
 Nanotechnology in Drug Delivery  85 

4 
Lipobeads as Future Drug Delivery 
System 

 
 
Sergey Kazakov 

 
Department of Chemistry & Physical Sciences, Pace University, Pleasantville, NY United States of America. 
 
 

Outline: 
INTRODUCTION …….…………….…………….…………….…………….…………….………….…………….………………….  86 
Nanoparticulate drug delivery systems …………………….…………………………………………………………….….. 86 
Lipobeads: raising the complexity level of drug carrier systems ..….....………………………………………… 92 
Focus of this work ………………………………………………………………………………………………...………………….… 94 
APPROACHES TO LIPOBEADS SYNTHESIS …………….…………….…………….………………………..……………….  95 
Strategies for lipobeads preparation …………………….………………………………………………………..………….. 95 
Polymerization within liposomal nano-/microreactors ……………………………………………….……………… 98 
Hydrogel/liposome mixing ………………………………………………………………..…………………………….……….… 103 
Giant lipobeads …………….…………….…………….…………….……………….………….…………….………………….….  104 
FUTURE APPLICATIONS OF LIPOBEAD-ENCAPSULATED DRUGS ……………………………………..…………… 108 
Loaded lipobeads – Encapsulation ......…………………………………………………………………………….……….… 108 
New mechanisms of controlled drug release ……………………………………………………………………………… 109 
Combination and multifunctional drug delivery systems ………………………………………………………….... 112 
The fate of systemically administered lipobeads ..….....…………………………………………………………….… 114 
The next levels of complexity ……………………………………………………………………………………………………… 115 
CONCLUSIONS & CLOSING REMARKS ………………………………………………………………..………………….….… 116 
ACKNOWLEDGEMENTS …………………………………………………………………………………………………………….… 118 
REFERENCES ………………………………………………………………..…………………………………………………………..… 118 

 
 
 
 
 
 
 
 
 
 



 Nanotechnology in Drug Delivery  86 

Introduction 
 
In the last several decades, drug delivery systems based on encapsulation have captured great 
attention to address growing need in delivering the newly identified therapeutic compounds with 
the maximum efficacy and minimal risk of negative side effects [1-4]. Combination of polymeric and 
liposomal micro- and/or nanocapsules is a natural way to reach the next level of complexity of drug 
carrier systems. Indeed, a bilayer membrane supported by an elastic polymer network is the unique 
achievement of Nature in constructing multifunctional, flexible, and dynamic machineries, called 
cells. This chapter deals with the synthetic assemblage of liposomes and hydrogel micro- and 
nanoparticles. Different terminology, such as supramolecular biovectors (SMBV) [5], lipid-coated 
microgels [6,7], lipobeads [8-14], gel-filled vesicles [16], lipogels [17,18], gel core liposomes [19], 
microgel-in-liposomes [20], hydrogel supported lipid bilayer [21], nanolipogels particles (nLG) [22] 
has been utilized to describe these lipid membrane/hydrogel structures. Here, the term 
“lipobeads” is used for the bipartite structures consisting of the hydrogel core enclosed within a 
lipid bilayer. In this chapter, an updated view on functionality and synthetic feasibility of the 
lipobeads as precursors for novel encapsulated and combined drug delivery systems is presented. 
The chapter is meant to be a useful source of references for the researchers in the field of drug 
delivery design both in academia and in industry. It may be predicted that in the future, the 
demand in this information will rise with a growing interest in the encapsulated drug delivery 
systems with tiny bioscopic mechanisms of drug release. 
 
Nanoparticulate drug delivery systems 
 
The beginning of nanoscopic era in the development of drug delivery systems was associated with 
three major concepts conceived by an international team of scientists and clinicians, namely: (i) the 
concept of polymer-drug conjugates, in which drug molecules are covalently attached to a 
polymeric chain (carrier) through a biodegradable linker [23-25], (ii) the concept of active targeting 
[26,27], in which antibodies, peptides or cell ligands are conjugated to a polymeric carrier to deliver 
nanodrugs to the specified cells, and (iii) the concept of passive targeting based on the so-called 
“enhanced permeation and retention effect” (EPR) [28,29], i.e. the ability of nanoscale carriers to 
reach cancer cells due to leaky vasculature of a fast-growing tumor. There are numerous 
nanoparticulate drug delivery systems (nanotherapeutics) studied and developed to date. 
Importantly, these systems are multicomponent systems, which require additional, more complex 
technological steps in production as compared with small molecule drugs. Let us consider different 
types of nanoscopic drug carriers, firstly, subdivided in two groups (polymeric and liposomal), and 
secondly, systemized in order of their complexity. 
 
Polymeric nano-therapeutics 
 
Polymer–drug conjugates. First, polyethylene glycol or PEG has been proposed as a polymeric 
carrier for recombinant proteins [23,24] in order to enhance their circulation time and stability 
against an enzyme attack or immunogenic recognition. Another polymeric carriers, such as 
poly(hydroxypropyl methacrylamide or PHPMA [30,31], poly(glutamic acid) or PGA [32-36], poly (1-
hydroxymethylethylene hydroxymethylformal) or PHF [37], cyclodextrin [38], 
carboxymethyldextran [39], and oxidized dextran [40] have been synthesized to conjugate with 
doxorubicin [41-43] and other small molecule anti-cancer drugs (e.g., paclitaxel [32-35,44-46], 
platinates [47,48], camptothecin [36-39,49,50]). 
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The idea of polymer-drug conjugation was put for thin the mid-1970s and since that time a number 
of advantages over traditional chemotherapy had been realized (for references see Ch. 3 in [4]):(i) 
extended water solubility of a conjugated drug, (ii) improved stability against chemical and 
enzymatic degradation, (iii) reduced elimination rate and prolonged circulation time in comparison 
with a free drug, (iv) bypassing drug resistance mechanism, and (v) extended and prolonged 
accumulation in the tumor tissue (EPR effect). Further development continues in the following 
innovative directions of delivering more than one drug (combination therapy) [51-53] and using 
novel polymeric carries, such as dendrimers and dendronized copolymers [54,55], hyper branched 
polymers [56,57] to increase circulation time and drug-loading capacity, self-immolative polymers 
[57-59] to trigger the release of drug molecules by the cleavage of terminal protective groups, and 
stimuli responsive polymers [60] to facilitate drug delivery upon either a mild biological change or 
an external trigger (temperature [61], pH [62,63], radiation [64,65], etc.). In Figure 4.1, polymer-
drug conjugates are shown as a starting point for development of the polymeric delivery systems.  
 
 
 
 
 
 
 
 
 
FIGURE 4.1 
Representation of polymeric nanoscopic drug delivery systems in order of their complexity (part I) 
 
Polymeric nanospheres and nanocapsules. Special class of polymeric nanoparticles is represented 
by nanospheres and nanocapsules, which differ in that nanosphere is solid in bulk, whereas 
nanocapsule consists of a central cavity (oil droplet) surrounded by polymeric membrane (Figure 
4.1). Therefore, nanospheres can be loaded throughout the particle matrix, whereas in 
nanocapsules, the empty interior is the space for drug encapsulation. In both cases, a drug, as well 
as targeting molecules, can be attached to the surface of nanoparticles (not shown in Figure 4.1). 
Nanospheres prepared using amphiphilic block copolymers allow loading of hydrophobic drug to 
increase bioavailability. 
The structure and properties (and even the name) of nanoparticles depend on polymer chemistry, 
composition, and formulation method, namely: (i) non-modified or ligand-modified nanospheres 
composed of a polymer or block copolymers can be prepared by the so-called nano-precipitation 
method [66-68], (ii) nanospheres made of dendrimers using a convergent or divergent synthesis 
scheme [54] are called dendritic nanoparticles [69], (iii) nanocapsules containing anticancer drug 
(e.g., paclitaxel) can be formed by oil-in-water interfacial polymerization [70], (iv) nanoparticles 
with physically or chemically cross-linked polymeric matrix fall into a special class of drug delivery 
systems named nanogels [71-74], (v) monodispersed polymer particles of a variety of shapes on the 
micro- and nanometer scale fabricated using an imprint lithography technique were named as 
PRINT nanoparticles (PRINT = Particle Replication in Nonwetting Templates synthesis) [75,76]. 
Polymeric micelles and polymersomes. Another line of polymeric carriers made of hydrophilic and 
hydrophobic blocks is shown in Figure 4.2. The so-called amphiphilic block conjugates tend to self-
assemble into micelles or vesicles (polymersomes) in aqueous solutions. This property makes 
polymeric micelles and polymersomes suitable for delivery of hydrophobic drugs. The size of block 
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copolymer micelles ranges from 5 to 100 nm, whereas polymer vesicles vary from 40 nm to 
hundreds of microns in diameter. 
 
 
 
 
 
 
 
 
 
 
FIGURE 4.2  
Representation of polymeric nanoscopic drug delivery systems in order of their complexity (part II, block 
copolymer based) 
 
In micelles, a drug is physically entrapped in a hydrophobic core or covalently bound to different 
moieties of the block copolymer. The earliest examples of polymeric micelles were made of PEG-
hydrophobic amino acid diblock [77,78] and PEO-PPO-PEO triblock (Pluronics) copolymers [79] by 
their spontaneous self-assemblage into the drug-loaded PEGylated structures. Many different 
polymeric micelle-based systems are now under development for drug and gene delivery [80]. 
Polymer vesicles are spontaneously formed by a number of di/triblock copolymers [81]. 
Polymersomes are used for loading both water soluble drugs into the aqueous core and/or water 
insoluble drugs into hydrophobic membrane. 
Clinical achievements of polymeric nano-therapeutics. Despite the first polymer-drug conjugate 
(PK1) entered clinical evaluation more than 20 years ago, and despite numerous polymeric 
nanoparticles are under development or undergo clinical trials, only three conjugates were 
approved for use so far: (i) in 2003, conjugated drug Somavert (Pharmacia & Upjohn) was 
approved in the United States as a prescription medicine for treating patients with acromegaly, (ii) 
in 2005, nanoparticles (130 nm) composed of albumin-bound paclitaxel (Abraxane, Abraxis 
Bioscience)were approved in the United States as a chemotherapeutic agent with enhanced 
solubility, improved circulation time and pharmacokinetics, and reduced side effects, (iii) in 2007, 
diblock copolymer-paclitaxel conjugated drug Genexol-PM was approved in Korea for breast 
cancer treatment. 
Chemically cross-linked nanogels. Among the polymeric nano-therapeutics, the highest level of 
complexity can be assigned to nanogels (Figure 4.3). Nanogels differ from other polymeric 
nanoparticles in that their structure is cross-linked to form a 3D polymer network with long chain 
molecules immersed in an aqueous medium. Made of natural or/and synthetic polymers, nanogels 
are able to absorb water up to a thousand-fold of their dry weight to contain over 99.9% water. 
Being cross-linked by chemical (covalent bonds) or/and physical (ionic bonds, entanglements, 
crystallites, charge complexes, hydrogen bonding, van der Waals or hydrophobic interactions) 
cross-links, the 3D hydrogel network is stabilized as a gigantic single molecule. As a result, 
hydrogels exhibit both liquid-like and solid-like behavior. Thermodynamically, a hydrogel is an open 
container with semipermeable boundaries, across which water and solute molecules can move 
whereas charged (ionizable) groups fixed on the network chains cannot move. 
Three straightforward methods for synthesis of chemically cross-linked polymeric nanogels can be 
distinguished: (i) cross-linking polymer chains within already formed nanoparticles using, for 
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example, emulsion polymerization technique [73,82,83], (ii) polymerization within the liposomal 
interior followed by the lipid bilayer removal [84,85], and (iii) photolithographic fabrication of sub-
micrometer hydrogel particles using the PRINT technique [75,76] or step and flash imprint 
lithography (S-FIL) [86] as an alternative nanoimprint photolithographic approach. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 4.3  
A futuristic view on a stimuli-responsive nanogel with entrapped or/and tethered drugs 
 
Therefore, due to inherent cross-linking nanogels are stable mechanically, exhibit loading capacity 
suitable for drug delivery, and, what is the most important, are environmentally responsive. It has 
been well documented [71-74,87-89] that depending on the composition of a gel/solvent system, 
the polymer and cross-linking chemistry, nanogels swell or shrink discontinuously or continuously, 
reversibly or irreversibly in response to many different stimuli (temperature, pH, ion concentration, 
electric fields, light, reduction/oxidation, enzymatic activity, etc.). A significant magnitude (up to 
thousand-fold) and relatively high rate (from seconds to microseconds) of volume changes in the 
nanometer scale make polymeric nanogels an exciting and promising drug delivery system. 
There is a number of options for drug delivery using the stimuli-responsive nanogels: (i) a drug can 
be conjugated to the polymer network through a cleavable tether (Figure 4.3), so that when the 
tether is cleaved, the drug is allowed to diffuse into the nearby medium, (ii) a drug can be trapped 
within either an environmentally sensitive polymer network or a network which contains 
environmentally responsive cleavable linkers, so that when the environmental conditions change, 
the network either changes its volume (swells/shrinks) or degrades, allowing the drug to be 
released. For example, the recently reported doxorubicin-loaded, pH- and redox-sensitive 
poly(oligo(ethylene glycol) methacrylates-ss-acrylic acid) nanogels exhibit strong internalization by 
human hepatocellular carcinoma cells (Bel7402) under reduced opsonization and phagocytosis, 
with the intracellular glutathione (GSH) as a trigger for release of doxorubicin from the nanogels 
into cytosol for subsequent entering the nucleus [90]. 
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Liposome-encapsulated drug carriers 
 
