
Lipid−Drug Conjugate for Enhancing Drug Delivery
Danielle Irby, Chengan Du, and Feng Li*

Department of Pharmaceutical Sciences, School of Pharmacy, Hampton University, Hampton, Virginia 23668, United States

ABSTRACT: Lipid−drug conjugates (LDCs) are drug mole-
cules that have been covalently modified with lipids. The
conjugation of lipids to drug molecules increases lipophilicity and
also changes other properties of drugs. The conjugates
demonstrate several advantages including improved oral
bioavailability, improved targeting to the lymphatic system,
enhanced tumor targeting, and reduced toxicity. Based on the
chemical nature of drugs and lipids, various conjugation strategies
and chemical linkers can be utilized to synthesize LDCs. Linkers
and/or conjugation methods determine how drugs are released
from LDCs and are critical for the optimal performance of LDCs.
In this review, different lipids used for preparing LDCs and
various conjugation strategies are summarized. Although LDCs
can be administered without a delivery carrier, most of them are
loaded into appropriate delivery systems. The lipid moiety in the conjugates can significantly enhance drug loading into
hydrophobic components of delivery carriers and thus generate formulations with high drug loading and superior stability.
Different delivery carriers such as emulsions, liposomes, micelles, lipid nanoparticles, and polymer nanoparticles are also
discussed in this review.
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1. INTRODUCTION
Lipid−drug conjugates (LDCs) are drug molecules that have
been covalently modified with lipids. LDCs have demonstrated
several advantages including improved oral bioavailability,
enhanced tumor targeting, reduced toxicity, and enhanced
drug loading into delivery carriers. Based on the chemical
structures of drugs and lipids, various conjugation strategies and
chemical linkers can be utilized to synthesize LDCs. This
review is intended to extensively discuss the use of LDCs as a
strategy for enhancing drug delivery. Different lipids used for
synthesizing conjugates and various conjugation approaches
will be summarized. The advantages of using LDCs will also be
introduced. Finally, LDC delivery carriers including carrier-free
systems, emulsions, liposomes, micelles, lipid nanoparticles,
polymer nanoparticles, and others will be reviewed.

2. CONJUGATION STRATEGIES
2.1. Conjugate Drugs with Fatty Acids. Fatty acids

contain a hydrocarbon chain and a reactive carboxylic acid. The
commonly used strategy is to conjugate the lipid’s carboxyl end
with a hydroxyl or amine group of the drug to form a stable
ester or amide linkage (Figure 1). Numerous fatty acids and
their derivatives have been used for the conjugation.
Docosahexaenoic acid (DHA), squalenoic acid (SQ), stearic
acid (SA), and palmitic acid (PA) are a few examples in this
category.1−11 A list of various lipids used for LDCs is compiled
in Table 1.
2.2. Conjugate Drugs with Steroids. Steroids are

molecules grouped by their common 4-ringed structure (Figure

1). Cholesterol and cholic acid derivatives are steroids that have
been conjugated to drug molecules. The hydroxyl group
attached to the ring of steroids is the primary location of
conjugation in most studies. Conjugation of drugs with
cholesterol provides the benefits of decreased side effects,
targeted tumor delivery, and efficient cellular uptake.12−14

Cancerous cells overexpress low-density lipoprotein (LDL)
receptors and require large amounts of cholesterol for their
rapid growth.13 As a result, cholesterol drug conjugates facilitate
the loading of anticancer agents into lipoproteins. In addition,
as endogenous carriers, lipoprotein loaded drugs efficiently
target LDL receptors on malignant cells. For example,
cholesterol conjugated 5-fluorouracil (5-FU) exhibited better
anticancer effects than those of free unconjugated 5-FU. The
conjugation strategy used the hydroxyl group on cholesterol to
form a carbonyl link with fluorouracil.13 Cholesterol conjugates
have also been formed with paclitaxel15,16 and small interfering
RNA (siRNA).14,17,18

Cholic acid is another steroid that has been used in lipid−
drug conjugates in the form of ursodeoxycholic acid (UDCA)
and lithocholic acid. UDCA, unlike cholesterol, has three
hydroxyl groups available for conjugation. The OH functional
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group farthest from the steroidal ring system has been used as
the conjugation site.19,20 Bile acid conjugated zidovudine
(AZT) can potentially enhance its antiviral efficacy on HIV
due to its reduced rate of hydrolysis in human plasma,
enhanced CNS penetration, and reduced transport-mediated
resistance.19 Lithocholic acid (LCA) has also been used in
lipid−drug conjugates for tamoxifen through the covalent
attachment of LCA molecule to its amine group. Due to
positive charge and the presence of a lipophilic group, cationic
LCA conjugated tamoxifen showed better anticancer efficacy
than that of tamoxifen. Lipids in the conjugates enhance drug
interaction with cells.21

2.3. Conjugate Drugs with Glycerides. Triglycerides
(TG) are formed by combining glycerol with three fatty acid
molecules via ester linkage (Figure 1). Researchers have
developed a strategy to replace one of these fatty acyl groups,
usually at position 2, with a drug molecule in order to take the
advantage of TG metabolism pathways known as the
triglyceride deacylation−reacylation pathway.22−24 In this
pathway, TG will be hydrolyzed in the gastrointestinal (GI)
lumen to form 2-monoglyceride (2-MG) and free fatty acids.
The monoglyceride will then be absorbed into enterocytes,
where it will be reacylated to form a triglyceride. Triglyceride
will then be incorporated into lipoprotein, followed by
accumulation in the lymphatic system. The glyceride
conjugated drugs take the advantage of the lymphatic transport

pathway to improve drug absorption and enhance lymphatic
targeting.
Mycophenolic acid (MPA) was conjugated with glyceride to

generate a triglyceride mimetic prodrug.24−26 The glyceride
MPA conjugate contains MPA at the 2-position and two
palmitoyl moieties at the 1- and 3-positions (2-MPA−TG) of
glyceride. MPA reacts with the glycerol OH at its reactive
carboxyl end. In the GI tract, 2-MPA−TG will be converted
into 2-MPA−MG and absorbed. Then, absorbed 2-MPA−MG
will be reacylated into 2-MPA−TG in the enterocytes. 2-MPA−
TG conjugates assemble themselves into lipoprotein carriers
and then distribute to the lymphatic system. Other examples of
glyceride conjugated drugs include mitomycin C (MMC),27−30

