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ABSTRACT 
 

The bi-compartmental structure of lipobeads is the next 

level of complexity in drug delivery systems. Although this 

complexity brings technological challenges, being natural 

per se, lipobeads provide a number of advantages for 

effective drug delivery: biocompatibility and stability, 

capability of delivering a broad range of drugs, relevancy 

for systemic drug administration routes, suitability to 

different diseases, the potential to target specific cells 

within the body, and a variety of tiny mechanisms for 

controlled drug release from these multipurpose containers. 

The paper highlights the potential of lipobeads and 

discovered advantages of their use to stimulate a growing 

attention to lipobeads as the conceptually new drug delivery 

system. 

 

Keywords: liposomes, nanogels, supramolecular assembly, 

lipobeads, drug delivery systems 

 

1 INTRODUCTION 
 

Both polymeric (Figure 1I) and liposomal (Figure 1II) 

drug delivery systems tended 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 and multicompartmental drug 

delivery formulations achievable experimentally in 

laboratory. A logical combination of polymeric and 

liposomal beaded nanoscopic systems is lipobeads – the 

lipid vesicles filled with polymeric networks (Figure 1III) 

[1-4].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Spherical lipid bilayer/hydrogel assembly (lipobead, III) resulted from a combination of polymeric (I) and liposomal 

(II) nanoscopic drug delivery systems developed in order of increasing complexity: 

A – usage of phospholipid with the gel-to-liquid phase transition temperature higher than physiological one (>37C), 

incorporation of cholesterol and/or sphigolipids; 

B – usage of neutral or slightly negative phospholipids with a diameter around 100 nm, modification of liposome surface with 

protective polymers such as PEG; 

C – a ligand-conjugated lipid bilayer 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 – a stimuli-sensitive lipid bilayer releasing a drug under control of external (temperature, radiation, ultrasound) or internal 

(pH, enzyme, redox) triggers. 
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Bringing a new drug through all stages of development 

(discovery, clinical testing, and regulatory approval) is an 

expensive and time-consuming process. The concept of the 

lipobeads proposed about 30 years ago is still at the stage of 

discovery and development.  

This paper addresses three main issues, which should be 

recognized to push the concept of lipobeads to the next 

level of development (clinical trials): (i) two major methods 

for lipobeads’ synthesis, (ii) mechanisms of controlled drug 

release using the lipobeads with an environmentally 

responsive hydrogel core, (iii) the future of lipobeads in 

terms of their applications as a recognized combination and 

multifunctional drug delivery system. The original 

microscopic (optical, fluorescence, confocal, AFM) data on 

nano-(< 1 m) and “giant” (> 1 m) lipobeads demonstrate 

their technological achievability and support the 

expectations that additional expenses on their production 

could be reimbursed by the potential advantages of their 

use. 

 

2 TWO WAYS OF LIPOBEADS 

PREPARATION 
 

Gelation within liposomes. Preparation of lipobeads 

using vesicle interior as microreactors includes a very 

crucial step [3-4]: prevention of cross-linking or 

polymerization outside liposomes (dilution, gel filtration, 

centrifugation and dialysis, introduction of polymerization 

scavengers into the extravesicular space, microinjection of 

hydrogel forming solution directly into the internal 

compartment of a giant unilamellar phospholipid vesicle). 

Poly(N-isopropylacrylamide) (PNIPA) is a classic 

example of temperature sensitive polymer with the volume 

phase transition temperature in the range of physiological 

temperatures (TV ~ 32–37C). Cross-linked by N,N-

methylene-bis-acrylamide (MBA), PNIPA forms a 

temperature sensitive three-dimensional polymer network. 

Co-polymerization with other monomers can bring either 

ionic (pH) sensitivity [e.g., cationic 1-vynilimidazole (VI) 

or anionic acrylic acid (AA)], hydrophobicity [e.g., N-(n-

octadecyl)acrylamide)] or fluorescent labeling [e.g.,  

fluorescein-o-acrylate (FA)] to the hydrogel. 

When a liposome containing a hydrogel forming 

solution with a photoinitiator (e.g., diethoxyacetophenone, 

DEAP) is exposed to UV light, free radical polymerization 

initiates to yield the so-called non-anchored (Figure 2, 

process 1) or anchored (process 2) lipobeads. On the 

nanometer scale, bipartite structure of lipobeads was 

confirmed by AFM (image A). Dual-color fluorescence 

images of giant lipobeads (GLBs) fabricated by UV 

polymerization of PNIPA within giant vesicles containing a 

fluorescent phospholipid (process 3) are shown in images B 

and B'. The green signal indicates the presence of hydrogel 

cores (FA was covalently attached to the polymer chains), 

whereas the red signal corresponds to 1,2-dipalmitoyl-sn-

glycero-3-phosphoethanolamine-N-(lissamine rhodamine B 

sulfonyl) (Rhod B-PE) present in the lipid bilayers. 

