs
which undergo extensive first pass effect, e.g. alpha-blockers, L-
dopa. Similarly, phospholipid conjugates of nonsteroidal anti-
inflammatory drugs (NSAIDs) can help to reduce gastric
ulceration by providing protective hydrophobic barrier on GI
mucosal surface to prevent GI tissue from damage. The length
of fatty acid chain also plays major role in determining the fate
of drug uptake from GIT. In general, medium-chain fatty acid
derivatives are absorbed through lymphatic route while fatty
acids with carbon chain length less than 12 are mainly absorbed
by portal blood circulation route (14,25).

Fig. 1. Major types of prodrug design

Fig. 2. Schematic representation of DLC-based oral drug delivery
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Selection of the Drugs

Drug candidates with poor oral absorption, instability in
GIT and low drug encapsulation efficiency are usually good
candidate for DLC development. Since conjugation of lipids
with drugs help in improving their GI permeability by
modulating lipophilicity of drug, drug candidates with bio-
pharmaceutical classification system (BCS) class III and IV
are better suited for DLC development. Although this
generalisation cannot be used as rule of thumb and careful
assessment of physicochemical and biopharmaceutical prop-
erties of individual drug candidate is essential before devel-
opment of DLC. Drugs with the amine or alcohol
functionality can be covalently conjugated with the lipid to
form ester- or amide-based prodrugs which have higher
lipophilicity. Drugs with carboxylate functional groups are
usually coupled with diglycerides via ester linkage. The drugs
resembling to nucleoside analogue structure (e.g. acyclovir,
decitabine and rifampicin) can be coupled to the phosphate
monophosphate diacylglycerol, diphosphate diacylglycerol
and triphosphate diacylglycerol (14,26).

VARIOUS LIPID MOIETIES USED IN DLC
DESIGNING

Fatty Acids

Fatty acids are mostly used candidate for conjugation of
drugs to confer lipophilicity to the conjugates. Fatty acids
commonly have a long acyl chain and a reactive carboxyl
group which readily interacts with an amide or hydroxyl
group in the parent drug molecule. Unsaturated fatty acids
(UFAs) have demonstrated a higher affinity to tumour cells
and are also biocompatible. Hence, they have been widely
studied as conjugating moiety for anticancer drugs. UFAs also
play nutritional role and improve cardiovascular health by
reducing cholesterol and triglycerides (27–34). Fatty acids
could be conjugated to the drug by two possible ways. Firstly,
the drug can be directly attached to free carboxyl group of
fatty acids to make stable ester or amide bond. In another

case, drug can be conjugated to the modified ω-atom by
keeping carboxyl group free. These types of prodrugs utilise
the endogenous metabolic pathways for fatty acids, because
the presence of free carboxyl group is essential for the
recognition of fatty acids by cell membrane transporters and
also for binding of fatty acids to serum albumin. Effective
utilisation of endogenous metabolic pathways is not possible
in DLCs which devoid free carboxyl functionality
(35,36). The carbon chain length of fatty acids also plays
major role in determining the fate of drug delivery. In
general, short- and medium-chain fatty acids got absorbed
through portal network, while long-chain fatty acids follow
lymphatic uptake. Unsaturated fatty acids (UFAs) addition-
ally possess intrinsic tumour-targeting properties which have
been intelligently utilised by conjugating UFAwith anticancer
drugs. Examples like gemcitabine-eladic acid, paclitaxel-
docosahexaenoic acid and cytarabine-elaidic acid have shown
promising benefits in clinical trials. Although these conjugates
are intended for intravenous application, their clinical results
highlight towards promising role of drug–fatty acid conjugates
for improving drug delivery 37–39.