The concept of liposomal drug delivery system has been established [91,92] shortly after the 
discovery of liposomes [93]. From the very beginning, it became clear that entrapment of both 
hydrophilic and hydrophobic drugs into a liposomal interior (Figure 4.4) could improve drug 
biodistribution in vivo compared to other delivery systems [94-96]. However, the studies on the 
liposome-encapsulated drug carriers based on early “plain” (traditional) liposomes revealed a 
number of problems in their use in vivo, namely: (i) the difficulty in loading of some types of drugs, 
leakage of contents from the liposomal interior, and effect of serum proteins on drug release 
[92,96-98]; (ii) rapid clearance of liposomes from circulation by uptake into the cells of the 
mononuclear phagocyte system (MPS), predominantly in the liver and spleen [94,99,100]; and (iii) 
cellular and intracellular barrier to liposomal delivery [101].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 4.4  
Evolutionary steps of liposomal drug delivery systems in order of their complexity: A – classical “plain” 
liposome with reduced leakage of drug (usage of phospholipid with the gel-to-liquid phase transition 
temperature higher than physiological one (>37C), incorporation of cholesterol and/or sphigolipids); B – 
“stealth” liposome with prolonged circulation (usage of neutral or slightly negative phospholipids, diameter 
around 100 nm, modification of liposome surface with protective polymers such as PEG); C – ligand-
conjugated liposome targeting specific cells, intracellular organelles, tumor microenvironment and/or 
facilitating receptor-mediated endocytosis (attachment of antibodies, folate, transferrin, tyrosine kinase, 
vascular endothelial growth factor, introduction of fusogenic lipids, and membrane active peptides); D – 
stimuli-sensitive liposome with drug release controlled by external (temperature, radiation, ultrasound) or 
internal (pH, enzyme, redox) triggers 
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The primary development of liposomal drug delivery systems aimed at overcoming these obstacles. 
For example, to reduce leakage from liposomes, cholesterol [102] or/and sphingomyelin [103] were 
incorporated into lipid bilayer and phospholipid with a higher phase transition temperature [104] 
was used to form a more solid lipid bilayer. 
Loading and retention of drugs in liposomes are drug dependent processes. Many drugs are weak 
bases, which can be loaded in response to pH gradients [105-109]. Some drugs, like doxorubicin, 
exhibit good retention properties under conditions enhancing their precipitation inside liposomes 
[110-112], whereas retention of highly hydrophobic drugs, like paclitaxel, in liposomes is still 
challenging [113,114], but they can be encapsulated and retained in liposomes if converted to the 
weak bases [115]. It is obvious that in order to provide reasonable therapeutic activity at the 
targeted site, the rate of drug entrapment should be optimized with respect to the rate of drug 
release [116-118]. One could distinguish two methods for triggering the release of liposomal 
contents at the targeted site, namely: remote triggers include heat and radiation and local triggers 
such as enzymes and pH changes (see review [119] and references therein). It is found that the 
clearance of liposomes is slower if they are neutral or slightly negative and their size is around 100 
nm [100,120]. Plus, the so-called “stealth liposomes” with prolonged circulation were developed by 
stabilizing the liposomes with protective polymers (e.g., polyethylene glycol, PEG) [121].  
There are three ways to facilitate the intracellular drug delivery: (i) introduction of fusogenic lipids 
or membrane active peptides into liposomal bilayer enhances fusion or even disruption of 
cell/organelle membrane and thereby improves cytoplasmic delivery of drug [122-126], (ii) 
utilization of macrophages for natural endocytsis of drug-loaded liposomes [127], and (iii) receptor-
mediated endocytosis of ligand-targeted liposomal drug carriers into the intracellular compartment 
(see reviews [3,26,128,129].  
As shown in Figure 4.4, the evolution of liposomal delivery systems in the order of increasing 
complexity includes classical liposomes, stealth liposomes, ligand conjugated liposomes, and 
stimuli-sensitive liposomes. 
Liposomes have been used as carriers for many kinds of molecules such as anti-cancer, anti-
bacterial, anti-fungal and anti-viral agents, and bioactive macromolecules (see [12] for references). 
The liposomal drug delivery systems, which have already been approved to market and are in 
clinical development, are well documented in the recent reviews [3,130-135]. Table 4.1 summarizes 
the most clinically successful liposomal anticancer products. 
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TABLE 4.1  
Approved liposomal anticancer products 
 

Name Company Drug Cancer 
Approval 
Country Year 

Doxil®/ 
Caelyx® 

Janssen 
Pharmaceuticals 

Pegylated liposomal (90 nm) 
doxorubicin 

Kaposi 
sarcoma 

USA 

1995 

Ovarian 
cancer 

1999 

Breast 
cancer 

2003 

LipoDOX® 
Sun 
Pharmaceuticals, 
India 

Generic form of Doxil 

Kaposi 
sarcoma 
Ovarian 
cancer 
Breast 
cancer 

Taiwan 2002 

Myocet® 

Cephaton-TEVA, 
USA 

Non-pegylated liposomal 
(180 nm) doxorubicin in 
combination with 
cyclophosphoamide 

Metastatic 
breast 
cancer 

Europe 

2000 Sopherion 
Therapeutics, 
Israel 

Canada 

DaunoXome® Galen, UK 
Non-pegylated liposomal 
(60 nm) daunorubicin 
(analog of doxorubicin) 

Kaposi 
sarcoma 

Europe 
&USA 

1996 

Marqibo® Talon Therapeutics 

Vincristine sulfate liposome 
injection, a sphingomyelin 
and cholesterol-based 
liposomal formulation of 
vincristine 

Acute 
lymphoblast
ic leukemia 

USA 2012 

Lipusu® 
Luye Pharma 
Group, China 

Liposomal paclitaxel 

Solid tumors 
(ovary, 
breast and 
non-small 
cell lung 
cancer) 

China 2006 

 
Lipobeads: raising the complexity level of drug carrier systems 
 
Mimicking natural constructs 
 
It is worthy to notice that both polymeric (Figures 4.1 and 4.2) and liposomal (Figure 4.4) drug 
delivery systems tend to develop in the direction of increasing complexity, i.e.in accord with our 
understanding of the complex biological mechanisms prevailing in situ. To this point, one can 
conclude that the next level of complexity is multifunctional [136] and multicompartmental 
[137,138] drug delivery formulations achievable experimentally in laboratory. A logical combination 
of polymeric and liposomal beaded nanoscopic systems is the arrangements of the lipid 
bilayer/hydrogel assembly – lipobeads – the lipid vesicles filled with polymeric networks (Figure 
4.5).  
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FIGURE 4.5  
Schematic of the spherical lipid bilayer/hydrogel assemblies (lipobeads) 
 
The bi-compartmental structure of lipobeads mimics natural configurations of living cells. Indeed, 
the sketches of cell envelopes for representatives of three main domains of life – eubacteria, 
archaea and eukaryotes (Figure 4.6) – leap to the eye as a successive organization of the 
macromolecular networks (cytoplasm, cell wall, capsule, etc.) and lipid bilayers (cell bilayer 
membranes, internal membrane system), see for example [139-141]. It looks like Nature uses a 
combination of properties of both lipid bilayer and cross-linked (physically or chemically) polymer 
network to provide workability, multifunctionality, dynamism of living cells of different types.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 4.6  
Examples of cell envelopes for gram-positive (A) and gram-negative (B) bacteria, archaebacteria (C, e.g., 
Methanosarcina), and animal cell (D). Structural layers in parentheses are not found in all cells 
 
On the one hand, lipid bilayer, being impermeable to water-soluble (hydrophilic) molecules, is 
ideally suited to the role of the cell membrane of almost all living organisms as well as the 
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membranes surrounding the sub-cellular structures. On the other hand, in naturally occurred 
structures – living cells – the matter enclosed within the cell membrane (cytoplasm) consists of 
cytosol (the gel-like substance) and organelles (the cell’s internal sub-structures). It is within the 
cytoplasm that most cellular activities occur, such as metabolic reactions and cell division. 
Interestingly, the portion of the cytoplasm not contained within membrane-bound organelles 
(~70% of the cell volume), cytosol, is a complex mixture of protein filaments that make up the 
cytoskeleton, dissolved molecules of soluble proteins, salts, and water. Due to this network of 
fibers and high concentrations of dissolved macromolecules, the cytosol does act as a temperature- 
and ion-sensitive hydrogel. A unique property of hydrogels is the abrupt volume changes, transition 
from a collapsed to swollen state and backward, in response to external stimuli (cf. Figure 4.3). 
 
Historical prospective  
 
Evidently, the first lipid vesicles filled with hydrogel (lipobeads) were reported in 1987, when a 
successful polymerization within liposomes had been accomplished [142] and microspherules of 
agarose-gelatin filled with gold particles had been encapsulated within liposomes in the course of 
their preparation [143]. In 1989, a concept of supramolecular biovectors (SMBVs) was filled as a 
patent application [144]. The SMBV system was prepared from polysaccharide gel fragments 
obtained by disruption of a gel of chemically cross-linked maltodextrins and subsequently 
phospholipidated. In 1994, the SMBVs were reported as new carriers of active substances, such as 
interleukin-2 (IL-2) [145]. In 1995, lipobeads with Ca-alginate hydrogel core were obtained as a 
byproduct of a method for the preparation of Ca-alginate hydrogel nanoparticles using the internal 
compartment of liposomes [146]. In 1996, the spherical hydrogel/lipid bilayer constructs were, for 
the time first, named as “lipobeads”, and it was shown that a lipid bilayer was formed on the 
surface of hydrogel polymer beads upon the addition of phospholipids, if their surface had been 
modified with covalently attached fatty acids [8]. Lipobeads with an environmentally sensitive 
hydrogel core prepared by hydration of lipid films with microgel suspension were described as a 
drug delivery system in 1998 [6]. In the early 2000s, photopolymerization within liposomes was 
used for preparation of the so-called synthetic polymer complements with imprinted recognition 
sites [147] and the environmentally responsive nanogels [84]. The latter work was also a 
contribution towards the characterization of the compatibility of nanogels and phospholipid bilayer 
leading to spontaneous phospholipidation of nanogels and the behavior of lipobeads obtained 
upon mixing anchored or unanchored stimuli-responsive nanogels with liposomes [148]. Further 
studies on lipobeads development were devoted either to new methodologies including different 
compositions of hydrogel core or different agents which could be loaded into the lipobeads. 
Depending on the size, lipobeads can be classified into two groups: nanolipobeads (< 1000 nm) and 
giant lipobeads (> 1 m). Nanolipobeads are the objects relevant for the development of realistic 
drug delivery systems. The concept of giant lipogels is very important as a model for the direct 
study of lipobeads’ structural functionality, drug loading and release mechanisms [149] using 
optical microscopy. 
 
Focus of this work 
 
Bringing a new drug through all stages of development (discovery, clinical testing, and regulatory 
approval) is an expensive and time-consuming process. For example, for liposomal drug delivery 
systems it took almost 40 years from the concept to the established technology and clinical 
acceptance. The concept of the lipobeads has been proposed about 30 years ago, however, they 
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still are at the stage of discovery and development. Keeping in mind that a considerable growth of 
attention to lipobeads as a new drug delivery system is not too far in the nearest future, this 
chapter addresses three main issues, which should be recognized to push them to the next level of 
development (clinical trials). First, I review the recent approaches to establish a technological 
platform for the lipobeadal drug delivery, i.e. two major methods for lipobeads’ synthesis 
[polymerization within liposomal interior (method for prevention of polymerization outside 
liposomes) and liposome/hydrogel mixing (microgel preparation, liposome preparation, method of 
mixing)]. I am also going to estimate processability of the methods based on the recently obtained 
data. Second, the mechanisms of controlled drug release using the lipobeads with environmentally 
responsive hydrogel core are discussed with the emphasis on the “thermophilic” and 
“thermophoboic” hydrogel core (drug loading, drug release). And, third, the future of lipobeads as 
a recognized combination and multifunctional drug delivery system is outlined in terms of their 
applications.  
 
 

Approaches to Lipobeads Synthesis 
 
Strategies for lipobeads preparation 
 
The preparation of lipobeads is determined by contradictory requirements on physicochemical 
properties of the lipid bilayer in the courses of fabrication, loading, delivery, and release. On the 
one hand, liposome should be sealed enough to retain the concentration of pre-gel components 
(preparation) and therapeutic agent (delivery). On the other hand, lipid bilayer should be 
sufficiently permeable to provide the drug flow to interior without losing the bilayer integrity 
during drug loading and drug flux to exterior in the course of drug release. In addition, a lipid 
bilayer should be stiff enough to withstand a complex environment in the bloodstream and 
immunological attack at the sub-organ level and elastic enough at the subcellular level to provide 
lipobead trafficking to cytosol and intracellular organelles (nucleus, mitochondria, etc.). 
Presumably, similar to liposomes, the sizes of lipobeads suitable for delivery fall into a relatively 
narrow interval around 100 nm. The larger particles would be limited in trespassing the capillary 
pores, whereas the smaller particles would be removed from circulation by the active capturing 
system of the liver known as reticuloendothelial system (RES) (see section “The fate of systemically 
administered lipobeads” of this chapter). 
The methods available to date for preparation of artificial bilayer-coated hydrogel particles 
(lipobeads, giant or nano) can be divided into two groups: The first one (Table 4.2) uses the 
liposomal interior as a chemical reactor for the formation of hydrogel by polymerization 
[22,84,142,147,149,150,152-158,160]. The second one (Table 4.3) is based on the formation of lipid 
layers around hydrogels after microgel-liposome mixing. In this case, lipid bilayer adsorption on the 
surface of hydrogel particles prepared separately is promoted via Coulombic attraction between 
the charged microgels and oppositely charged lipids [6,167,169], hydration of lipid films with micro- 
or nanogel suspension [143,144], introduction of hydrophobic anchors at the microgel surface 
around which adsorbing lipids may assemble [8,168,14,15,17], centrifugation of microgels onto a 
lipid film [7], microfluidic flowing [158], and emulsification [19,20,151]. 
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Abbreviations used in Tables 4.2 and 4.3: AA – acrylic acid, AHA –acetohydroxamic acid, AMPS – 2-acrylamido-2-methyl-1-
propanesulfonic acid, BAA - bis-acrylamido acetate, BSA – bovine serum albumin, DCP – dihexadecyl phosphate, DMAEMA – 
dimethylaminoethyl methacrylate, DMPC - 1,2-dimyristoyl-snglycero-3-phosphatidylcholine, DMPE - 1,2-Dimyristoyl-sn-
glycero-3-phosphoethanolamine, DOPA – dioleoyl glycerol phosphate (negatively charged), DOPC –1-2 dioleoyl sn-glycero 3-
phosphocholine, DOPE - dioleoyl glycerol phosphoethanolamine (neutral), DOPG – dioleoylphosphatidylglycerol, DOTAP – 
dioleoyl trimethylammoniumpropane (positively charged), DPPC –1,2-dipalmotyl-snglycero-3-phosphatidylcholine, DSPE –
1,2-distearoyl-sn-glycero-3-phosphoethanolamine, E-BIS – N,N’-ethylene-bis(acrylamide), EPC – Egg chicken L--
phosphotidylcholine, dex-HEMA dextran hydroxyethyl methacrylate, HSPC – Hydro Soy L--phosphotidylcholine, MAA – 
methacrylic acid, MBA – N,N-methylenebisacrylamide, MG – microgel, NMF - natural moisturizing factor: serine (18.2%), 
glycine (9.1%), arginine (3.2%), glutamic acid (2.3%), tyrosine (0.5%), alanine (6.6%), pyrrolidone carboxylic acid (12%), urea 
(7%), sodium lactate (5%), and deionized water (to 100%), NPMA – 4-nitrophenyl methacrylate, PA – phosphatidic acid, PAA 
- polyacrylic acid, PAAm – polyacrylamide, PC – phosphocholine, PE – phosphatidylethanolamine, PDMAA – 
polydimethylacrylamide, PEDOT – poly(ethylene dioxythiophene), PEGDA – poly(ethylene glycol) diglycidyl ether, PI – 
phosphatidylinositol, PLA – Polylactide, PNIPA – poly(N-isopropylacrylamide), POPC – 1-Palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine, PPG – dipalmitolylphosphatidylglycerol, PS – phosphatidylserine, PSA – sorbitol acrylate, PSS – poly(styrene 
sulfonate), TEGDM – tetraethylene glycol dimethacrylate, SOPC – stearoyl oleoyl phosphatidylcholine (neutral),VI – 1-
vinylimidazole,. 

 
The research on engineering of lipobead has been focused on (i) enhancement of mechanical 
properties of the supported lipid bilayer by hydrophobic modification of the hydrogel core surface 
[8-11,17,84,150,161-165,168] and variation of the bilayer surface charge [6,7,167,169], (ii) encasing 
of biodegradable [22,143,149,151,154,167], temperature and pH [6,16,17,19,84,168,158,160, 
152,157,159] sensitive hydrogel cores, and (iii) entrapment of biologically active agents and drugs 
such as gold nanoparticles [143], hemoglobin [152,153], antigens [5,19,157], ATP [11], 
transmembrane receptors [165], hydrophilic solutes and fluorescent probes [8,10,17,168], 
doxorubicin [6,7], moisturizing factor [20], interleukin-2 [145] into lipobeads. The in vivo animal 
studies have been performed to investigate the potential utility of the lipobeads for combination 
drug delivery administered intramuscularly [157] and intravenously [22]. 
 