methotrexate,31,32 testosterone,33 and paclitaxel.15

2.4. Conjugate Drugs with Phospholipids. There are
two strategies to conjugate a drug to a phospholipid: linkage at
the phosphate group or attachment on position 2 of the
glycerol backbone (Figure 1) .22 A conjugate prepared from
these two strategies can form liposomes or enhance the
incorporation of drugs into phospholipid/lipid-based delivery
systems. The first method was reported in a study led by
Alexander et al.,34 who used the hydroxyl on gemcitabine as a
conjugation site to link with a phosphate group of a
phospholipid.34 The second method has been used to create
a secretory phospholipase A2 sensitive (sPLA2) prodrug. sPLA2
is an enzyme that specifically cleaves phospholipid esters at the
sn2 position.35,36 An example in this category is the
chlorambucil prodrug.35

3. CHEMICAL BONDS
3.1. Ester Bonds. Ester bonds are among the most

commonly used bonds to form lipid−drug conjugates. They
are usually formed by reaction between the hydroxyl group of
the parent drugs and the carboxylic acid group of the lipids as
displayed in Figure 2A. Drugs with carboxylic groups may also
conjugate with lipids having hydroxyl groups. Sometimes, a
linker or spacer such as a succinic acid is used to facilitate the
conjugation.37

A typical ester bond can be degraded gradually through
hydrolysis with the aid of enzymes (such as esterase) to release
active drugs. Ester bonds have been successfully applied in the
preparation of lipid conjugates of multiple drugs including
paclitaxel,10 nucleoside triphosphates,38 zidovudine,20 metho-
trexate,32 acyclovir,39 and many others. When conjugated with a
lipase insensitive ester bond, the LDC releases the drug at a
slow rate, which may negatively affect the therapeutic efficacy.40

On the other hand, the formation of a lipase sensitive ester
bond can facilitate drug release.36,41−43

The chemical structure of adjacent groups and spacers may
also affect the cleavage of ester bonds. For example, a bromide
next to the ester bond facilitates the cleavage of the ester bond
and the release of conjugate drugs.40,44−46 Similarly, an adjacent
disulfide bond may also facilitate cleavage.47 Some spacers or
linkers are also used in the preparation of conjugates. Those
spacers or linkers not only facilitate the formation of conjugates
between two molecules without compatible functional groups
but also affect ester hydrolysis.37,48−51

3.2. Amide Bonds. Amide bonds are used to form the
lipid−drug conjugates similarly to ester bonds. LDCs are
usually formed by the chemical reaction between a carboxylic
end of the lipid and an amine group on a drug. This process is
known as carbodiimide coupling (Figure 2B). Lipophilic
prodrugs with amide bonds are inactive until the amide bond

Figure 1. Conjugation strategies for synthesizing LDCs. (A) Drugs
can be conjugated with fatty acids at the carboxylic acid end or an ω-
carbon. (B) Drugs can be conjugated with steroids at the hydroxyl
group of the steroidal ring system. (C) Drugs can be conjugated to
glycerides at the sn2 hydroxyl. (D) Drugs can be conjugated to
phospholipids via the sn2 hydroxyl group or via phosphate group to
form a phosphoester.
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is cleaved to free the active drug. Amide bonds were used for
synthesizing lipid conjugates of several drugs such as
doxorubicin52 and gemcitabine.53 Amide bonds tend to have
a slower rate of hydrolysis compared to that of ester bonds due
to their higher stability,52 which may negatively affect the
therapeutic efficacy. In a study, nanoparticles were prepared
with N-DOX−TOS (lipid conjugated doxorubicin with an
amide bond). N-DOX−TOS showed less cytotoxic effects on
cancer cells compared to free doxorubicin formulations due to
delayed or incomplete hydrolysis of the prodrug.52

3.3. Hydrazone Bonds. Hydrazones are used in the
formation of lipid−drug conjugates for their pH-sensitive
characteristics. At neutral pH, hydrazones show little to no
decomposition, while at a lower pH the bond decomposes
efficiently.8 Therefore, hydrazone-linked molecules can be

cleaved in acidic environments such as endosomes or
lysosomes (pH 4.0 to 6.0) and tumor tissues (pH 6.0 to
6.8).54 Hydrazone bonds have been successfully used to
synthesize pH-sensitive lipid conjugated doxorubicin (Figure
2C).55−57

3.4. Disulfide Bonds. Disulfide lipid conjugates are stable
in the extracellular oxidative environments but will be cleaved
after cellular uptake in response to the reductive intracellular
environment. The unique property of disulfide bonds has been
utilized to prepare environmentally responsive prodrugs
(Figure 2D). For example, a lipophilic prodrug of mitomycin
C (MMC) was synthesized and used for the treatment of drug
resistant human ovarian carcinoma. The disulfide bond in the
molecule allowed the drug and lipid moiety to be cleaved
effectively at the tumor site.27 Thiolytic microenvironments in

Table 1. Lipid−Drug Conjugates and Their Delivery Systems

lipids drugs delivery systems

fatty acids
squalene acyclovir no carrier140

gemcitabine LDC nanoparticle,93,95−97 nanocomposite,132 liposome141

nucleoside analogue LDC nanoparticle142

paclitaxel lipid vesicle,116 self-assembled nanoparticle143

curcumin nanoassembly144

siRNA self-assembled nanoparticle73,145

adenosine self-assembled nanoparticle146

doxorubicin nanoassembly99

stearic acid gemcitabine polymer nanoparticle,53 lipid nanoparticle,2−4,7,125,147 micelle1,5