Effective improvement of oral drug delivery is possible
with fatty acid conjugation. For example, anticancer drug, 7-
ethyl-10-hydroxycamptothecin, belongs to BCS class IV and
exhibits poor stability in GI environment. Fatty acid–based
prodrug has been developed for this drug by conjugating
undecanoic acid at C20 posi t ion of 7-ethyl -10-
hydroxycamptothecin which substantially improved intestinal
permeability and stability of parent drug. Oral delivery of this
prodrug exhibited 100 times higher area under the curve
(AUC) of parent drug in comparison with oral solution of
unmodified drug (40). Similarly, when cytarabine (with ~ 20%
oral bioavailability) conjugated lauric acid, the conjugate
exhibited higher lipophilicity, permeability and improved the
gastric stability by protecting the deamination of amino group
in cytarabine. The effectiveness of this prodrug can be easily
observed from the pharmacokinetic parameters in which
prodrug showed 6.6-, 5- and 32-fold improvement in elimina-
tion half-life, peak plasma concentration and bioavailability
respectively when compared with unmodified free drug

Fig. 3. Representative structures of majorly used lipids in DLC development
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(41). Controlling the drug release at specific site of GIT is also
possible by this strategy. The drug, 5-aminosalicylic acid (5-
ASA) (used in treatment of Crohn’s disease and ulcerative
colitis), has been conjugated with functional fatty acids
(having intrinsic anti-inflammatory activity) caprylic acid and
eicosapentaenoic acid. This ester-based prodrug showed
controlled release of 5-ASA in ileum and colon region. The
prodrug was stable in gastric region and gets hydrolysed in
intestinal environment selectively. This strategy helped in
decreasing systemic exposure of 5-ASA, hence improving the
safety of therapy (42).

Glycerides

Another interesting option for conjugation is triglycer-
ides (TGs). TGs have a unique pathway for metabolism
involving deacylation–reacylation. The TG is first broken
down into 2-monoglycerides and free fatty acids in the GIT,
following which the monoglyceride is reacylated in the
enterocytes to TG again. This TG is then taken up by the
lipoproteins and swept into the lymphatic system. Hence, this
approach to conjugation aims at improving drug absorption
and lymphatic targeting of drugs. TGs are formed by coupling
glycerol to three fatty acids through an ester bond. Com-
monly, the second fatty acid chain is replaced by the drug
molecule. Mycophenolic acid has been combined with TG at
the position 2, with two palmitoyl groups at positions 1 and 3.
It has also shown to undergo the above predicted pathway.
The drug mycophenolic acid was modified with triglyceride
conjugation to form 1,3-dipalmitoyl-2-mycophenoloyl glyc-
erol. This prodrug utilised triglyceride deacylation-reacylation
pathway to improve lymphatic uptake after administration
through oral route (43,44). Similarly, GI stability of testoster-
one has been improved by conjugation with triglycerides. The
modified prodrug showed almost 90-fold improvement in oral
bioavailability of testosterone as compared to free testoster-
one (45).

Steroids

All steroids unambiguously have a four-ringed frame-
work, usually with flanking hydroxyl group(s). These
hydroxyl groups are useful in conjugating drug molecules
with these steroidal moieties. The most prominent member
of this group is cholesterol. It has tumour-targeting proper-
ties and is taken up by the overexpressed LDL receptors
which are present on the tumour cells. Thus, conjugation
with cholesterol is beneficial as it assists drug loading into
lipoproteins which consequently enhances targeted delivery,
lessens side effects and hence increases cellular uptake. For
example, 5-fluorouracil had an upgraded anticancer effect
when coupled with the singular hydroxyl group of choles-
terol (21,46–48). Cholic acid derivatives have also been
utilised for conjugation in the form of ursodeoxycholic acid
(UDCA) and lithocholic acid (LCA). Unlike cholesterol,
UDCA has three hydroxyl groups out of which the one
farthest from the steroidal framework has been used for
conjugation. Bile acid has also shown prospective in
conjugation of drugs (21).

Phospholipids

Phospholipids can also be used as an effective conjugat-
ing moiety. Either the phosphate group or the position 2 of
the glycerol backbone in the phospholipid could be exploited
to form the desired drug conjugates. Conjugates hence
prepared have a higher tendency to be incorporated into
liposomes or any delivery system based on phospholipids. In
case of unsaturated phospholipids (e.g. egg phosphatidylcho-
line), it has been observed that efficient drug incorporation
necessitated the inclusion of cholesterol into the liposome,
whereas this has not been observed in case of saturated
phospholipids due to the structural similarity between the
linear acyl chains (21). Valproic acid was conjugated with
phospholipids at sn-2 position. This conjugate showed ~ 60%
of drug absorption through lymphatic uptake due to resem-
blance with natural phospholipids. The conjugate showed
improved intestinal permeation followed by entry into
systemic circulation via lymphatic uptake (49–53). Similarly,
phospholipid conjugates of indomethacin and diclofenac were
developed which showed improved drug delivery and bio-
availability (54,55).