Polymerization within liposomal nano-/microreactors 
 
Effectors of the lipid bilayer stability and permeability 
 
It is the stability and permeability that are the two main properties of a lipid bilayer, which should 
be governed in the course of lipobeads preparation. Mostly, this is the matter of the lipid bilayer 
fluidity, which depends on temperature and membrane composition. Bilayers undergo a change 
from the liquid to the gel (solid) state at the so-called lipid (or order-disorder) phase transition 
temperature (Tt) characteristic to a phospholipid used (Figure 4.7). In the liquid-crystalline 
“disordered” state, the membrane is fluidic, namely: (i) both alkane chains and head groups of 
phospholipids are more flexible than in the solid “ordered” state, (ii) the area lipids occupy 
becomes greater by changing from a 0.48 nm2/head group to 0.7 nm2/head group, i.e. bilayer 
expands, (iii) lateral diffusion of phospholipids in the plane of the bilayer and rotation of lipid 
molecules around C-C bonds accelerate, (iv) transverse “flip-flop” migration of lipids from one 
monolayer to the other side of the bilayer becomes more probable.  
As a result, one can expect that above Tt a lipid bilayer is more elastic (favorable for formation of 
unilamellar membrane) and less sealed (unfavorable for gelation within liposomal interior) than 
below Tt. Figure 4.7 outlines the factors affecting the lipid phase transition temperature, which are 
crucial for lipobead engineering. It is known from the properties of naturally occurred membranes, 
that their stability and permeability can be varied by balancing composition of cholesterol and 
alcohols. Particularly, presence of cholesterol, strongly interacting with phospholipids, inhibits the 
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passive permeability of lipid membrane to water and small electrolytes and non-electrolytes. The 
extent of “sealing” directly depends on the amount of cholesterol present, up to moderate levels of 
cholesterol. However, at very high levels of cholesterol, pure cholesterol phase separates out and 
leads to an increased leakage through interfacial lipids and unstable aggregates of cholesterol. On 
the contrary, the insertion of anesthetic molecules, such as alcohols, into the membrane increases 
the membrane fluidity at a given temperature by depression of the lipid order-disorder transition 
temperature. Additionally, sphingolipids are commonly believed to protect the cell surface against 
harmful environmental factors by forming a mechanically stable and chemically resistant outer 
leaflet of the plasma membrane. 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 4.7 
Structure of lipid bilayer above and below transition temperature and the factors affecting the lipid phase 
transition temperature 
 
Table 4.2 shows that phospholipids with the Tt lower than room temperature are commonly used 
for polymerization within a liposomal reactor. 
 
Common mechanisms of gelation 
 
One can notice that gelation within a liposomal reactor includes both physical and chemical cross-
linking reactions. 
Thermal cross-linking. Some hydrogel cores are made of polysaccharides when temperature 
changes [143,146,151]. Indeed, agarose [146] and -carrageenan [151] are the temperature 
sensitive polysaccharides which structure in aqueous solutions undergoes a transition from a 
random-coil conformation to the cross-linked double helixes upon cooling. Agarose is not 
biodegradable, but its combination with gelatin brings biodegradability [170]. 
Gelatin is a thermoresponsive protein, forming a reversible cross-linked network by cooling a 
water-based solution of the polymer below 35°C. The hydrogel can be liquefied by heating it to 
physiological temperatures. 
Interestingly, -carrageenan, an anionic polysaccharide carrying one sulfate group, can be cross-
linked both thermally (upon cooling) and ionotropically in the presence of divalent or monovalent 
cations [170]. Similar to alginate the degradation of carrageenan hydrogels is driven by the 
exchange of ions with the surrounding fluids. 
Ionotropic cross-linking. In the course of ionic cross-linking within liposomal interior, the sections of 
the polymer backbone carrying the charge bind with ions of opposite charge. For example, when 
multivalent cations (e.g. Ca2+) are added to a water-based alginate [146] or poly(ethylene 

 Tt is characteristic for every phospholipid 
 The shorter the length of hydrocarbon chains, the lower is the Tt 
 Position of the chains on the glycerol: a long chain at sn-1 

position and a short chain at sn-2 position shows a lower Tt than 
that of a lipid with the opposite arrangement 

 Presence and position of double bonds in the hydrocarbon chain 
makes Tt lower than that of the saturated analogue 

 Bulky head group confers the lipid a lower Tt than it would be 
with smaller head group 

 Charge of the phospholipid head group: negatively charged head 
groups favor a lower Tt than that of an uncharged phospholipid 

 Ionic conditions can modulate this effect: presence of cations 
increases Tt 
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dioxythiophene)/ poly(styrene sulfonate) [155] solutions, they bind adjacent polymer chains 
forming ionic interchain bridges that cause a cross-linking. The pH driven cross-linking inside 
liposome is carried out by lowering the pH of aqueous solution of poly(acrylic acid) carrying 
carboxyl groups [19,157]. 
Chemical cross-linking. The greatest portion of works on gelation within liposomal reactor use 
photopolymerization to generate a strong covalently cross-linked hydrogel [16,22,84,142,152, 
154,159-161]. The mechanism mainly relies on producing free radicals when irradiated by UV and 
simultaneous formation and cross-linking of the polymer chains. The degree of cross-linking 
depends on the presence and concentration of a cross-linker.  
 
General scheme of gelation within liposomal interior 
 
In general, preparation of lipobeads using vesicle interior as microreactors, includes a number of 
crucial steps, as shown in Figure 4.8. First of all, encapsulation of hydrogel-forming components 
into liposomes can result from hydration of lipid cast film formed upon solvent evaporation 
[22,84,142,143,146,150-152,154], electroformation [16,149,159,160], or rapid phase evaporation 
[19,157]. The size of liposomes ensures the final size of lipobeads. If one aims at lipobeads of a 100-
nm diameter, the liposomal formulations should be sonicated or extruded through a nanopore 
filter of a needed pore size. Another approach to the formation of pre-lipobeads of a controlled size 
is based on the hydrodynamic focusing of the stream of liposome precursor solution by the flow of 
hydrogel forming solution within a microfluidic device [158].Although the microfluidic-directed 
approach and electroformation are very elegant methods, their productivity should be assessed 
with regards to pharmaceutical applications.  
Secondly, it is important to prevent cross-linking or polymerization outside liposomes. This can be 
done by several methods, such as a5- to 20-fold dilution [16,22,84,149,152,154,159,160], gel 
filtration [142,158], centrifugation and dialysis [19,150,146,157], or introduction of polymerization 
scavengers (e.g., ascorbic acid [156]) into the extravesicular space. In addition, hydrogel forming 
solution as well as cross-linker and initiator can be microinjected directly into the internal 
compartment of a giant unilamellar phospholipid vesicle (GUV) [155]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 4.8  
A “futuristic” view on the synthesis of hydrogel core within vesicle interior 
 
The third step is gelation of the hydrogel forming solution entrapped within the closed lipid bilayer 
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that should be initiated in accord with one of the mechanisms outlined in the Section “Common 
mechanisms of gelation” of this chapter. 
Finally, the formulation has to be washed from unreacted chemicals using centrifugation and/or 
dialysis. In the course of this step, the required medium external to the lipobeads can be 
introduced. If necessary, the prepared lipobeads can be dried by gentle evaporation in temperature 
gradient to be stored at 4C. 
Commonly, a hydrophilic drug cargo is added as a component of the hydrogel forming solution and 
incorporated into the intravesicular space before gelation started. As Table 4.2 shows, so far only 
chemically cross-linked hydrogel cores were tested with regard to drug loading.  
 
Properties of lipobeads 
 
 
 
 
 
 
 
 
 
 
FIGURE 4.9  
Reaction scheme and structure of PNIPA hydrogel core 
 
The reaction scheme within a liposomal reactor includes polymerization and cross-linking of the 
main monomer as well as co-polymerization of different moieties providing stimuli responsiveness, 
hydrophobic modification, fluorescent staining for imaging, etc. (Figure 4.9).  
Poly(N-isopropylacrylamide)(PNIPA) is a classic example of temperature sensitive polymer with the 
Lower Critical Solution Temperature (LCST) in the range of physiological temperatures. Cross-linked 
by N,N-methylene-bis-acrylamide(MBA), PNIPA forms a temperature sensitive three-dimensional 
polymer network. A residue R can bring either ionic (pH) sensitivity to the hydrogel, e.g., cationic 1-
vynilimidazole (VI) or anionic acrylic acid (AA), or hydrophobic modification, e.g.,N-(n-
octadecyl)acrylamide. Fluorescein o-acrylate (FA) is a good candidate as a fluorescent label for 
hydrogel. This reaction has been proven to work reliably on macro- (bulk gel), micro- (giant 
lipobeads), and nanoscales (nanolipobeads).  
Figure 4.10 shows the properties of lipobeads revealed at different steps of their preparation.  
When a liposome containing a hydrogel forming solution with a photoinitiator 
(diethoxyacetophenone, DEAP) is exposed to UV light, free radical polymerization initiates and 
proceeds yielding the so-called non-anchored (process 1) or anchored (process 2) lipobeads. On the 
nanometer scale, bipartite structure of lipobeads is confirmed by AFM, which provides a sufficient 
resolution to distinguish between the hydrogel core and lipid bilayer (image A). On the micrometer 
scale, the structure of giant lipobeads (GLBs) can be directly observed under optical, fluorescence 
or confocal microscopes. Dual-color fluorescence images of GLBs fabricated by UV polymerization 
of PNIPA within giant vesicles containing a fluorescent phospholipid (process 3) are shown in Figure 
4.10 (images B and B'). 
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FIGURE 4.10  
Gelation within liposomes and properties of PNIPA-VI lipobeads: see text for details. 
All unlabeled scale bars are 100 nm 
 
The green signal indicates the presence of hydrogel cores (FA was covalently attached to the 
polymer chains), whereas the red signal corresponds to ammonium salt of 1,2-dipalmitoyl-sn-
glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (Rhod B-PE) present in the 
lipid bilayers. It is evident that all gel-cores are coated with lipid layers, which flattens on the glass 
slide surface. Polymerization within liposomes is additionally proved by visualization of nanogels 
(image F) obtained by the removal of the bilayer using a detergent (process 4 for non-anchored 
nanogels, process 5 for anchored ones). As revealed by Dynamic Light Scattering technique (DLS), 
PNIPA-VI nanogels are temperature and pH sensitive: their volume decreases ~8-fold when 
temperature changes from 25C to 40C (processes 6 and 7) and increases ~6-fold as pH changes 
from 7 to 4.5 at room temperature (process 8, image C). Moreover, DLS analysis shows that 
lipobeads prefer to aggregate in the course of thermal collapsing of the hydrogel core (processes 9 
and 10). Interestingly, the anchored lipobeads do not fuse upon aggregation (image D) and 
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reversibly disaggregate when nanogels swell back at room temperature (process 9). In contrast to 
the anchored lipobeads, aggregation of the non-modified lipobeads at temperatures higher than 
the volume phase transition temperature TV ~ 32C (processes 10) appear to be irreversible due to 
their fusion (process 11) into the “giant” lipobeads shown in the image E. 
Importantly, the nanogels once extracted from lipobeads exhibit a strong compatibility with 
phospholipid bilayer: the phospholipid bilayer spontaneously self-assembles around a nanogel 
(image F) upon mixing (process 12) with liposomes (image F') to form secondary lipobeads (image 
F''). This finding justifies the other method for lipobeads preparation: nanogel/liposome mixing. 
 
Hydrogel/liposome mixing 
 
Compatibility of nanogels and phospholipid bilayer is a key property in the context of lipobeads 
preparation by hydrogel/liposome mixing. It has been demonstrated by DLS and AFM [172] that 
hydrophobic modification of the nanogels is not required for spontaneous formation of the bilayer 
on their surface. Together with the other studies [163] these findings presume that hydrogel/lipid 
bilayer is an energetically favorable structure.  
In accord with the general scheme of hydrogel/liposome mixing (Figure 4.11), the hydrogel 
particles and liposomes should be prepared first. In contrast to gelation within a liposomal reactor, 
the final size of lipobeads will be defined by the size of hydrogel particles prepared before mixing 
with liposomes.  
As follows from Table 4.3, there are only a few papers that deal with nanogels to prepare lipobeads 
on the nanometer scale: one group employed a high pressure homogenizer to crash bulk 
polysaccharide hydrogel down to nanosized particles [161-164], the other group used nanogels 
extracted from liposomal reactors [12-15]. In principle, emulsion polymerization enables 
preparation of hydrogel particles with a diameter less than 150 nm. However, there is a problem of 
complete removal of the residual materials. In the absence of an added surfactant, the method is 
called precipitation polymerization. With the latter two methods, the lipobeads of 1-m diameter 
are produced [6,17,20,143,167,168]. To prepare giant lipobeads with a diameter up to hundreds 
micrometers, the inverse suspension polymerization (ISP) method is commonly applied [8-
11,165,166,169].  
Generally, the method of phospholipid vesicles preparation is not critical. However, in the most 
cases (Table 4.3), conventional liposomes prepared by the lipid film hydration followed by 
sonication or extrusion are used for lipobeads’ fabrication.  
 
 
 
 
 
 
 
 
 
 
FIGURE 4.11  
Schematic of the method for preparation of lipobeads using hydrogel/liposome mixing 
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Whatever the method of liposome production is, there are many ways to bring them into contact 
with hydrogel particles including (i) mixing hydrogel particles and liposomes, (ii) addition of 
hydrogel particles into dried lipid film before hydration, and (iii) hydration of the lipid film by 
aqueous suspension of hydrogel particles. To enhance the lipid bilayer formation around hydrogel 
particles, the procedures such as hand shaking, vortexing, pipette agitation, centrifugation, 
freezing-thawing, heating-cooling or their combination can be used. The fusion of liposomes will be 
more advanced at temperatures higher than the gel-liquid phase transition temperature of the 
phospholipid used. Moreover, depending on the electrostatic interaction between bilayer and 
hydrogel, the liposomes can adsorb on the particles surface, diffuse inside, or/and fuse on the 
surface with formation of lipobeads [169]. 
Usually, free liposomes are washed out by centrifugation or removed by ultrafiltration or dialysis. 
Finally, the lipobeads can be dispersed in a buffer with pH ranged from 7 to 8 or distilled water. 
 
Giant lipobeads 
 
On the one hand, the most effective size of the nanoparticle-based drug delivery systems is around 
100 nm [171], because of its relevancy for intravenous administration: the particles of this size are 
not trapped in the blood capillaries (~5-8 m) and stay longer in the systemic circulation due to a 
lower risk for reticuloendothelial system uptake and their ability to escape processing in the liver 
and kidney for several circulation cycles. On the other hand, lipobeads of the size greater than 
diffraction limit of light microscopy (~1 m) are attractive models for drug delivery systems, 
because they are easy to observe directly using optical, fluorescence or confocal microscopies for 
both controlling their stability and permeability in the course of preparation and modeling the 
mechanisms of drug loading and controlled release. Giant lipobeads can be prepared by either 
polymerizing the interior of giant vesicle filled with a hydrogel-forming solution or mixing microgels 
with giant vesicles liposomes. 
 