5-fluorouracil lipid nanoparticle81

oleic acid docetaxel nanostructured lipid carrier84

paclitaxel emulsion104

palmitic acid dexamethasone emulsion39

paclitaxel immunoemulsion106

doxorubicin micelle56

TGX-221 micelle122

siRNA polymer nanoparticle75

capecitibane lipid nanoparticle43

DHA doxorubicin no carrier43

10-hydroxycamptothecin no carrier69

paclitaxel no carrier9,11

linoleic acid paclitaxel liposome119

octadecanoic acid gemcitabine nanoassembly90,91

lauric acid cytarabine self-assembled nanofiber68

α-tocopherol siRNA no carrier64

oligonucleotide no carrier78

SN-38 polymer nanoparticle48

steroids
cholesterol 5-fluorouracil no carrier13

paclitaxel lipid nanoparticle,16 lipophilic nanoparticle15

siRNA no carrier,17,58,74 high-density lipoprotein14

ursodeoxycholic acid zidovudine polymer nanoparticle19,127

lithocholic acid tamoxifen no carrier21

glycerides
melphalan liposome23,32

mycophenolic acid lipid-based formulation24−26

mitomycin C liposomes27−30

methotrexate liposome23

testosterone no carrier33

paclitaxel polymer nanoparticle15

phospholipids
gemcitibane liposome,36 no carrier34

chlorambucil liposome35
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tumors present the advantage of using disulfide bonds for
lipid−drug conjugates. Disulfide bonds have also been used to
prepare drug conjugate with siRNA and oligonucleotide
(ODN) to enhance the drug’s intracellular delivery and
release.58,59

3.5. Other Bonds. Several other linkers have also been used
successfully in the preparation of lipid−drug conjugates.
Thioethers, unlike disulfide bonds, consist of only one sulfur
atom that is connected to 2 carbons (C−S−C). Squalene
conjugated siRNA was designed by linking squalene to the 3′
end of the sense strand using maleimide−sulfhydryl chem-
istry.60 Carbamate bonds are similar to amide bonds, with the
exception of including oxygen (ROCONR2) that may be
viewed as an ester−amide. 5-Fluorouracil (5-FU), a chemo-
therapeutic agent for solid tumors, was modified at its 4-N with
alkyl chains to form a carbamate linkage.43,61 Another study
linked a palmitoyl moiety to 5-FCPal, a derivative of 5-FU,
using the same carbamate linkage.43 Phosphodiester bonds have
been used in the preparation of lipid conjugates of
oligonucleotides62,63 and siRNA.17,64

4. ADVANTAGES OF LIPID−DRUG CONJUGATES

4.1. Improve the Performance of Orally Administered
Drugs. Oral administration of many drugs faces clinical
challenges due to its poor absorption and GI tract irritation.
Barriers such as the first-pass effect and other metabolic factors
limit the effectiveness of delivering these drugs. Linking lipid
moieties to drugs has been investigated as a method to
overcome these challenges. Through increased lipophilicity and
the use of lipid metabolism pathways, drugs in LDCs can avoid
premature hydrolysis and exhibit increased interactions with
cell membranes.65−67 Lymphatic system targeting is used to
improve the effectiveness of orally administered drugs. The
lymphatic system functions in the transport of dietary lipids
(i.e., triglycerides, phospholipids, etc.) from the intestine to
lymphatic capillaries (Figure 3). Lipoprotein assembly occurs if

Figure 2. Various chemical bonds used for preparing LDCs. (A) Ester
bond: Paclitaxel conjugated with oleic acid via ester bond.104 (B)
Amide bond: Gemcitabine conjugated with stearic acid via amide
bond.1 (C) Hydrazone bond: Doxorubicin conjugated with palmitic
acid via a hydrazone bond.56 (D) Disulfide bond: Mitomycin C
conjugated with lipid through a disulfide bond.28

Figure 3. LDC enhanced drug targeting into lymph system. Triglyceride (TG) mimetic prodrugs are converted to monoglyceride (MG) and fatty
acid (FA) in the GI tract through hydrolysis. The absorbed MG and FA are resynthesized to TG in enterocytes. TG will be incorporated into
lipoproteins and be transported into the lymph system. Similarly, other lipophilic LDC (log P > 5) will also be transferred into lymph system.
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the drug formulation or drug conjugates contain a substantial
amount of lipid to favorably partition or to biochemically
integrate into enterocytes.65 Lipid−drug conjugates use this
pathway to distribute throughout the body using lymphatic
capillaries. Lymphatic targeting enhances drug bioavailability
through avoidance of the first-pass metabolism. Porter’s groups
reported that mycophenolic acid triglyceride conjugate showed
significant enhancement in lymphatic drug transport and
demonstrated a great potential for lymphatic targeting.24−26

In addition, cancer metastasis begins in the lymph nodes of the
tissues. Lymphatic targeted delivery of antitumor agents has the
potential to treat metastatic malignancies.65,66

Apomorphine is a drug usually subcutaneously administered
for Parkinson’s disease. Borkar et al. developed diester prodrugs
of apomorphine which can be delivered orally by a self-
emulsifying drug delivery system (SEDDS).67 The fatty acids,
either dipalmitoyl or dilauroyl, and digestible lipids of the
SEDDS promote lymphatic delivery by increasing the LogP
value of apomorphine from LogP 2.0 to 12.9 and 17.1
respectively. It is believed that a value of LogP above 5 is
required for effective lymphatic traveling. In vitro studies proved
that the apomorphine prodrug in SEDDS is a substrate of
lipase. The lipid excipients in the system were an important
factor in decreasing its degradation and improving oral delivery.
The lipids attached to apomorphine decrease its degradation
while traveling through the GI tract. Therefore, apomorphine in
the conjugates will be finally released in the intestine in the
presence of pancreatic lipases and esterases. In another study
cytarabine (Ara-C) was conjugated with a lauric acid moiety.68

Ara-C shows poor oral bioavailability due to low lipophilicity,
weak ability to permeate membranes, and metabolic degrada-
tion. The lipid−drug conjugate exhibited a great stability in
plasma that led to a 32.8-fold increase in Ara-C bioavailability
when administered orally to rats. An antitumor agent, SN38,
was modified to improve its oral delivery by attaching
undecanoate (C20).66 The formation of lipophilic prodrug
led to the increase in the uptake of drugs in enterocytes,
resulting in more than doubled increase in drug permeation
through the intestinal epithelium of rats.
4.2. Improve the Delivery of Anticancer Drugs.

