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Chapter 11
Surface Modifications of Liposomes
for Drug Targeting

Doniya Milani, Umi Athiyah, Dewi Melani Hariyadi, and Yashwant V Pathak

Abstract Medical treatment through the use of pharmaceuticals is dependent on
the ability of therapeutic agents to reach their intended targets while evading unin-
tended interactions, endosomal sequestration, and degradation. By developing tar-
geted therapies, our treatments of different diseases can be tremendously improved
in ways that not only enhance the functionality of relevant drugs, but also improve
the patients’ experiences. Liposomes are nanocarriers that encapsulate their pay-
loads, protecting active ingredients from biological environments and degradation.
Their use in nanomedicine has the ability to reshape drug administration, from
improved specificity and prolonged circulation to decreased cytotoxicity and fewer
negative side effects. The efficacy and functionality of liposomes can be further
refined and enhanced through surface modification. By conjugating liposomes with
various moieties, drug delivery can become a much more targeted process.
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1 Introduction

Nanocarriers have introduced a unique and promising method of drug delivery. One
significant challenge of drug administration is ensuring that the drug not only
reaches the correct destination but also does so without damaging or affecting the
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surrounding organs, cells, and/or tissues. Nanocarriers can maneuver around the
problems typically associated with conventional drug delivery. One of their most
exciting capabilities is specifically targeting diseased organs or cells while circum-
venting healthy, nondiseased organs and cells in the body [1]. Drug delivery through
nanoparticles and nanocarriers allows higher efficacy with fewer side effects [1].
Nanocarriers, which range from 1 to 1000 nm, offer several advantageous proper-
ties, including high surface to volume ratio, increased tissue and membrane penetra-
tion, targeted and controlled drug release, and biological mobility [2].

Liposomes are nanocarriers that protect the active ingredient they are carrying
from degradation [3]. They are currently considered to be the most successful drug-
carrier system [4]. Liposomes’ lipid compositions determine their chemical proper-
ties [3]. The efficacy of liposomes can be altered by tweaking their physiochemical
properties, such as their size, surface charge, and lipid organization [4]. Much of the
research on nanocarriers now focuses on surface modifications that can improve the
efficacy of drug targeting. Surface modifications and functionalization with moi-
eties, which alter the range of stimuli recognized, can further fine-tune the lipo-
somes are nanocarriers [1]. Different surface modifications present different
benefits. For example, polyethylene glycol (PEG) modification of liposomes can
potentially improve blood circulation and reduce nonspecific interactions while
avoiding the reticuloendothelial system (RES) that usually poses a significant chal-
lenge in intravenous administration [5].

Surface modifications and functionalization of liposomes can tremendously
improve the treatment of solid tumors and cancer by presenting ways to overcome
the current physiological and biological barriers [6]. Altering these liposomes opens
the door for finding new and efficient methods of delivery for anticancer agents [6].
Treating malignant tumors through conventional treatment approaches is a particu-
lar obstacle due to their unique physiology. Uncontrollable growth of mutated cells
that initiate within an organism’s own cells contributes to the difficulty of selective
treatment of cancer [6]. However, with the use of nanocarriers and nanoparticles,
site-specific delivery of anticancer drugs is a possibility. Considering the tremen-
dous number of deaths per year that cancer is responsible for, improving anticancer
drug delivery is vital. This review will explore the current barriers in selective drug
targeting, examples of surface modifications of liposomes, the limitations of func-
tionalized and modified liposomes, and how these alterations aid in overcoming the
present barriers.

2 Liposomes

Liposomes are spherical artificial vesicles that contain at least one phospholipid
bilayer between aqueous phases [7]. These favorable drug delivery systems vary
considerably in terms of properties and compositions. Liposomes have contributed
significantly to the advancement of drug delivery due to their biocompatibility,
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ability to encapsulate hydrophilic and hydrophobic compounds, low toxicity, size,
surface charge, improved penetrability, and site-specific targeting [7]. However,
liposomes must overcome certain limitations and barriers as well, such as their
short half-life, low solubility, and their tendency to occasionally undergo oxidation
and hydrolysis-like reactions [7]. By overcoming these barriers, advantages such as
biocompatibility and site-specific drug delivery to tumors can be utilized [8].