Polymerization inside liposomal reactor 
 
Giant vesicles filled with hydrogel forming solution containing monomers (NIPA and FA), a cross-
linker (MBA), and a photoinitiator (DEAP) are formed by gentle hydration method. Lipid bilayer 
consists of a phospholipid and cholesterol in molar ratio of 9:1. A phospholipid with a higher order-
disorder phase transition temperature (Hydro Soy L--phosphatidylcholine, HSPC,Tt = 52C) is used 
in order to facilitate the formation of giant vesicles by increasing temperature, as the lipid bilayer 
above Tt is in a liquid state and to prevent leakage of the hydrogel forming solution from a 
microreactor, as the lipid bilayer is in a solid state (less permeable) at room temperature. The 
fluorescent probe Rhod B-PE is added to provide fluorescent staining of the lipid bilayer formed. 
The results on polymerization within the giant vesicles are presented in Figure 4.12.  
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FIGURE 4.12  
Giant liposomes filled with poly(N-isopropylacrylamide-co-fluorescein-o-acrylate) hydrogel (PNIPA-co-FA): A – 
bright field image, B – hydrogel core, the green image originates from Fluorescein-o-acrylate (FA, 488 nm 
excitation) covalently attached to PNIPA network, C – flattened phospholipid bilayer, red image originates 
from Rhod B-PE (555 nm excitation) covalently attached to the heads of phospholipid, D – overlap of all three 
images  
 
Giant lipobeads (GLBs) in the range of 5 to 100 m are observed (Figure 4.12) in a good contrast 
under both bright field (A) and fluorescence (B, C) modes of the laser scanning confocal microscope 
(LSM 700, Zeiss). Green colour of the central part (B) demonstrates the presence of hydrogel core, 
since it originates from the FA dye that was co-polymerized with PNIPA hydrogel. The red tiny 
external layer can be distinguished around GLB in Figure 4.12C. Red image originates from the 
fluorescent phospholipid, Rhod B-PE, added in the course of giant vesicles formation. The presence 
of red colour in the central part (C) can be explained by flattening of GLBs on the surface of glass 
slide to cause a collapse of external layer inside and/or multilamellar origin of the lipobeads. 
Despite the revealed multilamellarity, the GBLs exhibit a substantial stability: they have withstood 
multiple centrifugations and numerous dilutions by distilled water.  
PNIPA hydrogel is known to exhibit a reversible volume contraction upon temperature increase 
above the volume phase transition temperature (~32–37C in water). Figure 4.13 shows the same 
particle at 25C (A, A', A'') and 45C (B, B', B''). The shrinking of the central part followed by a 
decrease in the total size of GLB. These observations are in contradiction with the data on 
nanolipobeads [84,148,152] showing no variation in the lipobead and liposome sizes with the 
change in temperature from room temperature to 40C, whereas PNIPA nanogels extracted from 
the lipobeads shrink considerably. Possible explanation may be in that the nanometer-sized lipid 
bilayers with a greater curvature are stiffer and do not couple to the gel surface.  
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C D 

Lipid bilayer 
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FIGURE 4.13  
The same giant lipobead below (A) and above (B) the volume phase transition temperature of PNIPA-co-FA 
hydrogel (TV ~ 37C): A, B – green images originated from FA covalently attached to the PNIPA network within 
the core; A', B' - red images originated from rhodamine B covalently attached to the heads of PE; A'', B'' - 
overlap of bright field and fluorescence images 
 
Microgel/liposome mixing 
 
The ultimate goal to this end is to decrease the number of steps in preparation of lipobeads. Giant 
lipobeads can be used to examine whether a spherical microgel can be covered by a lipid bilayer 
even if it is mixed with multilamellar (not unilamellar) vesicles. Moreover, a recently proposed 
method for preparation of liposomes [173], comprising the injection of a phospholipid solution in 
ethanol into hot water, can be compared with the conventional one, based on lipid film hydration.  
The PNIPA-FA microgels with fluorescence ability are synthesized according to the reaction scheme 
presented in Figure 4.9 using an inverse suspension polymerization method. Optical micrographs 
indicate (Figure 4.14) that the size of PNIPA-FA microgels ranges from 2 to 150 m.  
 
 
 
 
 
 
 
 
 
 
 
FIGURE 4.14  
The bright field images of PNIPA-co-FA hydrogel spheres after washing: A – 200×, B – 1000× 
 
Giant multilamellar vesicles (GMV) are prepared by two methods: (i) the conventional method of 
lipid film hydration and (ii) a recently proposed method [173], comprising the injection of a 
phospholipid solution in ethanol into hot water. The lipidic formulations contain either HSPC (Tt = 
52°C) or Egg chicken L--phosphatidylcholine (EPC, Tt = -10°C). If cholesterol is added, its amount is 
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45C: hydrogel in shrunken state 
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adjusted to the phospholipid/cholesterol molar ratio of 9:1. Moreover, to visualize the lipid coat, 
fluorescent phospholipid RhodB-PE is added. Totally, six lipidic formulations are mixed with the 
microgels suspensions and incubated overnight with three freezing-thawing (for EPC) or heating-
cooling (for HSPC) cycles. After washing by centrifugation, six types of lipobeads are systemized in 
Table 4.4 and visualized using confocal laser scanning microscopy. 
 
TABLE 4.4  
Lipidic formulations mixed with microgels and confocal images of the resultant giant lipobeads 
 

METHOD OF 
GMV 
PREPARATION 

SAMPLE 
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LIPID 
COMPOSITION Tt, 

C 

MICROSCOPY MODE 

PL CHOL Bright field 
Hydrogel 
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Lipid 
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LIPID FILM 
HYDRATION 

1 EPC - -10    

2 EPC + -10    

INJECTION OF 
ETHANOL 
SOLUTION OF 
PHOSPHOLIPID 
INTO HOT 
WATER 

3 EPC - -10    

4 EPC + 

 
 
-10 
 
 

   

5 HSPC - 

 
 
52 
 
 

   

6 HSPC + 

 
 
52 
 
 

   

 
The first observation is that microgels have a lipid coat in all cases. Nevertheless, homogeneity of 
the lipid layers depends on the extent of its fluidity. Indeed, the formulation #1, which corresponds 
to the GMVs prepared by hydration of the lipid film consisting of the phospholipid with the lowest 
Tt and without cholesterol, exhibits a continuous (probably unilamellar) lipid bilayer. A worse 
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situation is in the case #6, in which the GMVs are made of the most solid lipid bilayers containing 
cholesterol and the phospholipid with Tt much higher than room temperature. Besides lipid 
coating, one can notice many unfused vesicles adsorb onto the surface of microgels. Therefore, one 
can conclude that multilamellarity and stiffness of GMVs are the factors that make it virtually 
difficult to separate the lipobeads from unfused and unbound vesicles, because of their similar size 
and density.  
The most heterogeneous formulation #6 was sonicated for 2 hours and incubated with microgels 
overnight. The confocal microscopy images of two lipobead fabrications made of PNIPA-co-FA 
microgels mixed with GMVs (#6) either before (A) or after (B) sonication are presented in Figure 
4.15. Their comparison explicitly shows that the smaller unfused vesicles can be readily washed out 
from the lipobead suspension by a low-speed centrifugation, so that a microgel sphere is 
completely covered by a homogeneous lipid layer.  
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 4.15  
The bright field (A, B) and confocal scanning (A', A'', B', B'') microscopy and their overlap (A''', B''') images of 
PNIPA-co-FA hydrogel microspheres mixed with the giant multilamellar vesicles (formulation #6 in Table 4.4) 
before (A) and after (B) sonication  
 
The experiments on giant lipobeads show that injection of ethanol solution of phospholipid into hot 
water is a promising method for preparation of lipidic formulations in comparison to the 
conventional lipid film hydration. In fact, exclusion of the time-consuming steps of lipid film 
formation and hydration may allow one to reduce the time for the scaled fabrication of lipobeads 
from days to hours.  
 
 

Future Applications of Lipobead-Encapsulated Drugs 
 
Loaded lipobeads – Encapsulation 
 
It is interesting that one of the key reasons for the chemotherapeutic success of liposomal 
doxorubicin is highly efficient encapsulation and good retention, the properties resulted from its 
ability to precipitate inside liposomes [109,112,174]. The estimated doxorubicin concentration in 
liposomes is over 100 mg/mL (0.2 M) [174]. Does a lipobeadal drug delivery system have an 
advantage in loading capacity against liposomal drugs?  
The data systemized in Table 4.2 indicate that in all cases of loaded lipobeads prepared by 
polymerization within a liposomal reactor, a drug was introduced into the aqueous phase followed 

A A' A'' A''' 

Before sonication 

After sonication 

B B' B'' B''' 
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by rehydration of a lipid film and further polymerization within a liposomal reactor. The major 
challenge of this scheme of drug loading might be the damage to the drug by toxic ingredients of 
the hydrogel forming solution (if any) and/or high temperature and UV radiation initiating 
polymerization. This approach may be especially problematic for encapsulation of a protein drug, 
because of denaturation. Nonetheless, it has been reported that antigen model (BSA) [19] or 
combination drug [157] of protein antigen (Pfs25) and oligonucleotide sequence (CpGODN)1 
encapsulated into pH-cross-linked PAA hydrogel core of lipobeads remain intact and active. 
Moreover, encapsulation efficiencies of lipobeads are shown to be by 10% higher than those for 
liposomal carriers. A high encapsulation efficiency of lipobeads has been demonstrated also for 
hemoglobin [152,153], which withstands the conditions of free radical polymerization and UV 
radiation. The other example of successful co-encapsulation of protein and small molecule drugs 
into lipobeads under UV polymerization has been examined in [22]. 
In the case of lipobeads prepared by hydrogel/liposome mixing (see Table 4.3), the only drug 
loaded into microgels was doxorubicin [8,9]. Encapsulation was performed before lipobeads 
formation by soaking the dry hydrogel particles in a drug-dissolved solution. The drug diffuses 
inside in the course of the polymer network swelling and mesh size increase. Further mixing of 
hydrogel particles with liposomes encapsulates the drug into lipobeads. As a result, the 
unbelievably high doxorubicin concentration of ~2 M, which is 10-fold the concentration in 
liposomes [174], was achieved. 
Encapsulation of a protein drug into hydrogel particles before lipobeads formation can be 
performed either by formation of a hydrogel particle in the presence of a protein drug or by 
incubation of the pre-formed hydrogel particles in a protein solution. The first approach again could 
be problematic due to a danger of protein denaturation. The second approach is limited by the 
size-exclusion effect resulting in a lower loading concentration of proteins. However, encapsulation 
of proteins into microgels is a promising tool to increase the amount of drug loaded in a pre-
lipobead (loading capacity) by using the “intelligent” properties of polymer networks 
(swelling/shrinking ability in response to stimuli) [175].  
 
New mechanisms of controlled drug release 
 
Drug release from lipobeads, conventional liposomes, and hydrogel particles 
 
A drug release profile (the amount of drug released into the bloodstream over time) depends on 
the properties of the drug itself and drug carrier system. Even a few available examples of drug-
encapsulated lipobeads show that the additional element in their structure, the hydrogel core, can 
significantly prolong the release time for both high molecular weight (e.g.,proteins) and small 
molecule (e.g., doxorubicin) drugs as compared to conventional liposomes and uncoated hydrogel 
particles. Indeed, the characteristic time for release of 50% (D50) of BSA (Mw 66 kDa) from 1-m 
lipobeads (~ 11 days) is 10-fold of that from 1-m liposomes (~1 day) [157], whereas for a lighter 
protein interleukin-2 (Mw 17 kDa) [22] D50 equals 8 hours, 16 hours, and 52 hours for nanogels 
(150 nm), liposomes (100 nm), and lipobeads (120nm), respectively, indicating the slower 
release of the protein drugs from lipobeads. In comparison, the characteristic time(D50) for release 
of doxorubicin from uncoated microgels (~6 m) was estimated [8,9] to be about 1.5 min, 
whereas the release of doxorubicin from lipobeads was not detected at all within this time scale. 

                                                        
1 CpG oligodeoxynucleotide (CpGODN) had the sequences GCTAGACGTTAGCGT and TCAACGTGA. 
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Different applications require different release profiles, and bi-compartmental structure of 
lipobeads brings more options to change the concentration profile of a released drug from a steep 
rise (burst release) and a cyclic variations (pulsatile release) to a gradual increase up to the value 
within the therapeutic window is reached (sustained or controlled release). Of particular 
importance is the capability of lipobeads to provide a better-sustained release which is the most 
desirable but more difficult mode to achieve and maintain.  
The specific properties of lipid bilayer have already been discussed (discussed in the section 
"Effectors of the lipid bilayer stability and permeability"). Let us consider the novelty the hydrogel 
core can bring with regard to drug release mechanisms. Undoubtedly, an advanced property of 
polymer networks is their responsiveness to environmental stimuli. Depending on possible 
responses of the hydrogel core (swelling, contraction, and degradation), three mechanisms of drug 
release from lipobeads could be developed in the future. 
 
“Sponge-like” mechanism 
 
Figure 4.16 illustrates the “sponge-like” mechanism of drug release from lipobeads. Therein, 
hydrogel core initially is in a swollen state. Therein, encapsulated drug molecules release for a 
prolonged period of time as compared to conventional liposomes. When the environment changes 
(temperature, pH, etc.), the polymer network shrinks, so that the hydrogel core like a squeezed 
sponge releases the loaded drug into the space between gel and lipid membrane, and the drug 
diffuses through the membrane outside the lipobead. This mechanism provides the way of a 
gradual increase in the rate of drug release in response to for example temperature change. 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 4.16  
“Sponge-like” mechanism of drug release from lipobeads 
 
“Poration” mechanism 
 
In Figure 4.17, the hydrogel core initially is a shrunken state and drug molecules are trapped more 
tightly within the polymer network, so that their release can be even more suppressed in 
comparison with conventional liposomes. When the environment changes (temperature, pH, etc.), 
the polymer network swells so much that the volume of hydrogel core becomes greater than the 
space provided by the closed lipid bilayer. Therefore, a “growing” hydrogel core causes disruption 
of the lipid bilayer and pore formation (“poration”) resulting in the drug release through the pores. 
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This mechanism provides the way of a drastic increase in the rate of drug release in response to 
stimuli. 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 4.17  
“Poration” mechanism of drug release from lipobeads 
 
“Burst” mechanism 
 
The “exploding” lipobeads have been discovered [167] as a byproduct of biodegradation of 
microgels covered with phospholipid membrane. As schematically outlined in Figure 4.18, if a 
polymer network degrades, for example, the interchain cross-links can be cleaved by hydrolysis, the 
swelling pressure inside increases, because the degradation products are unable to diffuse through 
the lipid membrane even it stretches. At some point, the internal pressure becomes sufficient to 
break the membrane. As a result, encapsulated drug falls out of lipobeads with the maximal release 
rate (burst release). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIGURE 4.18  
“Burst” mechanism of drug release from lipobeads 
 
Two types of temperature-sensitive hydrogels 
 
As temperature is an environmental property easy to vary, control, and predict in the practical 
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schemes of drug delivery, it is worthy to outline the two types of polymer networks behavior in 
response to temperature changes. Typically, the thermo-responsive hydrogels are classified as 
having either positive or negative volume phase transition with a characteristic temperature (TV) 
[176]. Hydrogels exhibiting positive volume phase transition (“thermophilic” hydrogels) swell upon 
heating and should be used in the delivery systems with “poration” mechnism. In contrast, 
hydrogels exhibiting negative volume-phase transition (“thermophobic” hydrogels) collapse upon 
heating and are suitable for drug carriers using the “sponge-like” mechanism. 
Of particular interest are the thermo-sensitive hydrogels of both types with the volume phase 
transition temperature TV within the physiological range (37 – 50C). The “thermophobic” 
hydrogels have been studied the most, and a popular example is PNIPA which TV can vary close to 
the desirable range [177]. In contrast, “thermophilic” behavior in water is not very common for 
synthetic polymeric materials. The “thermophilic” gels are not well studied and they need complex 
preparation processes, and likely, because of that, lipobeads with a “thermophilic” hydrogel core 
have not been attempted yet. Nevertheless, very recently, a number of “thermophilic” hydrogels 
showing a positive thermosensitive volume change under physiologically relevant conditions have 
been fabricated [178-180]. 
 