4.2.1. Enhance Tumor Targeting and Reduce Toxicity.
Many tumor cells show a high uptake and metabolism of lipids
to compensate for their rapid proliferation. Lipophilic prodrugs
enable rapid drug distribution into tumors and the release of
active drugs in response to the tumor microenvironment. Both
the lipid moiety and the chemical bond of conjugates are
critical for the tumor targeting.
Tumor targeting can be enhanced through the conjugation of

drugs with specific lipids such as DHA and cholesterol. Tumor
cells aggressively take up natural fatty acids for their source of
energy and the supply of biochemical precursors in various
processes.8,31,69 DHA receptors on the membranes of tumor
cells facilitate the binding of lipid−drug conjugate.8 For
example, DHA−10-hydroxycamptothecin, a DHA drug con-
jugate, showed a greater tumor growth inhibition in the
treatment of human colorectal cancer and lung cancer than that
of the established therapies (cisplatin).69 DHA provided
preferential uptake of the prodrug in the malignant cells and
thus showed a better inhibition of tumor growth than that of
cisplatin. Cholesterol drug conjugates have also been used to
enhance the delivery of chemotherapy drug into tumors.
Cholesterol drug conjugates are more selective in tumor
targeting than that of free drugs due to higher uptake of

cholesterol in tumors.12,68 Cholesterol and other lipids also
enable the LDC transportation via lipoprotein receptors which
are overexpressed on tumor cells.40 Tumor microenvironment
may also be explored to facilitate the release of active drugs in
tumor and further enhance antitumor activities. For example,
hydrazones and disulfide bonds, as mentioned in Chemical
Bonds, were used to take advantage of the acidic and thiolytic
tumor tissue environment for the enhancement of antitumor
activities.
Lipophilic prodrugs could increase tumor targeting and

reduce toxicities of anticancer drugs. The exposure of normal
tissues to harmful chemicals is minimized because the
chemotherapy drugs are kept as inactive prodrugs prior to
the delivery to tumor sites.9,27,37,69 In tumor cells, prodrugs will
be metabolically converted into active drugs to kill tumor cells.
For example, DHA−paclitaxel (DHA−PTX) was prepared to
improve the drug’s tumor targeting ability and to reduce its
toxicity to normal tissues.8,9 Pharmacokinetics study showed
that DHA−PTX was distributed mainly in the intravascular
plasma after intravenous injection. DHA−PTX maintained high
drug concentrations in plasma and tumor for longer time than
that of free paclitaxel.8,9 Due to the reduced toxicity, DHA−
PTX dose could be increased by 4.4-fold with no increase in
toxicity.9

4.2.2. Overcome Drug Resistance. Multidrug resistance
(MDR) is a major cause for the failure of many cancer
treatments. MDR transporters are overexpressed on cancer cells
and cause the efflux of drugs from the cells. Lipid−drug
conjugates have demonstrated their potential for overcoming
drug resistance in chemical therapy.27,37,57

Lipid conjugated MMC, an antitumor agent, was encapsu-
lated in polymer-grafted liposomes. Compared with the
treatment with free MMC or liposomal doxorubicin, lipid
conjugated MMC revealed a significant suppression of p-gp
mediated drug resistance in ovarian cancer cells.27,37 An N-
tetradecylamido derivative in lipid conjugated doxorubicin
increases the lipophilicity, decreases toxicity, and creates a
sustained release of doxorubicin. Compared to free doxor-
ubicin, the derivative was not so readily pumped out during in
vitro testing with ovarian cancer cells. It was found that
cytotoxicity of lipid doxorubicin conjugates was maintained for
3 days. In another study, lipid conjugated doxorubicin was
tested for their anticancer activities in drug resistant cells.
Doxorubicin conjugated with N-heptadecanoyl hydrazine was
more effective than unsaturated C18 lipid conjugated
doxorubicin and free doxorubicin in their anticancer activities.
The (menthoxycarbonyl)undecanoyl hydrazone conjugated
doxorubicin was more active than free doxorubicin in the
treatment resistant cancers.57

4.3. Promote Penetration into the Brain. The blood
brain barrier (BBB) is a selectively permeable barrier that
separates circulating blood from the cranial fluid. The barrier
allows the passage of small, uncharged, and lipid-soluble
molecules. BBB may limit the use of drugs with low
lipophilicity to effectively treat CNS diseases.70 The covalent
attachment of a lipid to a drug can enhance its brain delivery by
increasing lipophilicity or by targeting receptors that facilitate
the transport of the lipid through the BBB.71

A few studies showed that lipid−drug conjugates improved
brain targeting. Glycerides have been linked to various drugs
aiming to enhance their CNS delivery. Therapeutic agents such
as GABA, L-Dopa, and phenytoin have been linked with
glycerides or formulated as pseudoglycerides to improve CNS
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drug targeting and to increase CNS drug activities.
Pseudoglycerides replace a fatty acid of a triglyceride with a
drug molecule. The brain penetration index of glyceride-linked
GABA showed a 127-fold increase compared to free GABA,
establishing substantial evidence that glyceride prodrugs
increase brain targeting.72

4.4. Enhance Delivery of Gene Medicines. Nucleic acid
based gene medicines (e.g., siRNA, ODN) are novel promising
therapeutic agents. However, their clinical use is limited due to
their poor stability, large molecular size, and negative charge.
Therefore, there is a great need for the development of delivery
strategies for these molecules. LDCs have been used in multiple
studies to facilitate the delivery of gene medicines.73−75 Lipid−
siRNA conjugates showed the improvement of in vivo
performance. Cholesterol,14,17,58,74,76 squalene,73,77 palmitic
acid,75 and α-tocopherol64 are lipids that have been used to
synthesize siRNA−lipid conjugates. Conjugating siRNA with
lipids would result in decreased degradation, enhanced cellular
uptake, and ultimately improved gene silencing activity. For
example, one study showed a significant gene silencing activity
of cholesteryl−siRNA.14 In this study, the cholesterol−siRNA
conjugates were efficiently loaded into lipoprotein carriers,
which can enhance their cellular uptake and lead to effective
silencing of target oncogene. In a separate study, cholesterol
conjugated siRNA demonstrated enhanced binding to serum
proteins and improved the in vivo pharmacokinetic profiles.76 In
another study, Wolfrum et al. conjugated siRNA with a variety
of lipholiphic molecules including bile acids and fatty acids.
Their studies showed that conjugation with lipophilic molecules
improved siRNA cellular uptake and enhanced gene silencing in
vivo (Figure 4).17 In addition, their research results indicated
that the interactions between siRNA−lipid conjugates and
lipoproteins, lipoprotein receptors, and transmembrane pro-
teins played an important role on the cellular uptake of
conjugates. Conjugation of siRNA with lipids such as
cholesterol, bile acids, and long-chain fatty acids enhances
their conjugate binding to lipoproteins, including both high-
density lipoprotein (HDL) and low-density lipoprotein (LDL),
and facilitates the cellular uptake.17 In contrast, short- and
medium-chain fatty acid siRNA conjugates showed a low
binding affinity to lipoproteins. The binding efficiencies of
lipid−siRNA conjugates to lipoproteins correlated with their
abilities to reduce target mRNA levels in vivo.17 Another study
indicated that conjugation of siRNA to lipophilic palmitic acid
enhanced the loading efficiency of siRNA in a nanoparticle
based delivery carrier. A 35-fold increase in cellular internal-
ization was exhibited by the use of palmitic acid conjugated
siRNA in comparison to that of unconjugated siRNA.75 Use of
lipid conjugate of oligonucleotides for the enhancement of gene
delivery can be found in many publications.59,62,63,78