2.1 Liposome Circulation Time Obstacles

Typical liposomes are taken up by the reticuloendothelial system (RES), which con-
tributes to their shorter half-life [S]. The RES is a crucial defense mechanism of the
body [9]. Upon intravenous administration, a liposome is absorbed by Opsonin, a
serum protein which recognizes the liposome as a foreign substance [5, 9]. Once a
liposome is opsonized, it is demolished by phagocytes that are a part of the RES [9].
The interaction of the RES and liposomes affects organs such as the liver, spleen,
and bone marrow [10]. Another challenge that typically faces liposomes is their
tendency to release their contents during circulation. This problem can be circum-
vented through surface modification; as an effort to increase the circulation time of
a liposome, it can be modified with a hydrophilic polymer, polyethyleneglycol
(PEG) [5, 9]. These liposomes are referred to as PEGylated or stealth liposomes [9].
Once a liposome’s surface is PEGylated, it becomes more stable and evasive, hence
the name “‘stealth” liposome.

3 PEGylated Liposomes

3.1 Advantages of PEGylated Liposomes

PEGylated liposomes have several advantages. These modified nanocarriers have
increased circulation time in systemic circulation and a decreased uptake by the
phagocytes in the RES [11]. As opposed to non-PEGylated liposomes, stealth lipo-
somes have a much greater ease of entry due to the enhanced permeability and
retention (EPR) effect, and improved riddance of tumors due to the increased accu-
mulation in the tumor tissue [11]. PEGylated molecules have a heavier weight,
which lessens its clearance through glomerular filtration [12]. This in turn augments
the drug efficacy [12]. Additionally, PEGylation modifies and disguises the protein
surface, which minimizes the body’s immune response [12].

Following the discovery of stealth liposomes, site-specific liposomes came
into existence. By conjugating the open ends of PEG polymers with different
moieties, such as antibodies and peptides, the liposomes can engage in more spe-
cific targeting [13]. This surface functionalization allows the liposomes to interact
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with particular overexpressed receptors that are located on the cell surface [13].
Neutral PEGylated liposomes can be easily modified and have multifunctional
proteins on their surface [14].

In addition to their stability and increased circulation time, PEGylated liposomes
can also avoid enzymatic degradation [12]. The PEG-liposomes are eliminated from
the body in a different way that is related to molecular mass, which is heavier than
a normal liposome due to its increased water solubility [12]. The increased weight
also allows for reduction in clearance via glomerular filtration [15, 16]. PEGylated
liposomes with a weight below 20 kDa are eradicated through renal filtration,
whereas the heavier ones are primarily eliminated by the liver [16].

3.2 Targeted Therapy Through PEGylation

Because of the EPR effect that PEGylation brings about, stealth liposomes have the
ability to specifically target tumors [17]. In a study done by Matsumura and cowork-
ers, the EPR effect was first introduced. The study characterized tumors as having
leaky vasculature and poor lymphatic systems [18]. While fenestrated endothelium
gaps normally range in size from 200 to 900 nm, the openings within tumor vascu-
lature are even larger [19]. This allows nanoparticles to favorably accumulate in
tumors [19]. This preferential accumulation improves the efficacy of drug delivery
by allowing more targeted delivery.

The creation of nanoparticles that can target virtually anything in the body is an
exciting feat for pharmaceuticals. However, this poses its own challenges as well,
including the issue of systemic toxicity [17]. During circulation, nanoparticles may
encounter erythrocytes. Their interactions can lead to erythrocyte aggregation and/
or hemolysis [17]. This is of particular significance with cationic nanoparticles that
are attracted to negatively charged cell surfaces due to electrostatic interactions
between the two [17]. However, PEGylation can decrease hemolysis and erythro-
cyte aggregation through conjugation [20]. When conjugated to PEG, polymers
such as polylysine (PLL) and poly(ethyleneimine) (PEI) showed decreased cytotox-
icity [21].