Combination and multifunctional drug delivery systems 
 
Drug combinations in lipobeads 
 
Only two formulations tested as combination drugs delivered by lipobeads (Table 4.2) show the 
following advantages with respect to liposomal delivery systems. 
In the first set, protein (Pfs25) and oligonucleotide (CpGODN) have been simultaneously 
encapsulated into lipobeads [157]. The recombinant protein Pfs25 expressed in Pichia pastoris is a 
leading antigen of blocking stage potential as a vaccine to block malaria transmission by 
mosquitoes. Antigen Pfs25 has a poor immunogenicity and needs an enhancer of immunological 
recognition. Unmethylated CpG oligodeoxynucleotide (CpGODN) is a strong stimulator of immune 
response in mammalian hosts and acts as adjuvant improving immunogenicity of co-administered 
protein antigen as well as reducing the amount of protein required. CpGODN stimulates the 
immune system through a specific receptor TLR9. The immune activity of CpG can be monitored by 
following the levels of nonspecific and specific immunoglobulins, a variety of cytokines, gamma 
interferon (IFN-γ) and increased lytic activity (see [157] for references). 
The results showed that (i) on 90 days antigen storage at 4C the detected leakage was 26% and 5% 
from conventional liposomes and lipobeads, respectively, (ii) no macroscopic sign of adverse 
reaction (redness, swelling and formation of granulomas) at the site of intramuscular injection were 
observed for both conventional liposomes and lipobeads, (iii) lipobeads encapsulated with 
combination of Pfs25 and CpGODN showed the maximal immune response based on serum anti-
Pfs25 profile of immunized mice, (iv) significantly higher levels of interferon- and interleukin-2 
were detected in the spleen if mice immunized with lipobeads carried the drug combination. 
In the second scheme [22], hydrophilic protein(interleukin-2, 17 kDa) and hydrophobic small 
molecule drug (SB505124, 335 Da) have been co-encapsulated into the hydrogel core of 120-nm 
lipobeads cross-linked by a free radical photopolymerization. Interluekin-2 (IL-2) belongs to the 
family of cytokines, soluble proteins that supposedly stimulate natural killer cells (NK) and enhance 
lytic activity against melanomas and renal cancer. However, efficiency of the IL-2 as an 
immunotherapeutic agent may be significantly reduced by the ability of tumor cells to secret a 
number of immunosuppressive factors, such as the transforming growth factor- (TGF-) that 
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decrease local immune responses. SB505124 (SB) is a TGF- antagonist that inhibits TGF- 
receptor. The results of co-encapsulation and simultaneous sustained delivery of the drugs with 
drastically different properties show the following advantages of using lipobeads: (i) bioactivities of 
both SB and IL-2 are unaffected by the incorporation procedure (UV exposure in the course of 
polymerization), (ii) no toxicity is observed on intravenously administrated mice, (iii) biodistribution 
analysis of rhodamine-loaded lipobeads in healthy mice receiving intravenous administration 
reveals that the lipobeads primarily accumulate in lungs, liver and kidney, the heart and spleen are 
also reached though, (iv)in B16 lung metastatic animals, the highest accumulation of lipobeads and 
drug is found to occur in the lungs and liver, (v) lipobead-delivered combination immunotherapy 
drastically increases survival, (vi) combination therapy stimulates both innate and adaptive immune 
systems, (vii) in comparison to other delivery systems including liposomal, a significantly greater 
reduction in both tumor growth rate and tumor mass is observed after one week therapy of the 
B16/B6 mouse models of metastatic melanoma administered intravenously. 
 
Combined multifunctional containers 
 
As per Figure 4.10, collapsing of nanogel core at elevated temperature causes aggregation of 
lipobeads. The aggregation can be reversible or irreversible depending on whether lipid bilayer 
fusion occurs or not. If nanogels are modified by hydrophobic anchors, the surrounding bilayers do 
not fuse (process 9), so that the aggregates disassemble reversibly when temperature returns to 
the initial one. In contrast, if nanogels are not anchored, the surrounding bilayers can eventually 
fuse to form a greater lipobead (process 11), which is incapable of disassembling reversibly when 
temperature decreases. 
Reversible and irreversible aggregation of lipobeads could be a key step for designing two types of 
combined multifunctional containers. In the system made of anchored lipobeads, the initial 
formulation may consist of two different drugs entrapped in different lipobeads (Figure 4.19A). 
Under switching condition 1, both drugs can be simultaneously delivered as one aggregate to the 
targeted organs in the body. At switching condition 2 or 3, either one or the other drug can be 
released in the desired order. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 4.19  
The combined drug delivery system based on reversible (A) and irreversible (B) aggregation of lipobeads 
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In the system based on irreversible aggregation of lipobeads (Figure 4.19B), several nanogels 
loaded with different pre-drug reagents are trapped under the same lipid membrane (“giant 
lipobeads”) to react inside without damaging the surrounding organs and to be delivered to the 
targeted site in one “giant” container able to release the final product controllably. 
 
The fate of systemically administered lipobeads 
 
Different administration routes including intravenous, intramuscular, pulmonary and topical could 
be suitable to deliver drugs by lipobeads, however, the peripheral intravenous injection would be 
the most reliable and reproducible route for their administration. The general scheme of lipobeads 
delivery at the target organ supposes to be similar to liposomal or polymeric delivery systems. After 
peripheral intravenous injection, lipobeads should withstand a number of environmental attacks 
(physiological and physicochemical) on the way to different organs via bloodstream.  
Once entering the bloodstream, lipobeads run into a complex environment of the serum 
components (proteins, electrolytes, etc.) and immune system (macrophages, proteins of 
complement system, etc.). The results on preparation of lipobeads (Tables 4.2 and 4.3) clearly 
indicate that they can withstand physiological conditions and media. Interaction of lipobeads with 
plasma proteins could result in either leakage of their content or their removal from the blood 
circulation as exogenous pathogens. For example, it is reported for liposomes that the proteins of 
complement system [181] are able to produce lytic pores and enhance the release of liposomal 
content, whereas blood lipoproteins destabilize liposomes to increase the leakage of their payload 
[182]. The opsonins and dysopsonins are the other blood proteins which could be responsible for 
recognition of lipobeads and their enhanced uptake by the MPS (mononuclear phagocyte system) 
cells (neutrophils, monocytes, macrophages) [183-186]. Definitely, the physicochemical factors 
(size, charge, hydrophobicity, surface morphology, and composition) responsible for promoting 
lipobeads’ leakage in and clearance from blood are the first target for study lipobeads as a drug 
delivery system in the future. Even just a few results available on the drug-encapsulated lipobeads 
(pegylated [22] or not [157]) have demonstrated their stability, biodistribution, toxicity, and 
therapeutic activity that are noticeably better than those for liposomes. 
Further, the blood with lipobeads is pumped up by heart to different organs. Undoubtedly, the 
mechanical stability of lipobeads in the blood flow will be higher than that of liposomes, since in 
this construct a lipid bilayer is supported by hydrogel core and can be strengthened even more by 
anchoring. The capillaries with a diameter ranging from 2 to 10 m constitute the first sieving 
constraint for the lipobead size. The particles of the size between 0.4 to 3 m would mainly be 
captured by the liver macrophages. The lipobeads greater than 200 nm [187] would preferentially 
be filtered by the spleen. The smaller limit comes from the fact that particles less than 40 nm [186] 
should undergo clearance through metabolism in the liver and excretion through kidneys. 
Therefore, the diameter of lipobeads is supposed to be in a relatively narrow range from 50 to 180 
nm for a longer retention in the bloodstream. Interestingly, it has been proven that formulations of 
lipobeads are the most reproducible in this range of sizes especially if prepared by polymerization 
within a liposomal reactor (see Table 4.2).  
This range of sizes looks appropriate for lipobeads to exit systemic circulation. To reach interstitial 
space, lipobeads must cross a thin inner membrane of squamous endothelial membrane provided 
by the capillaries. In normal capillaries, the endothelial cells provide uninterrupted linings with 
typical gaps of 5 – 10 nm in size. In capillaries associated with pathologies such as tumor and 
inflammation, the gaps between endothelial cells are reported to vary from 100 to 780 nm for 
different types of cancer [188]. Due to rapid and imbalanced vessel formation, the tumor 
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neovasculature is chaotic, extremely heterogeneous and “leaky” [189]. The enhanced vascular 
permeability of the tumor capillaries is the first factor contributing to the phenomenon referred as 
the enhanced permeation and retention (EPR) effect [28,29]. The second factor of the EPR effect – 
an enhanced retention of lipobeads in the interstitial space – can be expected due to a poor 
lymphatic drainage in the tumor tissue, which results in a slower clearance of drug carriers and 
their accumulation in the interstitial space [190]. Biodistribution experiments have already 
performed in mice bearing a distant subcutaneous tumor and in mice with metastatic lung 
melanoma [22] to show accumulation of drug-loaded lipobeads both in the area surrounding the 
tumor as well as within the tumor itself [22]. Therein the payload is evident in the interstitial spaces 
between the tumor cells outside the vasculature. 
In the interstitial space, lipobeads passively or actively target the cellular surface. Strategies of 
active cell targeting which has been proposed for liposomal carriers [127-130] could be applicable 
to lipobeads as well. A higher internalization of lipobeads by endocytosis could be achieved if their 
surfaces are decorated in accord with the methods for facilitation of intracellular delivery of the 
liposomal drugs reviewed in the section "Liposome-encapsulated drug carriers". 
The internalization of lipobeads into the cells can proceed via several mechanisms sketched in 
Figure 4.20. Omitting the details described in [191,192], phagocytosis provides the so-called ‘‘cell 
eating’’ mechanism by which larger lipobeads can be taken into and degraded within the cells. 
Using pinocytosis, the cells internalize the fluid surrounding the cell simultaneously with all 
substances (“cell drinking” mechanism), so that if lipobeads are in the fluid phase area of 
invagination, they would be taken up to form pinosomes inside. Different endocytic pathways can 
be distinguished in accord with the specific molecular regulators (not shown in Figure 4.20), such as 
the clathrin-mediated endocytosis, dynamin-dependent and dynamin-independent mechanisms, as 
well as receptor-mediated endocytosis. In addition, the mutual fusion of cell membrane and lipid 
bilayer of lipobeads [193] can occur at the cell surface with internalization of just the drug-loaded 
nanogels. Understanding the cellular entry of lipobeads, their intracellular trafficking, drug release 
and therapeutic action mechanisms are the future topics for studies on lipobeadal drug delivery 
systems. 
 
The next levels of complexity 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 4.20  
Possible mechanisms of lipobeads internalization into the cell 
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Proteo-lipobeads. The first proteo-lipobeads have been prepared when transmembrane receptors 
were reconstituted into the lipid bilayer of lipobeads and the receptors retained their native 
specific binding [165]. Recently, new proteo-lipobeads with a controlled orientation of the 
membrane protein and enhanced stability have been developed by modifying agarose beads with 
linkers, binding membrane proteins to the linkers, and surface coverage with phospholipids [194]. 
It has been shown that the lipobead incorporated cytochrome c oxidase is functional in terms of 
antibody binding and proton transport modulation. The increase in complexity of a lipobead 
structure is expected to bring about new benefits, such as tiny living cells mimicking mechanisms of 
drug release regulated by signaling. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 4.21  
From vesobeads to cytoplasm: A likely mechanism of lipobeads internalization into the cell 
 
Vesobeads. By analogy with liposomes encapsulating smaller liposomes known as vesosomes 
[195,196], liposomes encapsulating smaller lipobeads can be constructed and named as vesobeads. 
The structure of a vesobead resembles the structure of a macropinosome as depicted in Figure 
4.20. Besides all advantages of conventional lipobeads discussed in this chapter, the 
multicompartmental structure of vesobeads will provide additional protection against degradation 
and leakage in bloodstream and greater biocompatibility. A new mechanism of internalization of 
lipobeads into the cells could be devised from the concept of vesobeads. As shown in Figure 4.21, if 
an external lipid bilayer of vesobead fuses with the cellular plasma membrane, a bunch of drug-
loaded lipobeads are injected inside the cell. 
 