4.5. Facilitate Drug Loading into Delivery Carriers.
Lipophilic drugs usually have superior drug loading in delivery
carriers containing a lipophilic components. In contrast,
hydrophilic drugs suffer from low loading efficiency and drug
leakage in these delivery systems. Conjugation of lipid with
hydrophilic drugs has been used to increase the lipophilicity of
hydrophilic drugs and to enhance their compatibility with the
lipophilic components of drug delivery carriers. This con-
jugation approach can enhance the affinity of drugs with
carriers and reduce drug leakage.56,79−82 The phospholipid
bilayer of liposomes, the lipophilic core of micelles, and the
internal oil phase of emulsions are a few examples of
components that serve as LDC reservoirs. For example, a

fatty acid derivative of diminazene diaceturate was loaded into
solid lipid nanoparticles with high efficiency.70 In another study,
2-behenoyl−paclitaxel, a fatty acid derivative of paclitaxel,
increased drug loading in lipid-based nanoparticles from 10% to
47%.83 Similarly, encapsulation efficiency in polymeric nano-
particles reached to approximately 68% when 4-(N)-stearoyl
gemcitabine was incorporated at 1:10 drug/polymer ratio.53

Multiple other studies also showed that LDCs have better
carrier loading than that of parent drugs.56,80−82,84

4.6. Achieve Extended Drug Release. Lipophilic
prodrugs have also been used to achieve extended drug release.
This strategy has been successfully used to develop several FDA
approved extended release formulations of antipsychotics such
as haloperidol decanoate, fluphenazine decanoate, and

Figure 4. Lipophilic siRNA conjugates have different in vivo activities.
(a) Structure of lipid conjugated siRNAs. The desired lipid (L) is
conjugated to the 3′-end of the sense strand of the apoB siRNA4
(siRNA-apoB1) via a trans-4-hydroxyprolinol linker (Hyp). Sense 5′-
GUCAUCACACUGAAUACCAAU*Hyp-L-3′ and antisense 5′-AUU-
GGUAUUCAGUGUGAUGAc*a*C-3′. Lowercase letters represent
2′-O-methyl-sugar-modified nucleotides, and asterisks stand for
phosphorothioate backbone. (b) Chemical structure of different lipids
used for synthesizing lipid conjugated siRNAs. (c) In vivo silencing of
apoB mRNA by lipid conjugated siRNAs. Liver apoB mRNA levels
were normalized to GAPDH mRNA 24 h after three daily intravenous
injections of saline or 50 mg/kg stearoyl-siRNA-apoB1, dodecyl-
siRNA-apoB1, lithocholic-oleyl-siRNA-apoB1, or docosanyl-siRNA-
apoB1 (n = 5 per group). Data show apoB mRNA levels as a
percentage of the saline treatment group and are expressed as mean ±
SD. Data marked with asterisks are statistically significant relative to
the saline treatment group as calculated by ANOVA without
replication, alpha value 0.05 (*, P < 0.05; **, P < 0.005). Reprinted
by permission from Macmillan Publishers Ltd: Nat. Biotechnol. 2007,
25, 1149−57.copyright 2007 (ref 17).
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fluphenazine enanthate.85 The conjugation of drugs with lipids
produced lipophilic prodrugs with low solubility in water and
high solubility in oils. Those conjugates are formulated in
injectable oils and administered via intramuscular or subcuta-
neous injection. The extended release profile of these
formulations made it possible to treat patients with one
injection every 4−6 weeks, which greatly improved patient
compliance. In addition to the oil solution, lipophilic prodrug
could also be formulated as aqueous suspensions. For example,
paliperidone palmitate extended-release injectable suspension
was approved by the FDA in 2009.86 This prodrug was
prepared through conjugation of paliperidone, an active
metabolite of risperidone, with palmitic acid. Paliperidone
palmitate was formulated as a ready-to-use aqueous nanocrystal
suspension and administered monthly through intramuscular
injection.86 Recently, aripiprazole lauroxil was approved as a
long-acting injectable formulation for treating schizophrenia.87

It is an aqueous suspension of lipophilic prodrug administered
via intramuscular injection. By using different lipids to
synthesize LDCs, we can precisely control their physical
chemical properties including melting point, partition coef-
ficient, and solubility of LDCs. The physical chemical
properties of LDCs will, in turn, affect drug release profiles.85

Inspired by the applications of LDCs in long-acting injectable
formulations for treating antipsychotics, several other studies
have been performed to explore their applications in developing
extended release formulations for other drugs. For example, a
lipophilic prodrug approach was used to develop a one-month
sustained release formulation of nalmefene, which is a drug
used to reduce alcohol intake.88 In another report, lipophilic
prodrug of pioglitazone was studied to develop a once-monthly
injectable formulation for the treatment of diabetics.89

5. DELIVERY SYSTEMS FOR LIPID−DRUG
CONJUGATE
5.1. Carrier-Free System. A carrier-free system is one in

which an LDC is administered without a delivery carrier.
Linking a lipid to a hydrophilic drug leads to the formation of

an amphiphilic molecule that can self-assemble into nano-
particles without or with minimal use of stabilizer.43,49−51,90−102