Polymerization within liposomes was 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). The 

PNIPA-VI nanogels were temperature (processes 6 and 7) 

and pH sensitive (process 8, image C). It was found that 

lipobeads prefer to aggregate in the course of thermal 

collapsing of the hydrogel core (processes 9 and 10): the 

anchored lipobeads did not fuse upon aggregation (image 

D) and reversibly disaggregated when nanogels swelled 

back at room temperature (process 9), whereas aggregation 

of the non-modified lipobeads at temperatures higher than 

the TV (processes 10) appeared to be irreversible due to 

their partial or complete fusion (process 11) into the “giant” 

lipobeads shown in the image E. Importantly, the 

phospholipid bilayer spontaneously self-assembled around 

a nanogel (image F) upon mixing (process 12) with 

liposomes (image F') to form secondary lipobeads (image 

F''). This strong compatibility of nanogels with 

phospholipid bilayer justified the other method for 

lipobeads preparation: nanogel/liposome mixing. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Properties of PNIPA-VI lipobeads prepared by 

gelation within liposomes (see text for details). 

Microgel/nanogel–liposome mixing. In contrast to 

gelation within a liposomal reactor, the hydrogel particles 

and liposomes are prepared separatelly and the final size of 

lipobeads is defined by the size of hydrogel particles. 

Nanogels (< 1m) can be prepared by extraction from 

liposomal reactors [5], by crashing of bulk hydrogel down 

to nanosized particles in a high pressure homogenizer [6] or 

by emulsion polymerization. In this work, giant PNIPA-FA 

lipobeads (1–250 m) were prepared by the inverse 

suspension polymerization (ISP).  

Whatever the method of liposome production is, there 

are many ways to bring them into contact with hydrogel 

particles, e.g., direct mixing of hydrogel particles and 

liposomes, addition of hydrogel particles into dried lipid 
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film before hydration, and hydration of the lipid film by 

aqueous suspension of hydrogel particles. Usually, free 

liposomes are washed out by centrifugation or removed by 

ultrafiltration or dialysis.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Confocal images of the lipid bilayers (red) of 

different compositions and methods of preparation on the 

surface of PNIPA microgels. 

To decrease the number of steps in preparation of 

lipobeads, we used a recently proposed method for 

preparation of giant multilamellar vesicles (GMV) [7], 

comprising the injection of a phospholipid solution in 

ethanol into hot water, in comparison with the conventional 

lipid film hydration and examined the ability of 

multilamellar (not unilamellar) vesicles to form a lipid 

bilayer on the surface a spherical microgel under their 

mixing. The lipidic formulations contained either Hydro 

Soy L--phosphatidylcholine (HSPC, Tt = 52°C) or Egg 

chicken L--phosphatidylcholine (EPC, Tt = -10°C). If 

cholesterol was added, its amount was adjusted to the 

phospholipid/cholesterol molar ratio of 9:1. To visualize the 

lipid coat, fluorescent phospholipid RhodB-PE was added. 

As shown in Figure 3, six types of lipobeads were 

visualized using confocal laser scanning microscopy.  
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Figure 4: Lipobeads after mixing liposomes with microgels. 

The first observation was that microgels have a lipid 

coat in all cases. Nevertheless, homogeneity of the lipid 

layer depended on the extent of its fluidity and 

multilamellarity of GMVs. To form unilamelar liposomes, 

the most heterogeneous lipidic formulation #6 was 

sonicated for 2 hours and incubated with microgels 

overnight. The confocal microscopy images of a lipobead 

fabricated after GMV sonication (Figure 4) explicitly 

showed that smaller unfused vesicles were readily washed 

out by a low-speed centrifugation and a microgel sphere 

was completely covered by a homogeneous lipid layer. 

 

3 ADVANTAGES OF LIPOBEADS 
 

Higher loading capacity. In the case of lipobeads 

prepared by hydrogel/liposome mixing, the only drug 

loaded into microgels was doxorubicin [8]. Encapsulation 

was performed by soaking the dry hydrogel particles in a 

drug-dissolved solution. The drug diffused inside in the 

course of the polymer network swelling. Further mixing of 

hydrogel particles with liposomes encapsulated the drug 

into lipobeads. A high doxorubicin concentration of ~2 M, 

which is 10-fold the concentration in liposomes [9] was 

achieved. 