 

Conclusions & Closing Remarks 
 
The concept of lipobeads has been proposed about 30 years ago, however, lipobead-based drug 
delivery systems are still largely experimental. A possible reason for a limited number of studies on 
lipobeads published as yet could be in the lack of a comprehensive understanding of the 
advantages of these drug carriers versus the feasibility of their production. To all appearances, if 
the development of polymeric and liposomal drug delivery systems approaches its conceptual limit 
incapable of providing the desired level of functionality, the time has come to explore a 
qualitatively higher level of complexity, a combination of lipid bilayer and cross-linked polymer 
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network, which Nature uses to achieve workability, multifunctionality, and dynamism in living cells 
of different types.  
Lipobeads demonstrate a combination of properties attractive for the next generation of drug 
delivery systems. First, they retain all the important benefits of liposomal drug carriers in one 
construct: efficient encapsulation of a wide variety of drugs, biocompatibility of the lipid bilayer, 
possibility of passive targeting to tumor or inflammation sites due to the controlled composition 
regulating the size and morphology, availability of the external surface as a modification site for the 
attachment of various ligands depending on the desired purposes (prolongation of circulation time, 
active targeting, etc.), no macroscopic signs of adverse reaction (redness, swelling and formation of 
granulomas) at the site of intramuscular injection. 
The key properties that hydrogel core brings to the formulation are the tougher mechanical 
stability and environmental responsiveness. A polymer network containing up to 99.9% water 
behaves as a solid-like supporting cushion for the lipid bilayer. A polymer network responds 
mechanically (swelling/shrinking) and/or electrochemically (accumulating/releasing ions) to 
environmental changes. For example, a thermosensitive, cholesterol-free, and pegylated liposomes 
(ThermoDox, Celsion Corporation, New Jersey, USA) in combination with hyperthermia have a 
clear advantage of fast drug release at the tumor site (breast cancer) [197],however, they still leak 
a considerable fraction of doxorubicin into plasma, which may explain their clinical toxicity. 
Definitely, lipobeads could provide similar thermosensitivity without leakage of an encapsulated 
drug, since, in comparison to liposomes, they are more stable as drug delivery formulations with an 
additional structural element for drug release control, whereas, in comparison to nanogels, 
lipobeads could provide a higher level of biocompatibility and bioavailability.  
Second, superior properties of lipobeads such as higher encapsulation efficiencies, loading 
capacities, stability on storage and in the bloodstream, a slower and more gradual (more 
sustainable) drug release profiles for both high molecular weight (e.g., proteins) and small molecule 
(e.g., doxorubicin) drugs have already been proven experimentally in vitro. In animal experiment, 
the lipobead-delivered combination therapy demonstrated no toxicity on intravenously 
administered mice, accumulation of drug-loaded lipobeads both in the area surrounding tumor as 
well as within the tumor itself with an evident payload in the interstitial spaces between tumor 
cells outside the vasculature, a high therapeutic activity at the targeted site, a significantly greater 
reduction in both tumor growth rate and tumor mass, and as a result, a drastically increased 
survival. 
Third, the bi-compartmental structure of lipobeads could provide a number of novel and unique 
options such as a consecutive multistep triggering, i.e., an ability to change the concentration 
profile of a released drug from burst release and/or pulsatile release to sustained or controlled 
release, new schemes of drug release (“sponge-like”, “poration”, and “burst”), and combined drug 
delivery systems based on their reversible and irreversible aggregation. 
Fourth, the data reviewed demonstrate the feasibility of the technological platform for drug 
delivery using lipobeads. To the great extent, the major methods for lipobeads’ synthesis 
(polymerization within liposomal interior and liposome/hydrogel mixing) and for drug loading 
(polymerization in the course of hydrogel core preparation and soaking the dry hydrogel particles in 
a drug-dissolved solution) are analogous to those of conventional liposomes and nanogels. 
Therefore, one can expect that additional technological expenses on the increased complexity of 
lipobeads production will not be a high cost for the discovered advantages of their use. 
Finally, the transition to the next level of complexity, lipobeads, puts forth the ideas on the 
conceptually new drug delivery systems such as proteo-lipobeads, vesobeads and their 
combinations, as well as on new mechanisms of lipobead internalization into the cell and drug 
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release regulated by specific signaling, and allows one to consider the lipobeads as the beginning of 
Era of the so-called Bioscopic Drug Delivery [1], i.e. the bio-controlled delivery systems for 
biomolecular drugs. But this will be a topic for another story. 
 
 

Acknowledgements 
 
Financial support for this work was provided by Pace University (Dyson College of Arts and 
Sciences, Summer Research and Scholarly Research Funds). I would like to thank the entire cohort 
of my collaborators and, first of all, Dr. Kalle Levon with whom we began thinking of lipobeads as 
the drug delivery system. I thank all my students participated in this project. I am also grateful to 
Dr. Irina Gazaryan for many comments, which helped minimize awkward phraseology and clarify 
my intent. 
 
 

References 
 

1. Hoffman A.S. The origins and evolution of “controlled” drug delivery systems. J. Control. 
Release 2008, 132, 153-163. 

2. Tiwari G., Tiwari R., Sriwastawa B., Bhati L., Pandey S., Bannerjee S.K. Drug delivery 
systems: An updated review. Int. J. Pharmac. Invest. 2012, 2, 1-11. 

3. Allen T.M., Cullis P.R. Liposomal drug delivery systems: From concept to clinical 
applications. Adv. Drug Deliv. Rev. 2013, 65, 36-48. 

4. Engineering polymer systems for improved drug delivery. Eds. R.A. Bader and D.A, 
Putnam, Wiley & Sons, Inc., Hoboken, NJ, 2014. 

5. Von Hoegen P. Synthesis biomimetic supra molecular Biovector™ (SMBV™) particles for 
nasal vaccine delivery. Adv. Drug Del. Rev. 2001, 51, 113-25 and references therein. 

6. Kiser PF, Wilson G, Needham D. A synthetic mimic of the secretory granule for drug 
delivery. Nature 1998, 394, 459-462. 

7. Kiser PF, Wilson G, Needham D. Lipid-coated microgels for the triggered release of 
doxorubicin. J. Control. Release 2000, 68, 9-22. 

8. Jin T., Pennefather P., Lee. P.I. Lipobeads: a hydrogel anchored lipid vesicle system. FEBS 
Lett. 1996, 397, 70-74. 

9. Ng CC, Cheng Y-L, Pennefather PS. One-step synthesis of a fluorescent phospholipid-
hydrogel conjugate for driving self-assembly of supported lipid membranes. 
Macromolecules 2001,34, 5759-5765. 

10. Ng CC, Cheng Y-L, Pennefather PS. Properties of a self-assembled phospholipid 
membrane supported on lipobeads. Biophys. J. 2004, 87, 323-331. 

11. Buck S, Pennefather PS, Xue HY, Grant J, Cheng Y-L, Allen CJ. Engineering lipobeads: 
properties of the hydrogel core and the lipid bilayer shell. Biomacromolecules2004, 5, 
2230-2237. 

12. Kazakov S., Levon K. Liposome-nanogel structures for future pharmaceutical applications. 
Cur. Pharm. Design2006, 12, 4713-4728. 

13. Kazakov S., Levon K. Lipobeads as drug delivery systems. NSTI-Nanotech 2006, 1, 467-
470. 



 Nanotechnology in Drug Delivery  119 

14. Kazakov S., Kaholek M., Levon K. Lipobeads and their production. US Patent 7618565 B2, 
2009. 

15. Kazakov S., Kaholek M., Levon K. Lipobeads and their production. US Patent 7883648 B2, 
2011. 

16. Campillo C.C., Schroder A.P., Marques C.M., Pépin-Donat B. Composite gel-filled giant 
vesicles: Membrane homogeneity and mechanical properties. Materials Science and 
Engineering C 2009, 29, 393–397. 

17. Saleem Q., Liu B., Gradinaru C.C., Macdonald P.M. Lipogels: Single-lipid-bilayer-enclosed 
hydrogel spheres. Biomacromolecules 2011, 12, 2364–2374. 

18. Liu J., Lu N., Li J., Weng Y., Yuan B., Yang K., Ma Y. Influence of surface chemistry on 
particle internalization into giant unilamellar vesicles. Langmuir 2013, 29, 8039−8045. 

19. Tiwari S., Goyal A., Khatri K., Mishra N., Vyas S.P. Gel core liposomes: an advanced carrier 
for improved vaccine deliver. Journal of Microencapsulation 2009, 26 (1), 75–82. 

20. An E., Jeong C.B., Cha C., Kim D.H., Lee H., Kong H., Kim J., Kim J.W. Fabrication of 
microgel-in-liposome particles with improved water retention. Langmuir 2012, 28, 4095–
4101. 

21. Helwa Y., Dave N., Liu J. Electrostatically directed liposome adsorption, internalization 
and fusion on hydrogel microparticles. Soft Matter 2013, 9, 6151–6158. 

22. Park J., Wrzesinski S.H., Stern E. et al. Combination delivery of TGF-inhibitor and IL-2 by 
nanoscale liposomal polymeric gels enhances tumour immunotherapy. Nature Materials 
2012, 11, 895-905. 

23. Abuchowski A., McCoy J.R., Palczuk N.C., Van Es T., Davis F.F. Effect of covalent 
attachment of polyethylene glycol on immunogenicity and circulating life of bovine liver 
catalase. J. Biol. Chem. 1977, 252, 2582-3586. 

24. Ringsdorf H. Structure and properties of pharmacologically active polymers. J. Polym. 
Sci., Symp. 1975, 51, 135–153. 

25. Duncan R., Kopecek J. Soluble synthetic-polymers as potential-drug carriers. Adv. 
Polymer Sci. 1984, 57, 51–101. 

26. Allen T.M. Ligand-targeted therapeutics in anticancer therapy. Nat. Rev. Cancer 2002, 2, 
750–763. 

27. Ruoslahti E. The RGD story: a personal account. Matrix Biol. 2003, 22,459–465. 
28. Iwai K., Maeda H., Konno T. Use of oily contrast medium for selective drug targeting to 

tumor: enhanced therapeutic effect and X-ray image. Cancer Res. 1984, 44, 2115–2121. 
29. Matsumura Y., Maeda H. A new concept for macromolecular therapeutics in cancer 

chemotherapy: mechanism of tumoritropic accumulation of proteins and the antitumor 
agent SMANCS. Cancer Res. 1986, 46, 6387-6392. 

30. Duncan R., Cable H.C., Lloyd J.B., Rejmanova P., Kopecek J. Polymers 
containingenzymatically degradable bonds.7. Design of oligopeptide side-chains in 
poly[n-(2-hydroxypropyl)methacrylamide] co-polymers to promote efficient degradation 
by lysosomal-enzymes.Makromol. Chem. Macromol. Chem. Phys.1983, 184, 1997–2008. 

31. Rejmanova P., Kopecek J., Pohl J., Baudys M., Kostka V. Polymers 
containingenzymatically degradable bolds. 1998. Degradation of oligopeptide sequences 
inN-(1992-hydroxypropyl)methacrylamide co-polymers by bovine spleen cathepsin-B. 
Makromol. Chem.1983, 1184, 2009–2020. 

32. O’Brien M.E.R., Socinski M.A., Popovich A.Y. et al. Randomized phase III trial comparing 
single-agent paclitaxel poliglumex (CT-2103, PPX) with single-agent gemcitabine or 



 Nanotechnology in Drug Delivery  120 

vinorelbine for the treatment of PS 2 patients with chemotherapy-naïve advanced non-
small cell lung cancer. J. Thorac. Oncol. 2008, 3, 728-734. 

33. Paz-Ares L., Ross H., O’Brien M. et al. Phase III trial comparing paclitaxel poliglumex vs 
docetaxel in the second-line treatment of non-small-cell lung cancer. Br. J. Cancer 2008, 
98, 1608-1613. 

34. Langer C.J., O’Byrne K.J., Socinski M.A. et al. Phase III trial comparing paclitaxel 
poliglumex (CT-2103, PPX) in combination with carboplatin versus standard paclitaxel 
and carboplatin in the treatment of PS 2 patients with the chemotherapy-naïve advanced 
non-small cell lung cancer. J. Thorac. Oncol. 2008, 3, 623-630. 

35. Albain K.S., Belani C.P., Bonomi P. et al. PIONEER: a phase III randomized trial of 
paclitaxel versus paclitaxel in chemotherapy-naïve women with advanced-stage non-
smal-cell lung cancer and performance status of II. Clin. Lung Cancer 2006, 7, 417-419. 

36. Homsi J., Simon G.R., Springett G. et al. Phase I trial of poly-L-glutamate campothecin 
(CT-2106) administered weekly inpatients with advanced solid malignancies. Clin. Cancer 
Res. 2007, 13, 5855-5861. 

37. Sausville E.A., Garbo L.E., Weiss G.J. et al. Phase I study of XMT-1001 given IV every 3 
weeks to patients with advanced solid tumors. J. Clin. Oncol. 2010, 28, e13121.  

38. Oliver J.C., Yen Y., Synold T.W., Schluep T., Davis M. A dose-finding pharmacokinetics 
studyof IT-101, te first de novo designed nanoparticle therapeutic in refractory solid 
tumors. J. Clin. Oncol. 2008, 26, e14538. 

39. Soepenberg O., de Jokge M.J.A., Sparreboom A. et al. Phase I and phasmacokinetic study 
of DE-310 in patients with advanced solid tumors. Clin. Cancer Res. 2005, 11, 703-711. 

40. Danhauser-Riedl S., Hausmann E., Schick H.D. et al. Phase I clinical and pharmacokinetic 
trial of dextran conjugated doxorubicin (AD-70, DOX-OXD). Invest. New Drugs 1993, 11, 
187-195. 

41. Vasey P.A., Kaye S.B., Morrison R. et al. Phase I clinical and pharmacokinetic study of PK1 
[N-(2-hydroxypropyl) methacryamide copolymer doxorubicin]: first member of a new 
class of chemotherapeutic agent-drug-polymer conjugates. Clin. Cancer Res. 1999, 5, 83-
94. 

42. Seymour L.W., Ferry D.R., Kerr D.J. et al. Phase II studies of polymer-doxorubicin (PK1, 
FCE28068) in the treatment of breast, lung and colorectal cancer. Int. J. Oncol. 2009, 34, 
1629-1636. 

43. Seymour L.W., Ferry D.R., Anderson D. et al. Hepatic drug targeting: phase I evaluation of 
polymer-bound doxorubicin. J. Clin. Oncol. 2002, 20, 1668-1676. 

44. Beeram M., Rowinsky E.K., Hammond L.A. et al. A phase I and pharmacokinetic (PK) 
study of PEG-paclitaxel in patients with advanced solid tumors. Proc. Am. Soc. Clin. 
Oncol. 2002, 21, 401. 

45. Meerum Terwogt J.M., ten Bokkel Huinink W.W., Schellens J. H. et al. Phase I clinical and 
pharmacokinetic study of PNU166945, a novel water-soluble polymer-conjugated 
progrug of paclitaxel. Anticancer Drugs 2001, 12, 315-323. 

46. Li C., Yu D.F., Inoue T. et al. Synthesis and evaluation of water-soluble polyethylene 
glycol-paclitaxel conjugate as a paclitaxel prodrug. Anticancer Drugs 1996, 7, 642-648. 

47. Campone M., Rademaker-Lakhai J.M., Bennouna J. et al. Phase I and phaemacokinetic 
trial of AP5346, a DACH-platinum-polymer conjugate, administered weekly for three out 
of every 4 weeks to advanced silid tumor patients. Cancer Chemother. Pharmacol. 2007, 
60, 523-533. 



 Nanotechnology in Drug Delivery  121 

48. Rademaker-Lakhai J.M., Terret C., Howell  S.B. et al. A phase I and pharmacokinetic study 
of the platinum polymer AP5280 given as a intravenous infusion once every 3 weeks in 
patients with solid tumors. Clin. Cancer Oncol. 2004, 10, 3386-3394. 

49. Scott L.C., Yao J.C., Benson A.B. et al. A phase II study of pegylated-camptothecin 
(pegamotecan) in the treatment of locally advanced and metastatic gastric and gastro-
oesophageal junction adenocarcinoma. Cancer Chemother. Pharmacol. 2009, 63, 363-
370. 

50. Schoemaker N.E., van Kesteren C., Rosing H. et al. A phase I and pharmacokinetic study 
of MAG-CPT, a water-soluble polymer conjugate of camptothecin. Br. J. Cancer. 2002, 87, 
608-614. 

51. Vincent M.J., Greco F., Nicholson R.I. et al. Polymer therapeutics designed for a 
combination therapy of hormone-dependent cancer. Angew. Chem. Int. Ed. 2005, 44, 
4061-4066. 

52. Pasut G., Greco F., Mero A. et al. Polymer-drug conjugates for combination anticancer 
therapy: investigating the mechanism of action. J. Med. Chem. 2009, 52, 6499-6502. 

53. Kostkova H., Etrych T., Rihova B., Ulbrich K. Synergetic effect of HPMA copolemer-bound 
doxorubicin and dexamethasone in vivo on mouse lymphomas. J. Bioact. Compat. Polym. 
2011, 26, 270-286. 

54. Lui M. Frechet J.M. Designing dendrimers for drug delivery. Pharm. Sci. Technol. Today 
1999, 2, 393-401. 

55. Sadekar S., Ghandehari H. transepithelial transport and toxicity of PAMAM dendrimers: 
implication for oral drug delivery. Adv. Drug Deliv. Rev. 2012, 64, 571-588. 