Among these LDCs, squalene−drug conjugates have been most
extensively studied. Squalenoylation refers to covalently
conjugating the terpene lipid to a drug molecule. Squalene−
drug conjugates can self-assemble to form nanoparticles in
aqueous solution. For example, squalene−gemcitabine con-
jugate (SQ−GEM) forms nanoassemblies with gemcitabine at
the core and squalene at the surface acting as protective shell.92

SQ−GEM nanoparticles exhibited enhanced anticancer activity
in various tumor cell lines. In another study, 1,1′,2-
trisnorsqualenoyl−gemcitabine conjugate was designed.95 The
conjugates form amphiphilic vesicles with increased drug half-
life and mean residence time. Other anticancer agents,
including paclitaxel50,51,102 and doxorubicin,99 have been
conjugated with squalene to form nanoassemblies with
enhanced activity when compared with the parent drug. In
another study, SQ−GEM was decorated with SQ conjugated
targeting peptide CKAAN through coprecipitation.49,103 The
nanoassemblies with CKAAN showed a higher specificity in
cellular uptake and cytotoxicity in Paca-2 pancreatic cancer
cells.103 In a separate study, a technology called lipocore was
developed. In this system, particles composed of pure lipid−
drug conjugate (e.g., C16 derivative of paclitaxel) was protected
by pegylated lipids such as DSPE-PEG.46 Sharma et al. used
Tween 80 to stabilize stearic acid conjugate cytarabine NPs.82

Although the carrier-free systems are promising for drug
delivery, most LDCs are formulated in various drug delivery
carriers including emulsion, liposome, micelle, lipid nano-
particle, polymer nanoparticle, and others (Figure 5).

5.2. Emulsions. O/w emulsions have also been frequently
used to deliver LDCs.39,67,104−106 Emulsions are biocompatible
carriers that permit the incorporation of LDCs in the oil
droplets. Emulsions improve the delivery of an LDC by
solubilizing the drug, reducing toxicity, and decreasing drug
clearance rates.39,104−106

Studies have shown that the use of o/w emulsions are well-
tolerated and they can entrap lipid−drug conjugates with a high

Figure 5. Different delivery carriers for LDCs: (A) emulsion, (B) liposome, (C) micelle, (D) lipid nanoparticle, (D) polymer nanoparticle, and (F)
carbon nanotube.

Molecular Pharmaceutics Review

DOI: 10.1021/acs.molpharmaceut.6b01027
Mol. Pharmaceutics 2017, 14, 1325−1338

1331

http://dx.doi.org/10.1021/acs.molpharmaceut.6b01027


efficiency.39,104,105,107 In a study, researchers incorporated
paclitaxel−oleate into a nanosized emulsion.104 In comparison
to the commercial paclitaxel formulation containing a toxic
solvent, Cremophor EL, paclitaxel−oleate nanoemulsion
showed lower toxicity. Another study showed higher entrap-
ment efficiency of dexamethasone−palmitate (DXP) than that
of unconjugated free dexamethasone.39 DXP was designed to
inhibit VEGF-induced vascular leakage in the treatment of
ophthalmic diseases. DXP emulsion could retain the drug and
control its release. The sustained formulation maintained DXP
levels for 9 months which are sufficiently high to inhibit VEGF.
Emulsions can be further modified to enhance their

specificity and targeting ability. A study used a cholesterol-
rich microemulsion (LDE) to carry paclitaxel−oleate.105 The
cholesterol component of the emulsion enhanced the targeting
ability by enabling its LDL carrier to bind to its corresponding
receptors and facilitate the drug delivery and cellular internal-
ization. LDL receptors are overexpressed in leukemia cells and
other solid tumors. LDE paclitaxel−oleate has been tested in
clinical studies on patients with breast cancer and gynecologic
cancer. LDE formulation showed improved PK profile,
enhanced drug accumulation in tumors, and reduced
toxicity.108,109 In another study, an immunoemulsion was
designed to deliver paclitaxel−palmitate to treat metastatic
prostate cancer through targeting the HER-2 receptor.106 By
attaching Herceptin, an anti-HER2 monoclonal antibody, the
immunoemulsion delivers the prodrug efficiently to cells that
overexpress HER-2 receptors.
5.3. Liposomes. Liposomes are drug delivery systems that

permit the entrapment of hydrophilic drugs in the aqueous core
and the incorporation of lipophilic prodrugs in the lipid
membrane. Liposomes prevent the premature metabolism of
prodrugs by acting as a second layer of protection for the active
agent (the first being the lipid−drug conjugates).23,110−114 The
addition of a lipid moiety to a therapeutic agent improved its
membrane affinity, drug loading, stability, and retention in the
liposomal formulation.113,115−117 Arouri et al. synthesized a
phospholipid−drug conjugate (C6-RAR prodrug). This lip-
ophilic prodrug can mix with other lipid components to form
stable liposomes. The prodrug can be cleaved by phospholipase
A2, which is upregulated in cancer cells.36

Pegylated liposomes are used frequently as delivery carriers
for LDCs because of their ability to have longer circulation and
better tumor targeting ability than that of LDCs. LDCs
delivered by pegylated liposomes include octadecanoyl
analogue of 8-chloroadenosine,110 squalenoyl−gemcitabine,118
mitomycin C prodrug,27−30 and diglyceride doxorubicin
conjugate.114 Due to its lipophilic nature, the LDC’s
encapsulation efficiency in liposomes is usually high. The
encapsulation of LDCs in pegylated liposome further enhances
drug stability and their circulation time.
In several published studies, liposomes are modified with

targeting molecules to further enhance their target specificity
and cellular internalization. For example, methotrexate and
melphalan were conjugated with 1,2-dioleoylglyceride to form
MTX−DOG and Mlph−DOG. The formed LDCs were
delivered with liposomes surface modified with the sialyl
Lewis X/A (SiaLeX/A) tetrasaccharide ligand.32 This ligand
can recognize selectins overexpressed on inflammatory sites and
tumor sites.23,32 This liposome formulation demonstrated the
ability to target tumor vasculature. In several other studies,
LDCs were delivered by liposomes modified with other

targeting molecules such as iRGD peptide,119 hyaluronic
acid,120 and monoclonal antibody.112