CHARACTERISATION OF DLCS

Characterisation of newly developed DLCs is very
important to assure the therapeutic efficacy and biological
safety of conjugates. Assessment of chemical structure can be
done using techniques like FTIR, NMR and mass spectrom-
etry, while physicochemical properties can be determined by
techniques like log P estimation, DSC, X-ray diffraction
analysis, solubility and stability studies. Evaluation of thera-
peutic efficacy of developed conjugates is carried out using
various bioassays and in vivo studies. Metabolism studies are
also carried out to ensure the effective in vivo bioconversion
of prodrug into parent molecule, e.g. analysis of drug
conversion in liver homogenate, in vitro analysis of drug
conversion in presence of specific metabolising enzyme and
in vivo analysis of drug bioconversion. Furthermore, charac-
terisation of DLC-loaded formulations is essential to ensure
dosage uniformity (Table I). DLC-loaded formulations like
tablets, capsules, emulsions, suspensions or nanocarriers are
usually characterised for conventional parameters like
amount of drug present per unit volume of formulation,
impurity profiling, stability analysis, content uniformity,
in vitro drug release kinetics, assessment of pharmacokinetic
and pharmacodynamics parameters using in vivo studies, and
toxicity analysis (56–59).

ADVANTAGES OF DLCS

Large number of drugs face critical hurdles in the
formulation stage and clinical setup due to the undesirable
pharmaceutical properties like poor solubility, permeability,
drug loading in delivery carrier and gastric instability.
Conjugation offers an edge over other strategies especially
from the standpoint of oral drug delivery. The chemical
attributes of the DLCs can be fine-tuned to encompass
variety of desirable characteristics to the formulation
(Fig. 4). Some of the benefits are explained in the following:
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Increased Absorption and Permeability

Lipophilicity of drug is major determinant of oral
bioavailability. Hydrophilic drugs usually show poor absorp-
tion from GIT due to insufficient permeation from GIT. Polar
functional groups present in drug structure majorly determine
relative hydrophilicity of drug. Therefore, in prodrug design-
ing, polar functional groups like carboxylates are converted
into less polar groups which can effectively cross GI
permeation barriers. For example, carboxylate groups on
conversion into less polar ester by fatty acid conjugation can
significantly improve GI permeation, followed by hydrolysis
of esters in bloodstream to the parent drug. Similar strategies

can be used for functional groups like phosphate, alcohols
and phenols (4,21,60).

Various drugs display limited absorption, and hence little
efficacy, owing to their degradation by metabolic enzymes
and the notorious first-pass effect. In order to evade these
metabolic obstructions, lipidic moieties have been utilised to
conjugate such drug molecules to affect their absorption in a
befitting manner. Lipid conjugation provides the molecule an
enhanced lipophilic nature and makes it a favourable
candidate for the lymphatic uptake. Hence, the conjugates
successfully assist in avoiding the impetuous degradation of
the drug in its early stages and augment the cellular
interactions. Cytarabine ocfosfate showed higher lipophilicity

Table I. DLC Characterisation Techniques

S r .
no.

Characterisation technique Significance

Techniques to evaluate DLCs
1 NMR Confirmation of conjugate formation
2 Mass spectroscopy To determine the molecular mass of formed conjugate and analysis of side products formed in

reaction
3 FTIR Characterisation of functional groups formed in conjugates
4 DSC To establish melting point and crystallinity analysis of DLC
5 X-ray diffraction Determination polymorphism in DLC
6 Log P, Caco-2 monolayer perme-

ation study
To get an estimate about GI permeability of conjugate

7 Solubility Give an idea about relative solubility benefit in comparison with parent drug
8 Stability in GI environment To avoid drug loss during GI residence time
9 Pharmacological efficacy analysis To compare the therapeutic efficacy with parent drug, analysis of drug potentiation effect (when

functional lipids are used in conjugation)
Techniques to evaluate DLC-based formulations
1 Entrapment efficiency and drug

loading capacity
Give estimate of amount of drug loaded per unit amount of carrier

2 Drug release For establishing duration of dosing
3 In vivo studies To prove therapeutic efficacy of conjugate
4 Toxicity analysis To prove the safety of conjugates