56. Perumal O., Khandare J., Kolhe P. et al. Effects of branching architecture and linker on 
the activity of hyperbranched polymer polymer-drug conjugates. Bioconjug. Chem. 2009, 
20, 842-846. 

57. Erez R., Segal E., Miller K., Satchi-Fainaro R., Shabat D. Enhanced cytotoxicity of a 
polymer-drug conjugate with triple payload of paclitaxel. Bioorg. Med. Chem. 2009, 17, 
4327-4335. 

58. Sagi A., Weinstain N., Shabat D. Self-immolative polymers. J. Am. Chem. Soc. 2008, 130, 
5434-5435. 

59. Blencowe C.A., Russell A., Greco F., Hayes W., Thornthwaite D.W. Self-immolative linkers 
in polymeric delivery systems. Polym. Chem. 2011, 2, 773-790. 

60. Heath H., Haria P., Alexander C. Varying polymer architechture to deliver drugs. AAPS J. 
2007, 9, 235-240. 

61. You Y. Z., Oupicky D. Synthesis of temperature–responsive heterobifunctional block 
copolymers of poly(ethylene glycol) and poly(N-isopropylacrylamide). 
Biomacromolecules 2007, 8, 98-105. 

62. Henry S.M., El-Sayed M.E.H., Pirie C.M., Hoffman A.S., Stayton P.S. pH-responsive 
poly(styrene-alt-maleic anhydride) alkylamide copolymers for intracellular drug delivery. 
Biomacromolecules 2006, 7, 2407-2414. 

63. Heath F., Saeed A.O., Pennadam S.S., Thurecht K.J., Alexander C. “Isothermal” phase 
transitions and supramolecular architecture changes in thermoresponsive polymers via 
acid-labile side chains. Polym. Chem. 2010, 1, 1252-1262. 

64. Shamay Y., Adar L., Ashkenasy G., davis A. Light induced drug delivery into cancer cells. 
Biomaterials 2011, 32, 1377-1386. 

65. Hribar K.C.,Lee M.H., Lee D., Burdick J.A. Enhanced release of small molecules from near-
infrared light responsive polymer-nanorod composites. ACS Nano 2011, 5, 2948-2956. 



 Nanotechnology in Drug Delivery  122 

66. Hans M.L., Lowman A.M. Biodegradable nanoparticles for drug delivery and targeting. 
Curr. Opin. Solid State Mater. Sci. 2002, 6, 319-327. 

67. Danhier F. et al. Paclitaxel-loaded PEGylated PLGA-based nanoparticles: in vitro and in 
vivo evaluation. J. Control. Release 2009, 133, 11-17. 

68. Danhier F. et al. Targeting of tumor endothelium by RGD-grafted PLGA-nanoparticles 
loaded with paclitaxel. J. Control. Release 2009, 140, 166-173. 

69. Pearson R.M.,Sunoqrot S.,Hsu H.J.,Bae J.W.,Hong S. Dendritic nanoparticles: the next 
generation of nanocarriers? Ther. Deliv.2012, 3, 941-959. 

70. Lee J.Y. et al. Intracellular delivery of paclitaxel using oil-free, shell cross-linked HAS-
multi-armed PEG nanocapsules. Biomaterials 2011, 32, 8635-8644. 

71. Shinoda A. et al. Dual cross-linked hydrogel nanoparticles by nanogel bottom-up method 
for sustained-release delivery. Colloids Surf. B 2012, 99, 18-44. 

72. Morimoto N. et al. Hybrid nanogels with physical and chemical cross-linking structures as 
nanocarriers. Macromol. Biosci. 2005, 5, 710-716. 

73. Shidhaye S. et al. Nanogel engineered polymerics micelles for drug delivery. Curr. Drug 
Ther. 2008, 3, 209-217. 

74. Lee E.S. et al. A virus-mimetic nanogel vehicle. Angew. Chem. Int. Ed. 2008, 47, 2418-
2421. 

75. Perry J.L. et al. PEGylated PRINT nanoparticles: the impact of PEG density on protein 
binding, macrophage association, biodistribution, and pharmacokinetics. Nano Lett. 
2012, 12, 5304-5310. 

76. Perry J.L. et al. PRINT: a novel platform toward shape and size specific nanoparticle 
theranostics. Acc. Chem. Res. 2011, 44, 990-998. 

77. Yokoyama M., Miyauchi M., Yamada N.et al. Polymer micelles as novel drug carrier-
adriamycin-conjugated poly(ethylene glycol) poly(aspartic acid) block copolymer. J. 
Control. Release 1990, 11, 269–278. 

78. Kwon G., Suwa S., Yokoyama M.et al. Enhanced tumor accumulation and prolonged 
circulation times of micelle-forming poly(ethylene oxide-aspartate) block copolymer-
adriamycin conjugates. J. Control. Release 1994, 29, 17–23. 

79. Kabanov A.V., Chekhonin V.P., Alakhov E.V. et al. The neuroleptic activity of haloperidol 
increases after its solubilization in surfactant micelles. Micelles as microcontainers for 
drug targeting.FEBS Lett.1989, 258, 343–345. 

80. Nishiyama N., Kataoka K. Current state, achievements, and future prospects of polymeric 
micelles as nanocarriers for drug and gene delivery. Pharmacol. Ther. 2006, 112, 630–
648. 

81. Christian D.A. et al. Polymersome carriers: from self-assembly to siRNA and protein 
therapeutics. Eur. J. Pharm. Biopharm. 2009, 7, 463-474. 

82. Oh J.K., Siegwart D.J., Matyjaszewski K. Synthesis and biodegradation of nanogels as 
delivery carriers for carbohydrate drugs. Biomacromolecules 2007, 8, 3326-3331. 

83. Shah P.P. et al. Skin permeating nanogel for the cutaneous co-delivery of two 
antiinfmatory drugs. Biomaterials 2012, 33, 1607-1617. 

84. Kazakov S., Kaholek M., Teraoka I., Levon K. UV-Induced gelation on nanometer scale 
using liposome reactor. Macromolecules 2002, 35, 1911-1920. 

85. Kazakov S., Kaholek M., Levon K. Nanogels and their production using liposomes as 
reactors. US Patent 7943067 B2, 2011. 



 Nanotechnology in Drug Delivery  123 

86. Glangchai L.C., Caldorera-Moore M., Shi L., Roy K. Nanoimprint lithography based 
fabrication of shape-specific, enzymatically-triggered smart nanoparticles. J. Control. 
Release 2008, 125, 263-272. 

87. Kopecek J. Polymer chemistry – swell gells. Nature 2002, 417, 388-391. 
88. Kettel M.J. et al. Aqueous nanogels modified with cyclodextrin. Polymer 2011, 52, 1917-

1924. 
89. Shen W. et al. Thermosensitive, biocompatible and antifouling nanogels prepared via 

aqueous raft dispersion polymerization for targeted drug delivery. J. Control. Release 
2011, 152, e75-e76. 

90. Yang H., Wang Q., Chen W. et al.Hydrophilicity/Hydrophobicity reversable and redox-
sensitive nanogels for anticancer drug delivery.Mol. Pharmaceutics 2015, 12, 1636-1647. 

91. Gregoriadis G., Ryman B.E. Liposomes as carriers of enzymes or drugs: a new approach to 
the treatment of storage diseases. Biochem. J. 1971, 124, 58P. 

92. Gregoriadis G. Drug entrapment in liposomes.FEBS Lett.1973, 36, 292–296. 
93. Bangham A.D., Standish M.M., Watkins J.C. Diffusion of univalent ions across the 

lamellae of swollen phospholipids. J. Mol. Biol. 1965, 13, 238–252. 
94. Kimelberg H.K., Tracy T.F., Biddlecome S.M., Bourke R.S. The effect of entrapment in 

liposomes on the in vivo distribution of 3H-methotrexate in a primate. Cancer Res. 1976, 
36, 2949–2957. 

95. Poste G., Papahadjopoulos D. Lipid vesicles as carriers for introducing materials into 
cultured cells: influence of vesicle lipid composition on mechanism(s) of vesicle 
incorporation into cells. Proc. Natl. Acad. Sci. U.S.A. 1976, 73, 1603–1607. 

96. Juliano R.L., Stamp D. Pharmacokinetics of liposome-entrapped anti-tumor drugs. 
Biochem. Pharmacol. 1978, 27, 21–27. 

97. Mayhew E., Papahadjopoulos D., Rustum Y.M., Dave C. Use of liposomes for the 
enhancement of the cytotoxic effects of cytosine arabinoside. Ann. N. Y. Acad. Sci. 1978, 
308, 371–386. 

98. Allen T.M., Cleland L.G. Serum-induced leakage of liposome contents. Biochim. Biophys. 
Acta 1980, 597, 418–426. 

99. Gregoriadis G., Neerunjun D. Control of the rate of hepatic uptake and catabolism of 
liposome-entrapped proteins injected into rats. Possible therapeutic applications. Eur. J. 
Biochem.1974, 47, 179–185. 

100. Juliano R.L., Stamp D. The effect of particle size and charge on the clearancerates of 
liposomes and liposome encapsulated drugs.Biochem. Biophys. Res.Commun.1975, 63, 
651–658. 

101. Mahli A., Dixit K., Sohi H., Shegokar R. Expedition of liposomes to intracellular targets in 
solid tumors after intravenous administration. J. Pharmaceut. Invest. 2013, 43, 75-87 

102. McIntosh T.J. The effect of cholesterol on the structure of phosphatidylcholine bilayers, 
Biochim. Biophys. Acta 1978, 513, 43–58. 

103. Cullis P.R., Hope M.J. The bilayer stabilizing role of sphingomyelin in the presence of 
cholesterol: a 31P NMR study. Biochim. Biophys. Acta 1980, 597, 533–542. 

104. Storm G., Roerdink F.H., Steerenberg P.A., de Jong W.H., Crommelin D.J. Influence of 
lipid composition on the antitumor activity exerted by doxorubicin-containing liposomes 
in a rat solid tumor model.Cancer Res.1987, 47, 3366–3372. 

105. Mayer L.D., Tai L.C., Bally M.B. et al. Characterization of liposomal systems containing 
doxorubicin entrapped in response to pH gradients.Biochim. Biophys. Acta1990, 1025, 
143–151. 



 Nanotechnology in Drug Delivery  124 

106. Deamer D.W., Prince R.C., Crofts A.R. The response of fluorescent amines to pH gradients 
across liposome membranes.Biochim. Biophys. Acta1972, 274, 323–335. 

107. Mayer L.D., Bally M.B., Cullis P.R. Uptake of adriamycin into large unilamellar vesicles in 
response to a pH gradient.Biochim. Biophys. Acta1986, 857, 123–126. 

108. Madden T.D., Harrigan P.R., Tai L.C. et al. The accumulation of drugs withinlarge 
unilamellar vesicles exhibiting a proton gradient: a survey.Chem. Phys. Lipids1990, 53, 
37–46. 

109. Bolotin E.M., Cohen R., Bar L.K., Emanuel S.N., Lasic D.D., Barenholz Y. Ammonium 
sulphate gradients for efficient and stable remote loading of amphipathic weak bases 
into liposomes and ligandosomes. J. Liposome Res. 1994,4, 455–479. 

110. Drummond D.C., Noble C.O., Guo Z., Hong K., Park J.W., Kirpotin D.B. Development of a 
highly active nanoliposomal irinotecan using a novel intraliposomal stabilization strategy. 
Cancer Res. 2006, 66, 3271–3277. 

111. Maurer N., Wong K.F., Hope M.J., Cullis P.R. Anomalous solubility behavior of the 
antibiotic ciprofloxacin encapsulated in liposomes: a 1H-NMR study. Biochim. Biophys. 
Acta 1998, 1374, 9–20. 

112. Johnston M.J., Edwards K., Karlsson G., Cullis P.R. Influence of drug-to-lipid ratio on drug 
release properties and liposome integrity in liposomal doxorubicin formulations. J. 
Liposome Res. 2008, 18, 145–157. 

113. Bartoli M.H., Boitard M., Fessi H. et al. In vitro and in vivo antitumoral activity of free and 
encapsulated taxol. J. Microencapsul. 1990,7, 191–197. 

114. Cabanes A., Briggs K.E., Gokhale P.C., Treat J.A., Rahman A. Comparative in vivostudies 
with paclitaxel and liposome-encapsulated paclitaxel.Int. J. Oncol.1998, 12, 1035–1040. 

115. Zhigaltsev I.V., Winters G., Srinivasulu M. et al. Development of a weak-base docetaxel 
derivative that can be loaded into lipid nanoparticles. J. Control. Release 2010, 144, 332–
340. 

116. Laginha K.M., Verwoert S., Charrois G.J., Allen T.M. Determination of doxorubicin levels 
in whole tumor and tumor nuclei in murine breast cancer tumors. Clin. Cancer Res. 2005, 
11, 6944–6949. 

117. Johnston M.J., Semple S.C., Klimuk S.K.et al. Therapeutically optimized rates of drug 
release can be achieved by varying the drug-to-lipid ratio in liposomal vincristine 
formulations. Biochim. Biophys. Acta 2006, 1758, 55–64. 

118. Charrois G.J.R., Allen T.M. Drug release rate influences the pharmacokinetics, 
biodistribution, therapeutic activity, and toxicity of pegylated liposomal doxorubicin 
formulations in murine breast cancer. Biochim. Biophys. Acta 2004, 1663, 167–177. 

119. Bibi S., Lattmann E., Mohammed A.R., Perrie Y. Trigger release liposome systems: local 
and remote controlled delivery? J. Microencapsul. 2012, 29, 262–276. 

120. Poste G, Bucana C, Raz A, Bugelski P, Kirsh R, Fidler IJ. Analysis of the fate of systemically 
administered liposomes and implications for their use in drug delivery. Cancer. Res. 
1982, 42, 1412–1422. 

121. Gabizon A., Catane R., Uziely B. et al. Prolonged circulation time and enhanced 
accumulation in malignant exudates of doxorubicin encapsulated in polyethylene glycol 
coated liposomes. Cancer Res. 1994, 54, 987–992. 

122. Weissmann G., Cohen C., Hoffstein S. Introduction of missing enzymes into the 
cytoplasm of cultured mammalian cells by means of fusion-prone liposomes. Trans. 
Assoc. Am. Physicians 1976, 89, 171–183. 



 Nanotechnology in Drug Delivery  125 

123. Ozawa M., Asano A. The preparation of cell fusion-inducing proteoliposomes from 
purified glycoproteins of HVJ (Sendai virus) and chemically defined lipids. J. Biol. Chem. 
1981, 256, 5954–5956. 

124. Parente R.A., Nir S., Szoka F.C.J. pH-dependent fusion of phosphatidylcholinesmall 
vesicles. Induction by a synthetic amphipathic peptide.J. Biol. Chem.1988, 263, 4724–
4730. 

125. Bailey A., Monck M.A., Cullis P.R. pH-induced destabilization of lipid bilayers bya 
lipopeptide derived from influenza hemagglutinin.Biochim. Biophys. Acta 1997, 1324, 
232–244. 