3.3 PEGylation and Surface Modification as a Method
of Penetrating Mucus

PEGylation is also useful for increasing penetration efficacy through mucus [22].
Mucus is a barrier that protects the human body from a plethora of foreign invaders,
including viruses and bacteria [22]. Its mesh-like structure and intricate composition
make mucus a challenging barrier for pharmaceutical advancement [22]. For issues
such as mucus permeation, several alternative polymers (in addition to PEG) have
been researched. Polymers such as poly(2-alkyl-2-oxazolines), polysarcosine,
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poly(vinyl alcohol), zwitterionic polymers, and mucolytic enzymes are some of the
alternatives that have been considered as methods of improving and enabling mucus
permeation of nanoparticles [22]. Certain polymers are able to adhere to the surfaces
of mucosal membranes, thus improving the drug’s bioavailability [23]. This is of
particular relevance when dealing with drug delivery to the airways; overcoming the
dilemma of efficient drug delivery through mucus in the airways could open the door
to new treatments for serious conditions such as cystic fibrosis [24]. In a series of
studies conducted by Hanes et al., a method of enhancing mucosal penetration of
nanoparticles was discovered [25, 26]. Nanoparticles with poor diffusion abilities in
mucus were functionalized using PEG and the result was superior penetration and
diffusion [25, 26]. This improvement is due to the reduction of mucoadhesion, pre-
venting hydrophobic or electrostatic interactions, thus allowing the nanopatrticles to
permeate the mucus [22].

4 The Effects of Surface Functionalization on Liposomes

4.1 Interactions in the Body

A disadvantage of a nanoparticle is its interactions with biological fluids, which
have high ionic strengths [27]. Due to the nature of nanoparticles and the interac-
tions in biological fluids, colloidal stability may be weakened, leading to aggrega-
tion of nanoparticles [27]. Colloidal stability is especially weakened in the presence
of aggregation. The two primary approaches used when addressing colloidal stabi-
lization are stabilization through electrostatic repulsion and steric stabilization [27].
Functionalization is achieved by attaching polymers to the surface of the liposome.
Attaching polymers such as PEG or poly(vinyl pyrrolidone) (PVP) can increase the
stability of nanoparticles in biological fluid [28].

4.2 Liposomal Surface Chemistry

Surface functionalization of a liposome also requires considering surface chemistry.
Incorporation of a given ligand onto the surface of a nanoparticle requires consider-
ing the nanoparticle composition and surface affinity [27]. There are three general
classes of chemical groups when dealing with surface functionalization. The first
class is noble metals, such as Au and Ag, that are typically functionalized with thi-
ols, amines, and cyanides [27]. The second class is oxides, which are primarily used
with magnetic nanoparticles and can be coated with acidic or hydroxyl groups using
oxygen bonding [27]. Lastly, there are binary compounds (elements from Groups
12—16 on the Periodic Table), which have high affinities toward thiols and hydroxyl
groups, but also may use amino groups [27].
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PEG head groups can be modified in a variety of ways, making these mole-
cules extremely versatile and advantageous. This presents several opportunities
and possibilities for further bio-functionalization of liposomal surfaces [29].
Examples of terminal functional moieties that are used to modify PEG head
groups include carboxylic (~COOH) and amine (—NH,) due to the fact that they
can be introduced into PEG molecules without compromising the PEGylated
nanoparticle’s colloidal stability in blood and plasma [29, 30]. The ease of PEG
head group modification combined with the hydrophilic nature of PEG that
enables steric stabilization is why PEG is the preferred, and most widely used,
ligand [31].

4.3 PEG Coating

PEG coating is done in different ways, depending on the class of the nanoparticle.
As mentioned, the first class is plasmonic nanoparticles (the noble metals).
Plasmonic nanoparticles’ surfaces are commonly coated with thiol-terminated
derivatives (PEG-SH) through covalent bonding [27]. For citrate-stabilized nanopar-
ticles, this is simply accomplished by adding a solution of PEG-SH to the nanopar-
ticles, which eventually leads to ligand exchange with PEG-SH, creating solutions
that are extremely stable in solutions with high ionic strengths and also in biological
fluids [27, 32].