Fig. 4. Benefits of DLC approach in improving oral drug delivery

41 Page 6 of 11 AAPS PharmSciTech (2019) 20: 41



than cystarabine 5′-monophosphate and could be given orally
and was resistant to deamination too. Apomorphine has
shown a monumental improvement in the log P values when
conjugated with dipalmitoyl or dilauryl groups in a SEDDS
formulation (the free drug having logP of 2.0 whereas the
conjugated systems having values of 17.1 and 12.9, respec-
tively). An antineoplastic agent, SN-38, was linked to
undecanoic acid (C20). The liphophilic conjugate enhanced
the entry into the enterocytes leading to more than double
the drug permeation with respect to the free drug in murine
intestinal epithelium (21,61–64).

Increase in Stability

Vitamins such as A and E have an intrinsic chemical
stability. They are more frequently utilised prodrugs which
may also benefit them from the perspective of absorption and
the successive lymphatic journey. Vitamin E is often linked to
an alkyl ether group whereas vitamin A is employed as a fatty
acid derivative. The lipophilic groups are hydrolysed in the
intestine, and the unconjugated drug is then absorbed. Lipid
conjugation can also prevent the metabolic instability of
chemotherapeutic agents. Conjugation of unsaturated fatty
acids to demethyldeoxypodophyllotoxin has improved the
stability of the drug and has also boosted the chemothera-
peutic efficacy. Incorporating the pivaloyl oxymethyl (POM)
moiety to 9-(2-phosphonylmethoxyethyl) adenine (PMEA)
exhibited enhanced activity against HSV. Bis(POM)-PMEA
portrayed stability at pH 2.0, indicating an opportunity to use
it orally, showing 100-fold increase in metabolic stability and a
5-fold increase in the oral bioavailability. A series
curcuminoid prodrugs comprising of succinyl ester moieties
were prepared which showed better stability and anticancer
activity (4,26,65–68).

Altering Drug Uptake Pathway Through Intestinal
Lymphatics

The intestinal lymphatic system serves as specific absorp-
tion and transport pathway for the lipidic moieties. The lipidic
moiety whenever reaches intestinal lymphatics (by the aid of
the lipoprotiens) follows a series of pathway before reaching
to systemic circulation. This journey can be shortly described
as from intestinal lymphatics, lipophilic drug reaches to the
mesenteric lymphatics, then into the cysterna chili. The
cysterna chili then transports drug into thoracic lymph duct,
which ultimately delivers lipidic moiety into the systemic
circulation via left subclavian and left internal jugular veins.
This physiological pathway can be utilised as strategy for drug
delivery to offer several advantages, such as the bypassing of
the first-pass metabolism, improved mesenteric targeting, and
reduced toxicity, altering the overall drug distribution profile
to provide sustained drug action. Conjugation of lipids to
drug helps in improving their lipophilicity which is essential
for preferential lymphatic uptake. Therefore, DLC-based
prodrug design can be used to alter the drug uptake pathway
through intestinal lymphatic system. Examples of drug
derivatives which are transported by the intestinal lymphatics
after oral administration are as follows: lipophilic vitamins,
halofantrine, naftifine, mepitiostane, probucol and cyclo-
sporin. Mere high lipophilicity of prodrug does not guarantee

the lymphatic uptake. Sometimes, drug analogues with very
high lipophilicity can also have very low degree of lymphatic
transport. This indicates that factors other than lipophilicity,
such as conversion of the prodrugs before absorption, or the
metabolism of the prodrug by the enterocytes also govern the
transport. Therefore, for understanding the effective trans-
port of the drug to the lymphatics, in-depth understanding of
the lipid metabolism process is necessary (69).

Reduced Side Effects

Numerous drugs have multiple sites of action due to
which they exhibit undesirable effects that often diminishes
the patient compliance and may affect the patient adversely.
Certain molecules that are orally administered cause gastric
irritation by disrupting the gastric mucous layer. Thus, various
strategies have been adopted to reduce or eliminate these
effects and consequently build a more efficacious molecule.
Conjugation with different moieties to produce prodrugs with
suitable properties has proven to be constructive (69). Glyc-
eride prodrugs of NSAIDs like naproxen, aspirin and
indomethacin has showed lower incidences of gastric irrita-
tion. Voglibose is used to decrease postprandial drug sugar
levels by inhibiting α-glycosidase. Its high solubility is
responsible for flatulence, diarrhoea and constipation.
Linking the drug molecule to lipidic moiety decreased the
solubility and hence decreased its gastrointestinal side effects
(69–73).