5.4. Micelles. Micelles are composed of amphiphilic
macromolecules that self-assemble into core−shell structured
nanocarriers. The hydrophobic core can encapsulate hydro-
phobic drugs through noncovalent interactions. Conjugating
drugs with lipids can significantly improve their interaction with
micelle cores. This strategy improves the stability of drug-
loaded micelle formulation. Several different micelle formula-
tions have been used to delivery LDCs.56

DSPE-PEG micelles have been investigated as the carriers for
lipid−drug conjugates in several studies. For example, an acid-
sensitive doxorubicin−palmitate conjugate was loaded into
DSPE-PEG micelles.56 Due to the increased lipophilicity of the
prodrug, loading of prodrug in micelle was highly efficient. This
formulation demonstrated excellent drug loading stability, due
to enhanced interaction between drug and micelle hydrophobic
core. In another study, stearoyl gemcitabine (Gem-C18) was
synthesized and was loaded into DSPE-PEG/tocopherol-
PEG1000-succinate (TPGS) micelles to prevent inactivation of
the drug from rapid deamination.1 The formulation demon-
strated better anticancer activities than free drug in a pancreatic
cancer tumor model due to the increase in drug systemic
circulation and drug concentrations in tumors.
Micelles prepared with other polymers such as PEG-PCL10,44

and PEG-PLA121 have also been used for the delivery of
lipophilic prodrugs of geldanamycin, paclitaxel, and gemcita-
bine. These prodrug micelle formulations showed improved
AUC, higher drug concentrations in tumors, and reduced
toxicity. Polymeric micelles decorated with targeting molecules
can further enhance tumor specific drug delivery. For example,
lipid prodrug of TGX-221 was incorporated into PEG-PCL
micelles decorated with a prostate-specific membrane aptamer
(PSMAa10).122 The modified micelle showed effective
inhibition of cell growth in PSMA-positive cells without
affecting PSMA-negative cells.
Acidic pH-sensitive micelles have also been used to enhance

the delivery of lipophilic prodrug stearoyl gemcitabine (Gem-
C18).5,123 In studies conducted by Cui’s group, PEG and lipid
were conjugated through an acidic pH cleavable linker to
synthesize a material that can be used to prepare Gem-C18
loaded micelles. This micelle can be cleaved in response to the
acidic environment in the lysosomal compartments to facilitate
the release of drugs. Compared to acid-insensitive micelle
formulations, the acid-sensitive micelles exhibited quick release
of parent drug (gemcitabine) and showed improved anticancer
activities. In addition, this formulation showed the ability to
overcome gemcitabine resistance in cells with high expression
of ribonucleotide reductase subunit M1.

5.5. Lipid Nanoparticles. Lipid nanoparticles (NPs) can
encapsulate LDCs in the lipophilic core. The lipid core serves
as a reservoir to effectively load lipophilic drugs. Hydrophilic
drugs need to be converted into lipid−drug conjugates to
enhance the loading into lipid NPs.70,124 Both solid and liquid
lipid NPs were used for the delivery of LDCs.
Lipid−drug conjugates delivered by solid lipid nanoparticles

(SLN) showed a high drug loading and enhanced drug delivery
to specific organs. For example, a thin-layer ultrasonication
method was used to prepare SLN of 3′,5′-dioctanoyl-5-fluoro-
2′-deoxyuridine (DO-FUdR).80 This method was able to
achieve drug loading capacity of 29.02% and drug entrapment
of 96.62%. SLN formulations can also improve a drug’s ability
to penetrate the BBB.70,80 Lipophilic derivatives of diminazene
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diaceturate were loaded in Tween-80 coated SLNs.70 It has
demonstrated that the Tween-80 coating enhanced nano-
particle’s stability and has the potential to improve the uptake
of drugs in brain. Liver targeting was also achieved in an SLN
formulation of N-stearyl-5-fluorouracil.81

Cui’s group developed a lipid NP formulation to deliver
stearoyl gemcitabine (Gem-C18).125 The lipid NPs were
composed of soy lecithin and glycerol monostearate. The NP
formulation has been used to effectively treat gemcitabine
resistant cancers. In the subsequent studies, the same group
further modified NPs with DSPE-PEG to prolong their
circulation in the blood and to enhance drug accumulation in
tumors.126 The NPs were further decorated with epidermal
growth factor (EGF) to specifically target tumor cells
overexpressing the epidermal growth factor receptor.7 Gem-
C18 nanoparticles decorated with epidermal growth factor can
effectively treat drug resistant cancers because this NP protects
the prodrug from deamination, increases drug potency, and
delivers drug efficiently to intracellular compartments.3,6

In addition to SLN, oil-filled NPs were also used for the
delivery of LDCs. The compatibility with carrier lipid core is
critical for efficient drug encapsulation. In a study, “core-match
technology” was explored to improve loading capability of
oleate conjugated docetaxel in oleic acid containing NPs.84 This
formulation showed higher drug loading, improved stability,
and sustained drug release, when compared with those of lipid
NPs loaded with free docetaxel. In another study, 2-
bromohexadecanoyl−docetaxel was formulated into lipid NP
with an oily core. The formulation demonstrated good drug
retention, extended drug release, and long-term storage
stability.40 BTM is an abbreviation describing the design of
the NP containing Brij 78, vitamin E TPGS, and an oily core
composed of Miglyol 808. A recent study examined the
advantage of using BTM nanoparticles (BTM NP) to deliver
docetaxel conjugates for the treatment of non-small cell lung
cancer. Compared to that of Taxotere, treatment with BTM NP
increased in vivo progression-free survival by 35 days and mean
survival of the nude mice by 27 days.45 BTM NPs were also
used to deliver C22 lipid conjugated paclitaxel (C22-PTX).83

5.6. Polymer Nanoparticles. Poly(lactic-co-glycolic acid)
(PLGA) nanoparticles have been extensively used in the
delivery of LDCs. Dalpiaz et al. prepared PLGA NPs to
encapsulate ursodeoxycholic acid (UCDA) conjugated zidovu-
dine (AZT).127 PLGA NPs were also used to deliver 4-(N)-
stearoyl gemcitabine.2,53 In other studies, PEG-PLA NPs were
used to deliver LDCs. The presence of PEG could stabilize the
NP and prolong drug circulation in the blood. SN-38 is a
topoisomerase I inhibitor. This inhibitor is toxic, unstable, and
incompatible with various delivery systems. The formation of a
tocopherol succinate derivative increased SN-38’s affinity for
NPs.48 PLGA NPs were also modified on the surface with
targeting ligands such as lectin, aptamer, and cetuximab.128−130