4.4 Alternative Ligands to PEG

Although PEG is the most widely used ligand, alternative ligands are also used to
increase the stability of nanoparticles in biological fluids. Zwitterionic ligands,
ligands that have mixed charge functional groups that contribute to a net charge of
zero, have also been used with nanoparticles. In fact, nanoparticles with zwitter-
ionic ligands show even lower levels of opsonization than PEGylated liposomes
[33]. In a study conducted by Bawendi et al., the importance of surface charge
arrangement was considered [34]. The study demonstrated that zwitterionic
nanoparticles with positive charges on their outermost surface displayed nonspe-
cific accumulation and absorption, whereas zwitterionic nanoparticles with negative
surface charges showed minimal nonspecific absorptions and fewer protein interac-
tions [34]. There were also differences between the in vivo behavior of zwitterionic
nanoparticles and nonionic nanoparticles. The study elucidated that exposed charged
groups enhanced the interactions between zwitterionic nanoparticles and the envi-
ronment [34]. This study highlighted the importance of considering spatial arrange-
ment of charge when creating nanoparticles to be used in vivo. In order to minimize
nonspecific interactions, specific attention to the spatial arrangement of positive
charges needs to be considered [34].
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S Variables Affecting PEG Liposomes

5.1 PEG Molecular Weight

The circulation time of PEGylated liposomes is dependent on several different vari-
ables, such as PEG molecular weight, content, conformation, and surface density
[17]. The molecular weight of a PEG chain is proportional to the length of its polymer
chain, thus making the molecular weight a pertinent element of surface shielding abil-
ity [17]. In a study performed by Duvall et al. using 50D mixed micelles administered
intravenously in vivo, results indicated that increasing the PEG molecular weight in
the corona significantly increased its half-life for blood circulation [35]. In a different
study, PEGylated liposomes were coated with 750 kDa PEG and compared to non-
PEGylated liposomes [36]. Although the two were initially comparable, increasing
the PEG molecular weight to 5 kDa resulted in extended circulation time and decreased
uptake by the mononuclear phagocyte system [36]. Since opsonin proteins in the
blood serum easily bind to non-PEGylated nanoparticles, they can be quickly recog-
nized and eliminated by the mononuclear phagocytic system, preventing the nanopar-
ticles to effectively do their jobs [37, 38]. By modifying the surface of a nanoparticle
with the addition of a PEG polymer, a hydrophilic layer is formed around the nanopar-
ticle that creates steric repulsion forces, protecting the nanoparticle from opsonin pro-
teins [38]. Generally, the minimum PEG molecular weight required to effectively
shield nanoparticle surfaces from opsonin proteins and opsonization by the mononu-
clear phagocyte system is 2 kDa or greater [38]. However, this number is subject to
change in certain circumstances. For example, according to a different study, human
monocytic leukemia cell line-derived macrophages (THP-1) require a PEG molecular
weight of at least 10 kDa in order to achieve effective shielding of nanoparticles [39].
However, PEG molecular weight may alter the molecule’s density, thus creating a
possible confounding factor that can influence results.

5.2 PEG Surface Density and Conformation

In addition to PEG molecular weight, PEG surface density and conformation are
important factors influencing circulation time and varying interactions with compo-
nents of the blood. In a study conducted by Yang et al., it was discovered that a
“dense brush” conformation was necessary in order to avoid uptake by human mono-
cytic THP-1 cells in vitro [40]. Brush conformations are assumed by the PEG chains
at higher grafting densities when the Flory radius (Rg) of the PEG coils divided by
the grafting distance (D) equals greater than 1 [40]. The “dense brush” conformation
required for evasion of THP-1 cells is adopted when the PEG layer thickness is
greater than the Flory radius by at least twofold (Ry/D > 2.8) [40]. The authors of the
study also discovered that increases in PEG surface density were necessary for
increased blood circulation time in vivo [40]. Yang and coworkers concluded that
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nanoparticle interactions with the mononuclear phagocyte system cells significantly
depend on PEG chain conformations and that a highly dense brush conformation is
critical for increasing circulation time [40].