A 5-aminosalicylic acid (5-ASA) derivative, balsalazide,
contains a 4-aminobenzoyl β-alanine connected through an
azo bond to 5-ASA. Balsalazide averts the proximal absorp-
tion and is transformed only by the azo-reducing bacteria
present in the colon to 5-ASA. Thus, it does not have the side
effects occurring due to the sulphapyridine group (with which
5-ASA was originally formulated), and have auxillary dose-
related advantages. Our group also effectively designed lipid
conjugate of amphotericin B using fatty acid (oleic acid). The
amphotericin DLC was found to help in remarkably reducing
aggregation-induced toxicities of amphotericin B and also
simultaneously improved its GI stability (56).In another
instance, doxorubicin was coupled with a tetrapeptide via a
functionalized linker. Doxorubicin is associated with a large
number of side effects such as myelosuppression and
cardiotoxicity due to its nonspecific nature. The coupling of
the peptide proved advantageous as it was hydrolysed by
caspase-3, which is particularly overexpressed in the apopto-
tic cells. Thus, this could be utilised by exogenously radiating
the specific area to form apoptotic cells that will activate
caspase-3, and hence prevent the off-target effects (4,74,75).

Self-Assembly

Self-assembly is induced by the formation of noncovalent
bonds such as hydrogen bonding, hydrophobic interactions
and Van der Waals forces of lipidic molecules. This property
can be utilised by forming drug conjugates with biocompat-
ible lipids which demonstrate self-assembly into nanoparticles
in the presence of water. This feature forms a ground for
enhanced drug delivery, particularly anticancer drugs, from
the standpoint of improved intracellular penetration, higher
drug concentrations and diminished side effects. Self-
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assembly encompasses the spontaneous arrangement of the
building blocks into an ordered structure as a result of local
hydrophobic interactions. One the basic requirement for self-
assembly is the amphiphilic nature of the constituents
involved in self-assembly. Squalenoylation is one of the most
extensively used strategies to design self-assembled DLCs. In
this, drug is covalently conjugated to the terpene lipid,
squalene, which can self-assemble in aqueous solution to
form nanoparticles. Squalenoylation of gemcitabine assisted
the formation of self-assembled structures that lead a lower
clearance rate and a slower absorption rate as compared to
gemcitabine while maintaining the same distribution profile
as gemcitabine which proved beneficial for the oral treatment
of gastrointestinal cancers (76,77).

Improved Drug Loading into Delivery Carriers

Hydrophilic drugs usually show poor drug loading into
delivery carriers due to drug leakage. Conjugation of lipid to
hydrophilic drug increases lipophilicity of parent drug and
help in significantly improving the drug loading. The conju-
gation can also enhance affinity between drug and lipidic
components of carrier which leads to reduction in drug
leakage. Conjugation of paclitaxel with behenic acid leads to
increase in drug loading from 10 to 47% inside nanoparticles.
Similar trend was noted in case of 4-(N)-stearoyl gemcitabine
conjugate (78,79).

Achieve Extended Drug Release

DLCs show low aqueous solubility and therefore help in
providing extended drug release on administration. The
properties of synthesised conjugate like aqueous solubility,
partition coefficient and melting point can be effectively
controlled by careful selection of lipids which helps tailoring
the drug release profile. There are several FDA-approved
drug formulations which are based on this strategy like
paliperidione palmitate, which is palmitic acid conjugate of
antipsychotic drug paliperidone, along with drugs like halo-
peridol decanoate, aripiprazole lauroxil and fluphenazine
enanthate (21).

Improvement in Pharmacological Activity

Lipid conjugation of drug may also serve to improve the
therapeutic efficacy of parent drug. The reports on curcumin-
phospholipid complex showed that the lipid-conjugated
derivatives have better hepatoprotective activity than free
drug. Also, conjugation of functional lipidic moieties may
help to provide additional therapeutic activities, e.g. drug
conjugates with tocopherol groups can provide additional
antioxidant action along with providing hydrophobicity (80).