126. Torchilin V.P., Rammohan R., Weissig V., Levchenko T.S. TAT peptide on thesurface of 
liposomes affords their efficient intracellular delivery even at lowtemperature and in the 
presence of metabolic inhibitors.Proc. Natl. Acad. Sci.U.S.A. 2001, 98, 8786–8791. 

127. Kelly C., Jefferies C., Cryan S.A. Targeted liposomal drug delivery to monocytes and 
macrophages. J. Drug Deliv. 2011, 2011, 727241. 

128. Torchilin V.P. Recent advances with liposomes as pharmaceutical carriers. Nat. Rev. Drug 
Discovery 2005, 4, 145-160. 

129. Zhao G., Rodriguez B.L. Molecular targeting of liposomal nanoparticles to tumor 
microenvironment. Int. J. Nanomed. 2013, 8, 61-71. 

130. Deshpande P.P., Biswas S., Torchilin V.P. Current trends in the use of liposomes for 
tumor targeting. Nanomedicine 2013, 8, 1509-1528. 

131. Chang H-I., Yeh M-K. Clinical development of liposome-based drugs: formation, 
characterization, and therapeutic efficacy. Int. J. Nanomed. 2012, 7, 49-60. 

132. Tahover E., Patil Y.P., Gabizon A.A. Emerging delivery systems to reduce doxorubicin 
cardiotoxicity and improve therapeutic index: focus on liposomes. Anti-Cancer Drugs 
2015, 26, 241–258 

133. Barenholz Y. Doxil® — the first FDA-approved nano-drug: lessons learned, J. Control. 
Release 2012, 160, 117–134 

134. Silverman J.A., Deitcher S.R. Marqibo® (vincristine sulfate liposome injection) improves 
the pharmacokinetics and pharmacodynamics of vincristine. Cancer Chemother. 
Pharmacol. 2013, 71, 555–564. 

135. Sharma N.K., Kumar V. Liposomal paclitaxel: Recent trends and future perspectives. Int. J. 
Pharm. Sci. Rev. Res. 2015, 31, 205-211. 

136. Ryu J.H., Koo H., Sun I.C. et al. Tumor-targeting multi-functional nanoparticles for 
theragnosis: new paradigm for cancer therapy. Adv. Drug Deliv. Rev. 2012, 64, 1447-
1458. 

137. Chandrawati R., Caruso F. Biomimetic liposome- and polymersome-based multi-
compartmentalized assemblies. Langmuir 2012, 28, 13798−13807. 

138. Paleos C.M., Tsiourvas D., Sideratou Z., Pantos A. Formation of artificial 
multicompartment vesosomes and denrosome as prospected drug and gene delivery 
carries. J. Control. Release 2013, 170, 141-152. 

139. Griffiths G. Cell evolution and the problem of membrane topology. Nature Rev., Mol. Cell 
Biol. 2007, 8, 1018-1024. 

140. Albers S-V., Meyer B.H. the archaeal cell envelope. Nature Rev., Microbiology 2011, 9, 
414-426. 

141. Trevors J.T., Pollack G.H. Hypothesis: the origin of life in a hydrogel environment. Prog. 
Biophys. Mol. Biol. 2005, 89, 1-8. 



 Nanotechnology in Drug Delivery  126 

142. Torchilin V.P., Klibanov A.L., IvanovN.N., Ringsdorf H., Schlarb B. Polymerization of 
liposome-encapsulated hydrophilic monomers. Makromol. Chem., Rapid Commun. 1987, 
457–460. 

143. Gao K.,Huang L. Solid core liposomes with encapsulated colloidal gold particles.Biochim. 
Biophys. Acta. Biomembranes1987, 897(3), 377-383. 

144. Samain D., Bec J-L., Cohen E., Nguyen F., Peyrot M. Particulate vector useful in particular 
for the transport of molecules with biological activity and process for its preparation. 
Publication number WO1989011271, 1989. 

145. Castignolles N., Betbeder D., Ioualalen K., Merten O., Leclerc C., Samain D., Perrin P. 
Stabilization and enhancement of interleukin-2 in vitro bioactivity by new carriers: 
supramolecular biovectors. Vaccine 1994, 12(15), 1413-1418. 

146. Monshpouri M., Rudolph A.S. Method of forming hydrogel particles having a controlled 
size using liposomes. US patent 5464629, 1995. 

147. Perrott M.G., Barry S.E. Liposome-assisted synthesis of polymeric nanoparticles. US 
patent 6217901, 2001 

148. Kazakov S.o, Kaholek M., Kudasheva D., Teraoka I., Cowman K. M., Levon K. Poly(N-
isopropylacrylamide-co-1-vinylimidazole) hydrogel nanoparticles prepared and 
hydrophobically modified in liposome reactors: Atomic force microscopy and dynamic 
light scattering study. Langmuir 2003, 19(19), 8086-8093 

149. Viallat A., Dalous J., Abkarian M. Giant lipid vesicles filled with a gel: shape instability 
induced by osmotic shrinkage. Biophys. J. 2004, 86, 2179–2187 

150. Stauch O., Uhlmann T., Frohlich M., et al. Mimicking a cytoskeleton by coupling poly(N-
isopropylacrylamide) to the inner leaflet of liposomal membranes: effects of 
photopolymerization on vesicle shape and polymer architecture. 
Biomacromolecules2002, 3, 324-332. 

151. Campbell A., Taylor P., Cayre O. J., Paunov V.N. Preparation of aqueous gel beads coated 
by lipid bilayers. Chem. Commun. 2004, 2378–2379. 

152. Patton J.N., Palmer A.F. Engineering temperature-sensitive hydrogel nanoparticles 
entrapping hemoglobin as a novel type of oxygen carrier.Biomacromolecules2005, 6, 
2204-2212. 

153. Patton J.N., Palmer A.F. Photopolymerization of bovine hemoglobin entrapped nanoscale 
hydrogel particles within liposomal reactors for use as an artificial blood substitute. 
Biomacromolecules2005, 6, 414-424. 

154. Van Thienen T.G., Lucas B., Flesch F.M., Nostrum C.F., Demeester J., De Smedt S.C. On 
the synthesis and characterization of biodegradable dextran nanogels with tunable 
degradation properties. Macromolecules 2005, 38_8503-8511. 

155. Jesorka A., Markstro M., Karlsson M., Orwar O. Controlled hydrogel formation in the 
internal compartment of giant unilamellar vesicles. J. Phys. Chem. B 2005, 109, 14759-
14763.  

156. Schillemans J.P., Flesch F.M., Hannink W.E., van Nostrum C.F. Synthesis of bilayer-coated 
nanogels by selective cross-linking of monomers inside liposomes. Macromolecules 2006, 
39, 5885-5890. 

157. Tiwari S., Goyal A.K., Mishra N. et al. Development and characterization of novel carrier 
gel core liposomes based transmission blocking malaria vaccine. Journal of Controlled 
Release 2009, 140, 157–165. 



 Nanotechnology in Drug Delivery  127 

158. Hong J.S., Stavis S.M., DePaoli Lacerda S.H., Locascio L.E., Raghavan S.R., Gaitan M. 
Microfluidic directed self-assembly of liposome-hydrogel hybrid nanoparticles. Langmuir 
2010, 26(13), 11581–11588. 

159. Faivre M., Campillo C., Viallat A., Pepin-Donat B. Responsive giant vesicles filled with 
poly(N-isopropylacrylamide) sols or gels. Progress in Colloid & Polymer Science 2006, 133, 
41-44. 

160. Pépin-Donat B., Campillo C., Quemeneur F. et al. Lipidic composite vesicles based on 
poly(NIPAM), chitosan or hyaluronan: behaviour under stresses. Int. J. Nano Dim. 2011, 
2, 17-23. 

161. Peyrot M., Sautereau A.M., Rabanel J.M., Nguyen F., Tocanne J.F., Samain D. 
Supramolecular biovectors (SMBV) : a new family of nanoparticulate drug delivery 
systems. Synthesis and structural characterization. International Journal of 
Pharmaceutics, 1994, 102, 25-33 

162. De Miguel I., Ioualalen K., Bonnefous M., Peyrot M., Nguyen F., Cervilla M., et al. 
Synthesis and characterization of supramolecular biovector (SMBV) specifically designed 
for the entrapment of ionic molecules. Biochim Biophys Acta 1995, 1237, 49-58. 

163. Major M., Prieur E., Tocanne J.F., Betbeder D., Sautereau A.M. Characterization and 
phase behavior of phospholipids bilayers adsorbed on spherical polysaccharidic 
nanoparticles. Biochim Biophys Acta 1997, 1327, 32-40. 

164. De Miguel I., Imbertie L., Rieumajou V., Major M., Kravtzoff R., Betbeder D. Proofs of the 
structure of lipid-coated nanoparticles (SMBVTM) used as drug carriers. Pharmaceutical 
Research 2000, 17, 817-24. 

165. Park P.S.-H., Ng C.C., Buck S., Wells J.W., Cheng Y-L., Pennefather P.S. Characterization of 
radioligand binding to a transmembrane receptor reconstituted into Lipobeads. FEBS 
Letters 2004, 567, 344–348. 

166. Umamaheshwari R.B., Jain N.K. Receptor-mediated targeting of lipobeads bearing 
acetohydroxamic acid for eradication of Helicobacter pylori. J. Control. Release 2004, 99, 
27-40. 

167. De Geest B.G., Stubbe B.G., Jonas A.M., Van Thienen T., Hinrichs W.L.J., Demeester J., De 
Smedt S.C. Self-exploding lipid-coated microgels.Biomacromolecules 2006, 7, 373–379. 

168. MacKinnon N., Guerin G., Liu B., Gradinaru C.C., Rubinstein J.L., Macdonald P.M. 
Triggered instability of liposomes bound to hydrophobically modified core-shell PNIPAM 
hydrogel beads. Langmuir 2010, 26, 1081–1089. 

169. Helwa Y., Dave N., Liu J. Electrostatically directed liposome adsorption, internalization 
and fusion on hydrogel microparticles. Soft Matter 2013, 9, 6151-6158. 

170. Gasperini L., Mano J.F., Reis R.L. Natural polymers for the microencapsulation of cells. J. 
R. Soc. Interface 2014, 11, 20140817 

171. Rosen H., Abribat T. The rise and rise of drug delivery. Nat. Rev. Drug Deliv. 2005, 4, 381-
385. 

172. Kazakov S., Kaholek M., Levon K. Hydrogel nanoparticles compatible with phospholipid 
bilayer. Polym. Preprint 2002, 43, 381-382. 

173. Klein J., Goldbergn R., Barenholtz Y., Schroeder A. Phosphatidylcholine lipid liposomes as 
boundry lubricants in aqueous media. US Patent application 2013, #20130142863. 

174. Lasic D.D., Frederic P.M., Stuart M.C.A., Barenholz Y., Mcintosh T.J. Gelation of liposome 
interior. A novel method for grug encapcylation. FEBS Lett. 1992, 312, 255-258. 

175. Zhang Y., Zhu E., Wang B., Ding J. A novel microgel and associated post-fabrication 
encapsulation technique of proteins. J. Control. Release 2005, 105, 260-268. 



 Nanotechnology in Drug Delivery  128 

176. Mah E., Ghosh R. Thermo-responsive hydrogels for stimuli-responsive membranes. 
Processes 2013, 1, 238-262. 

177. Schild H.G. Poly(N-isopropylacrylamide): Experiment, theory and application. Progr. 
Polym. Sci. 1992, 17, 163–249.  

178. Yang M., Liu C., Li Z., Gao G., Liu F. Temperature-responsive properties of poly(acrylic 
acid-co-acrylamide) hydrophobic association hydrogels with high mechanical strength. 
Macromolecules 2010, 43, 10645–10651. 

179. Liu F., Seuring J., Agarwal S. A non-ionic thermophilic hydrogel with positive 
thermosensitivity in water and electrolyte solution. Macromol. Chem. Phys. 2014, 215, 
1466−1472. 

180. Shimada N., Kidoaki S. Maruyama A. Smart hydrogels exhibiting UCST-type volume 
changes under physiologically relevant conditions. RSC Adv., 2014, 4, 52346. 

181. Ricklin D., Hajishengallis G., Yang K. et al. Complement: a key system for immune 
surveillance and homeostasis. Nat. Immunol. 2010, 11, 785–797 

182. Allen T.M. A study of phospholipid interactions between high density lipoproteins and 
small unilamellar vesicles. Biochim. Biophys. Acta 1981, 640, 385–397.  

183. Frank M.M. The reticuloendothelial system and bloodstream clearance. J. Lab. Clin. Med. 
1993, 122, 487–488. 

184. Scherphof G.L., Kamps J.A. The role of hepatocytes in the clearance of liposomes from 
the blood circulation. Prog. Lipid Res. 2001, 40(3), 149–166. 

185. Ishida T., Harashima H., Kiwada H. Liposome Clearance. Bioscience Reports 2002, 22, 197-
224. 

186. Immordino M.L., Dosio F., Cattel L. Stealth liposomes: review of the basic science, 
rationale, and clinical applications, existing and potential. Int. J. Nanomedicine 2006, 1, 
297–315. 

187. Malhi S., Dixit K., Sohi H., Shegokar R. Expedition of liposomes to intracellular targets in 
solid tumors after intravenous administration. J. Pharmaceut. Invest. 2013, 43, 75–87. 

188. Haley B., Frenkel E. Nanoparticles for dryg delivery in cancer treatment. Urol. Oncol. 
2008, 26, 57-64. 

189. Nagy J.A., Chang S-H., Dvorak A.M., Dvorak H.F. Why are tumour blood vessels abnormal 
and why is it important to know? Br. J. Cancer 2009, 100, 865-869. 

190. Noguchi Y., Wu J., Duncun R., et al. Early phase tumor accumulation of macromolecules: 
a great difference in clearance rate between tumor and normal tissues. Jpn. J. Cancer 
Res. 1998, 89, 307-314. 

191. Sahay G., Alakhova D.Y., Kabanov A.V. Endocytosis of nanomedicines. J. Control. Release 
2010, 145, 182–195 

192. Iversen T.G., Skotland T., Sandvig K. Endocytosis and intracellular transport of 
nanoparticles: present knowledge and need for future studies. Nano Today 2011, 6, 176-
185. 

193. Düzgüneş N., Faneca H., Pedroso de Lima M.C. Methods to monitor liposome fusion, 
permeability, and interaction with cells. Methods Mol. Biol. 2010, 606, 209-232. 

194. Frank P., Siebenhofer B., Hanzer T., et al. Proteo-lipobeads for the oriented 
encapsulation of membrane proteins. Soft Matter 2015, 11, 2906-2908. 

195. Kisak E.T., Coldren B., Evans C.A., Boyer C., Zasadzinski J.A. The vesosomes – A 
multicompartment drug delivery vesicle. Curr. Medic. Chem. 2004, 11, 199-219. 



 Nanotechnology in Drug Delivery  129 

196. Paleos C.M., Tsiourvas D., Sideratou Z., Pantos A. Formation of artificial 
multicompartment vesosome and dendrosome as prospected drug and gene delivery 
carriers. J. Control. Release 2013, 170, 141-152. 

197. Zagar T.M., Vujaskovic Z., Formenti S., et al. Two phase I dose-
escalation/pharmacokinetics studies of low temperature liposomal doxorubicin (LTLD) 
and mild local hyperthermia in heavily pretreated patients with local regionally recurrent 
breast cancer. Int. J. Hyperthermia 2014, 30, 285–294. 