6 Liposome Drug Entrapment

Another challenge with liposomes is drug entrapment efficiency. Liposomes entrap
lipophilic drugs in the lipid film and hydrophilic drugs in the aqueous part [4].
While entrapment of lipophilic drugs is typically easily accomplished, hydrophilic
drugs exhibit encapsulation efficiency with liposomes [41]. A promising method of
accomplishing entrapment of hydrophilic drugs into liposomes is the microencap-
sulation vesicle (MCV) method, which uses “water-in-oil-in-water” emulsion [42].
In a study conducted by Kaimoto and coworkers, the MCV method was used to
prepare surface-modified liposomes with PEG and a site-directed ligand [42]. In the
last phase of the experiment, a peptide ligand with an affinity to adipose tissue vas-
culature was utilized [42]. After injecting mice with the fluorescent-labeled lipo-
somes, there was considerable liposomal accumulation in the adipose tissue vessels,
indicating that the MCV method with solvent optimization may be a very useful
technique for achieving high drug entrapment efficiency and targeting delivery in
surface-modified liposomes [42].

7 Disadvantages of Surface Modification of Liposomes

7.1 The Effects of PEGylation on Liposomal Stability

Although surface modification via PEGylation is advantageous and offers several
improvements in nanoparticle drug delivery systems, some drawbacks do exist.
PEG chains have both hydrophobic and hydrophilic tendencies [43]. Because of the
hydrophobic characteristics PEG exhibits, the hydration of membrane phospholipid
head groups cannot occur [43, 44]. In a study performed by Tirosh et al., it was
concluded that hydration in part contributes to the thermodynamic stability of PEG
liposomes [44]. Thus, these hydrophobic restraints can lead to destabilization of the
liposomes and problems regarding drug entrapment and loading [43, 44]. Following
a study that evaluated the effect cholesterol has on preventing the PEG-induced
phase separation of lipid 1-palmitoyl-2[6-(pyren-1-yl)]decanoyl-sn-glycero-3-
phosphocholine (PPDPC), it was suggested that excess cholesterol be used in
PEGylated liposomes due to its ability to lessen PEG chain—chain interactions [45].
PEGylation can also negatively affect the stability of liposome preparation in rela-
tion to storage conditions [43]. However, long-term stability is possible through
freezing and freeze-drying in conjunction with the use of a cryoprotective agent
[46]. Cryoprotective agents aid in the prevention of liposomal fusion or degradation
during the freezing process [46].
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7.2 Immunogenic Responses of PEGylated Liposomes

In addition to these drawbacks of using PEGylated liposomes, it has been shown
that they can also prompt adverse immunogenic responses, such as acute immune
toxicity, that arise not through IgE like immediate type I hypersensitivity reactions,
but rather the activation of the complement system [47, 48]. These responses pres-
ent themselves through hypersensitivity reactions [47]. These infusion reactions
that may be induced by PEGylated liposomes are referred to as complement
activation-related pseudoallergy (CARPA) [47, 48]. There are a multitude of factors
that play a role in a PEG-liposome’s ability to activate the complement system,
including hydrophobicity, the inclusion of cholesterol, and particle size [47-49]. In
addition to these, the presence of preexisting PEG antibodies in people have been
considered and implicated in the manifestation of infusion reactions [48, 50]. The
presence of these anti-PEG antibodies can affect the targeting, efficacy, and clear-
ance rate of a liposome-encapsulated drug [51], thus making it an important area for
research. The consideration of the possible limitations, disadvantages, and conse-
quences of PEG liposomes has increased interest in the discovery and utilization of
different lipopolymers as PEG substitutes.

7.3 In Vivo Effects of Surface-Modified Liposomes

The goal of surface modification of liposomes is to improve their overall functional-
ity by overcoming some of the properties of regular liposomes while avoiding or
minimizing the effects to the clearance mechanisms of the body [43]. However, this
has not been entirely perfected yet. Although PEG liposomes exhibit higher circula-
tion times, the PEG-induced stealth properties of liposomes have finite extents [52].
As the stealth properties of these polymer coatings diminish, these surface-modified
liposomes are eventually recognized and cleared by the mononuclear phagocyte
system [52], thus limiting the in vivo stabilization effects of PEGylation.

Another in vivo consequence of extended system circulation is an increase in the
possibility of drug interaction and exposure of the other nontargeted tissues, poten-
tially leading to toxicity [53]. In some cases, this potential for toxicity challenges
the very use of PEGylated liposomes in certain treatments [54].