Prolonged drug release. 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) [10], whereas for a lighter protein 

interleukin-2 (Mw 17 kDa) [11] D50 equals 8 hours for 

nanogels (150 nm), 16 hours for liposomes (100 nm), 

and 52 hours for lipobeads (120 nm. In comparison, the 

characteristic time (D50) for release of doxorubicin from 

uncoated microgels (~6 m) was estimated [8] to be 

about 1.5 min, whereas the release of doxorubicin from 

lipobeads was not detected at all within this time scale. 

New mechanisms of drug release. In the so-called 

“sponge-like” mechanism, the hydrogel core initially is in a 

swollen state. When the environment changes (temperature, 

pH, etc.), the polymer network shrinks like a sponge to 

release the loaded drug into the space between gel and lipid 

membrane. The drug slowly 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. 

In the “poration” mechanism, the hydrogel core 

initially is a shrunken state and drug molecules are trapped 

more tightly within the polymer network. When the 

environment changes, the polymer network swells so much 

that the volume of hydrogel core becomes greater than the 

space provided by the closed lipid bilayer. A “growing” 

hydrogel core causes stratching and “poration” of the lipid 

bilayer  resulting in the drug release through the pores. This 

mechanism provides a drastic increase in the rate of drug 

release in response to stimuli. 

In the “burst” mechanism, if a polymer network 

degrades, the swelling pressure inside increases, because 

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 
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(“exploding” lipobeads). As a result, encapsulated drug 

falls out of lipobeads with the maximal release rate (“burst” 

release). 

Drug combinations in lipobeads. The first scheme [10] 

of drug combination delivered by lipobeads showed a low 

level of drug leakage, no macroscopic sign of adverse 

reaction (redness, swelling and formation of granulomas) at 

the site of intramuscular injection, and maximal immune 

response. The second scheme [11] revealed that 

bioactivities of drugs are unaffected by the incorporation 

procedure (UV exposure in the course of polymerization), 

no toxicity on mice, the highest accumulation of lipobeads 

was observed in lungs and liver of the lung metastatic 

animals, both innate and adaptive immune systems were 

stimulated , both tumor growth rate and tumor mass were 

significantly reduced, and as a result, survival of the 

metastatic melanoma mouse models administered 

intravenously drastically increased. 

Combined multifunctional containers. In the system 

made of anchored lipobeads (reversible aggregation, 

process 9 in Figure 2), the initial formulation may consist of 

two different drugs entrapped in different lipobeads. Under 

switching condition #1, both drugs can be simultaneously 

delivered as one aggregate to the targeted organs in the 

body. At switching condition #2, either one or the other 

drug can be released in the desired order. In the system 

based on irreversible aggregation of unachored lipobeads 

(processes 10 and 11 in Figure  2), 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. 

Internalization into the cells. The internalization of 

lipobeads into the cells can proceed via (i) phagocytosis or 

the so-called ‘‘cell eating’’ mechanism by which larger 

lipobeads can be taken into and degraded within the cells, 

(ii) pinocytosis or the “cell drinking” mechanism, i.e. 

lipobeads in the fluid phase area of invagination can be 

taken up to form pinosomes inside the cells, and (iii) 

different endocytic pathways which can be distinguished in 

accord with the specific molecular regulators (the clathrin-

mediated endocytosis, dynamin-dependent and dynamin-

independent mechanisms, receptor-mediated endocytosis). 

In addition, the mutual fusion of cell membrane and lipid 

bilayer of lipobeads can occur at the cell surface with 

internalization of just the drug-loaded nanogels.  

The next levels of complexity. The proteo-lipobeads 

with a controlled orientation of the membrane protein and 

enhanced stability have been developed recently [12,13]. It 

is expected that those lipobeads with proteins incorporated 

into lipid bilayer could bring about tiny signaling 

mechanisms to regulate drug release. 

By analogy with liposomes encapsulating smaller 

liposomes known as vesosomes [14], liposomes 

encapsulating smaller lipobeads can be constructed and 

named as “vesobeads”. Besides all advantages of 

conventional lipobeads, 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 can be devised as well. Indeed, if an 

external lipid bilayer of vesobead fuses with the cellular 

plasma membrane, a bunch of drug-loaded lipobeads could 

be injected inside the cell. 

 

4 CONCLUSIONS 
 

The data present here and available in literature showed 

that drug-loaded lipobeads demonstrate properties attractive 

for the next generation of drug delivery systems. To the 

great extent, the major methods for lipobeads’ synthesis 

(polymerization within liposomal interior and 

hydrogel/liposome 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. 
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