These targeting ligands enhance drug tumor cell targeting
through the interaction with tumor cell specific receptors.
NPs prepared with other polymers were also investigated for

the delivery of LDCs. Sarett et al. used endosomolytic polymer
nanoparticles to deliver siRNA−palmitate conjugate.131 Con-
jugation of hydrophobic palmitate with siRNA improves
siRNA’s loading into NPs. As a result, a lower polymer/
siRNA ratio is required to efficiently condense siRNA. Due to
the improvement in stability and endosome escape of siRNA,
high potency and great longevity of gene silencing were
achieved.75 A recent study describes the delivery of paclitaxel

oleate via poly(beta-amino-ester) (PbAE) nanoparticles.131

Cellular uptake and release of paclitaxel oleate from PbAE
NPs was faster than those from poly caprolactone (PCL) NPs
probably due to the pH sensitivity of PbAE.

5.7. Others. Several other carriers were also used for the
delivery of LDCs. Arias et al. designed squalenoyl−gemcitabine
(SQ−GEM) NPs which incorporated magnetite nanocrystals as
a theranostic agent.132 This system showed the enhancement in
the delivery of drugs into tumor with the aid of a magnetic field.
At the same time, it can also be used to enhance tumor
imaging.132 In another study, Shao et al. reported that
conjugating paclitaxel with lipids enhances the drug’s loading
into carbon nanotubes (CNT).79 The enhanced loading was
achieved through the hydrophobic interaction between lipid in
the conjugate and the surface of CNT. Use of lipoproteins for
LDC delivery can be found in other reports.12−14,17,71,76 The
functions of lipoproteins include the transportation of
cholesterol and dietary triglycerides. These lipoprotein carriers
can be used to facilitate the delivery and cellular uptake of the
LDC in tumor cells with overexpressed lipoprotein receptors.
Other reported delivery carriers and formulations for LDCs
include mesoporous silica nanoparticles,133 sesame seed oil
injections,88 lipid nanocapsule hydrogels,134 and extended
release injectable formulations.89

6. CONCLUSION AND FUTURE PERSPECTIVES
LDCs have been successfully utilized to enhance the delivery of
various drugs including both small molecular and macro-
molecular drugs. The conjugation of lipids significantly
increases the lipophilicity and changes properties of drugs.
These changes in the drug properties could potentially facilitate
drug delivery into the lymphatic system, improve oral
bioavailability, enhance tumor targeting, and many others.
Some LDCs can form self-assembled nanoparticles by
themselves and can be administered without any delivery
carriers. However, most LDCs are being entrapped in carriers
prior to the delivery. The lipid “tail” in the LDC could
significantly enhance the loading of LDCs into delivery carriers
through a hydrophobic interaction. This enhanced hydrophobic
interaction can help to improve drug loading, prevent the
leakage of drugs, and increase formulation stability. Currently,
the design of LDCs and selection of delivery carriers are mostly
based on a “trial and error” approach. It will be worthwhile to
systemically study the compatibility between LDC and carrier
molecules, and their relationship with drug loading capacity.
Computational modeling is a valuable tool to simulate the
interaction and to identify the best match between LDCs and
delivery carriers. The increased availability of various lipid
molecules and delivery carriers will be helpful in identifying the
best match while the computational modeling can assist in the
formulation optimization process.
We have mentioned in the previous part of this review that

LDCs have been successfully used to develop several FDA
approved extended release injectable formulations for the
treatment of antipsychotics. In addition, several other LDCs
have been tested in clinical trials for other applications. For
example, DHA conjugated paclitaxel, or Taxoprexin, has been
evaluated in several clinical trials for the treatment of various
cancers including non-small cell lung cancer, melanoma, liver
cancer, prostate cancer, pancreatic cancer, kidney cancer, and
colorectal cancer.135 Similarly, a liposome formulated lipophilic
drug of docetaxel (MNK-010) has also been developed and
under clinical trials.136,137 GemSQ is a squalene conjugated
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gemcitabine developed based on the pioneering work by
Patrick Couvreur. GemSQ is currently under phase III clinical
trials.138 Another good example in the categories is the
development of cholesterol conjugated siRNA. The strategy
in the preparation of cholesterol conjugated siRNA was used by
Arrowhead Pharmaceuticals in their product development of
ARC-520 for treating chronic hepatitis B virus infection.139 The
success in the use of LDC strategy in the development of FDA
approved drug formulations and several ongoing clinical trials
of similar products demonstrated the great potential of LDC
strategy in the commercialization.
Several challenges are associated with the development of

LDC-based drug formulations. Usually, LDCs are inactive
prodrugs. Therefore, the cleavage of linkers to efficiently release
the parent drug is critical for achieving optimal therapeutic
performance. Many LDCs have slow drug release profiles when
lipids are conjugated with drugs through ester or amide bonds.
The slow drug release can be an advantage for developing
extended release formulations. However, it can be a major
concern for the applications requiring a quick release of active
drugs to achieve therapeutic effects. For example, most
anticancer treatments need to have sufficient drug concen-
trations at the tumor site to effectively treat cancers. Many
studies showed that lipid conjugated anticancer drugs with
noncleavable or slowly cleavable linkers were usually less potent
than parent drugs. Therefore, linkers with better drug release
profiles are preferred in the synthesis of LDCs for anticancer
applications. For example, a pH-sensitive hydrazine linker has
been utilized to synthesize LDCs which can efficiently release
drugs in response to an acidic pH environment in tumor cells.56

The selection of linker is restricted by the chemical structure
and the availability of functional groups in both drugs and
lipids. In the future, more efforts are needed to design linkers
which can be triggered to release the drugs from LDCs in
response to various environment changes. In addition, the
discovery of linkers with different and tunable release profiles is
critical for developing optimal LDC formulations for specific
clinical applications.
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