To improve the in vivo efficacy of PEGylated liposomes, targeting strategies can
be utilized. For example, the addition of a ligand to a PEG liposome can improve its
activity in comparison to a PEG liposome that is without a ligand. This has been
demonstrated in a variety of ways, using a variety of ligands. One example is a study
conducted by Yamada et al. in which in vivo antitumor efficacy was assessed through
PEGylation and targeting [55]. As a result of PEGylated-induced steric hindrance,
the association between a liposome-bound ligand with its receptor can be hampered
[55]. This was tested by Yamada and group using three types of folate-linked
PEGylated liposomal doxorubicin: untargeted PEGylated doxorubicin-loaded lipo-
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somes, non-PEGylated liposomes concealing folate, and PEGylated liposomes with
surface exposure to folate [55]. Their research found that the PEGylated, folate-
linked, doxorubicin-loaded liposomes exhibited the greatest antitumor efficacy.

8 Conclusion

The use of liposomes in drug delivery is a developing and promising field of nano-
technology that offers a plethora of advancements. As research grows, ways of cir-
cumventing the restrictions, limitations, and disadvantages of traditional liposomes
appear. A major method of fine-tuning these nanocarriers is surface modification.
The most commonly seen routine for this is the addition of a PEG molecule to a
liposome. PEGylated liposomes are generally seen as safe, effective, and extremely
useful. With their proper usage, drug delivery systems can be redefined to include
enhancements such as site-specific delivery of drugs, improved biocompatibility,
greater drug efficacy, increased permeation, decreased contact with nontargeted tis-
sues and organs, and decreased toxicity. PEGylated liposomes are currently being
used to treat a variety of diseases and ailments. PEG liposomes are being more
intensely studied, leading to the discovery of the benefits of ligand attachment.
Surface modification of liposomes has facilitated further refinement of these small
drug delivery vesicles. The introduction of ligands to PEG liposomes has further
expanded the uses and advantages of liposomes, leading to new discoveries in meth-
ods of drug delivery and therapeutic treatments.

Although liposomes are generally effective vesicles for drug delivery on a
nanoscale, PEG liposomes have some drawbacks that must be considered and con-
tinuously researched as an effort to improve the safety and efficacy of surface-
modified liposomes as drug delivery systems. However, the benefits of stealth
liposomes cannot and should not be ignored. For improving issues such as circula-
tion time, PEGylation is considered to be the gold standard [43]. Despite this, the
increase in research on PEG substitutes has led to the discovery of several alterna-
tives that provide a whole gamut of refinements and improvements to surface-
modified liposomes.

9 Future Trends

Surface-modified liposomes have proven to be effective and useful vesicles for sys-
temic delivery of drugs. By altering traditional liposomes via PEGylation, these
nanoparticles have managed to overcome several of the limitations and barriers that
liposomes have faced. PEGylation is one of the primary methods of modification
being studied. PEG coatings on liposomes have increased overall function, safety,
and efficacy of drug agents. These nanocarriers are certainly going to continue
being applied in clinical settings.
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The expansion of research on ligand additions to PEGylated liposomes will lead
to the discovery of safer, more specific, and more efficacious systems of drug deliv-
ery. Surface-modified liposomes offer several advantages over traditional liposomes,
such as prolonged circulation, preferential accumulation, subcellular targeting,
decreased toxicity, enhanced cellular uptake, and new treatment strategies for count-
less diseases, including cancer. This may fundamentally change the outcomes and
overall experiences of afflicted individuals. In addition, more efficacious vaccines
can be delivered, improving general public health, leading to a decrease in healthcare
costs. Lower concentrations of therapeutic agents required to achieve intended
effects, new methods of disease prevention, and early detection and diagnostic abili-
ties can significantly lower the costs of medical treatment for patients, practitioners,
and pharmaceutical companies. However, more research is required before nanocar-
riers become widespread. In the future, there will most likely be an increase in the
versatility of and demand for surface-modified nanocarriers and particles in medical,
agricultural, electronic, and environmental fields. Nanocarriers, albeit small, offer
huge incentives and possibilities that may reshape our approach to life entirely. Thus,
it is in the interest of both economics and innovation to continue researching and
improving nanocarriers.
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