GLIMPSES OF DLC-BASED DRUG DEVELOPMENT
PIPELINE

DLC strategy is one of the most successful approaches
for prodrug designing for improving biopharmaceutical
performance of the drugs. There are significant number of
regulatory approved products in the market and many more
in clinical trials showing promising improvement in

performance of parent drug. The following section describes
few examples of marketed/under clinical trial DLC-based
prodrugs which gives the brief idea about benefits of lipid
conjugation strategy.

Paliperidone Palmitate

This drug is used in treatment of psychic disorders. The
paliperidone is a parent drug which has been converted into
palmitate ester form to attain sustained release effect. The
drug gets bioconverted into active form (paliperidone) by the
action of systemic esterase enzymes. This drug is currently
available in the market under the brand name of Invega
Sustenna (1-month sustain-release injection) and Invega
Trinza (3-month sustain-release injection) (81).

Aripiprazole Lauroxil

Aripiprazole lauroxil has been approved by USFDA in
2015 for the treatment of schizophrenia. It is N-acyloxymethyl
derivative of aripiprazole, providing extremely lipophilic
prodrug. As aripiprazole lacks hydroxyl group in its structure,
this prodrug has been developed by firstly forming N-
hydroxymethyl group by reaction of formaldehyde with
amide in aripiprazole, which is further conjugated with lauric
acid to give DLC. This prodrug is administered intramuscu-
larly and provides drug release for 6 weeks. The strategy of
using higher alkyl chain fatty acid esters is usually used to
design prodrugs for extended release profile. Fatty acids like
decanoic acid, palmitic acid and valerates are majorly used
for this purpose. Similar strategy has been utilised to develop
several marketed prodrugs of oestrogen, testosterone,
fluphanazine, flupentixol, haloperidol, pipotiazine, etc. (82–
84).

Sapacitabine

This is amide-based fatty acid conjugate of the nucleo-
side analogue 2′-C-cyano-2′-deoxy-1-β-D-arabino-
pentofuranosylcytosine (CNDAC). In this, palmitoyl group
is conjugated to N4- group of the cytosine which makes the
conjugate permeable from GIT stable in gastric environment
and also reduces inactivation by enzymatic deamination.
After absorption through intestine, sapacitabine gets
bioconverted by amidases in liver and plasma to active form
CNDAC, which shows its cytotoxic action by DNA strand
break. This prodrug is currently in phase 2 clinical trial for
relapsed chronic lymphocytic leukaemia and small lympho-
cytic lymphoma (84,85).

CMX157

This is an orally active prodrug of tenofovir with
increased bioavailability, reduced toxicity and liver targeting
potential as compared to tenofovir. Chemically, it is an
alkoxyalkyl-based prodrug in which hydroxyl groups of
tenofovir are conjugated to the hexadecyloxypropyl moiety.
This drug gets bioconverted to active form, i.e. tenofovir by
enzyme phospholipase C. This enzyme is absent in plasma
and GI environment, making the conjugate stable in blood
and GIT. The enzyme specificity helps in ensuring the
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prodrug stability during oral absorption and transport in
systemic circulation to the tissues. Currently, this prodrug is
under phase 2 clinical trials for HBV infections
(NCT02710604) (84,86).

CONCLUSION

Lipid–drug conjugation is an effective prodrug strategy
to improve the oral bioavailability of drugs. The bioavail-
ability benefit offered by DLCs is due to improved drug
lipophilicity, better GI stability, improved drug loading in
carriers, reduced toxicities or selective uptake mechanism.
This drug designing strategy can substantially help to
improve drug loading in delivery carriers and can also
provide carrier-free drug delivery through self-assembled
nanostructures. Careful selection of lipids and drug, detailed
understanding of lipid digestion and absorption mechanisms
is necessary while designing the DLC-based prodrug to
achieve maximum benefits and minimise toxicities. There
are many successfully marketed products based on DLC
approach and many more under clinical exploration which
are providing significant clinical benefits over the conven-
tionally used parent drugs. In upcoming future, this drug
modification strategy can provide ray of hope to successfully
deliver drugs with poor oral bioavailability. Rising research
exploration in the field of nanocarrier-based delivery
platforms can further help in future to enhance therapeutic
potential of DLCs. In brief, DLC strategy has potential to
provide satisfactory solutions to the challenges in oral drug
delivery in coming future.

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affilia-
tions.
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