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ABSTRACT 

BIOLOGICAL FATE OF LIPOSOMES: ROLE OF COMPLEMENT CASCADE IN 
RELEASE CONTENT AND CLEARANCE IN RODENTS 

 
Viana I.M.O.1,2; Bertrand, N.2; Lima, E.M.1 

 

1Laboratory of Pharmaceutical Technology (FARMATEC), Pharmacy School, Federal University of Goiás, 
Brazil. 2Faculty of Pharmacy, CHU de Quebec Research Center, Université Laval, Canada.  
 
ABSTRACT 
 
Introduction: Nanomedicines, including liposomes, have been studied and applied to 
improve clinical efficacy and safety of drugs. To tailor the pharmacokinetics of these 
systems, a hydrophilic polymer coating of poly(ethylene glycol) (PEG) has been used to 
prolong circulation time. It is believed that PEG prevents the interactions of liposomes with 
various clearance-enhancing proteins, therefore promoting their long circulation time. Vast 
literature supports that the complement cascade is responsible for the majority of the 
immune response against liposomes, including a rapid clearance. However, in a previous 
study, our group has shown, using transgenic animals unable to activate the complement 
cascade, that this pathway of the innate immunity could not explain the differences in early 
clearance observed with various non-liposomal drug delivery systems. Objectives: The 
purpose of this work is to explore the role of complement on the elimination of intravenously 
administered liposomes in rodents, and to study the impact of the size of liposomes in their 
behavior in serum. Methodology: Liposomes of 100 and 400 nm diameter were prepared 
and incubated in serum with and without EDTA in order to evaluate the effect of complement 
on the release of hydrophilic content. To explore the role of complement activation on the 
pharmacokinetics of liposomes, animals were treated intraperitoneally with cobra venom 
factor 24 and 12 h before the intravenous injection of radiolabeled liposomes. Radioactivity 
of blood samples was assessed by scintillation counting. Results and discussion: 
Complement proteins seem to trigger the release of the content from 400 nm 
non-PEGylated liposomes in rat serum, conversely, no effect was shown in smaller 100 nm 
non-PEGylated liposomes. As expected, the non-PEGylated liposomes showed faster 
elimination than PEGylated liposomes in rodents. At a lipid dose of around 20 mg.kg- 1, the 
abrogation of the complement cascade did not interfere in the circulation time of either 
PEGylated and non-PEGylated liposomes. However, at lower doses, the complement 
cascade seems to play a role on the faster elimination of non-PEGylated liposomes. 
Conclusion: The activation of the complement cascade may be not enough to predict the 
elimination time of PEGylated and non-PEGylated liposomes. 
 
Keywords: Complement cascade, size effect, liposomes, release content, PEG coverage, clearance, 
rodents. 
 
Acknowledgements: CAPES, CNPq, FINEP, FUNDEP. 
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RESUMO 

DESTINO BIOLÓGICO DOS LIPOSSOMAS: PAPEL DA CASCATA DO 
COMPLEMENTO NA LIBERAÇÃO DE CONTEÚDO E ELIMINAÇÃO EM ROEDORES 

 
Viana I.M.O.1,2; Bertrand, N.2; Lima, E.M.1 

 

1Laboratório de Tecnologia Farmacêutica (FARMATEC), Escola de Farmácia, Universidade Federal de Goiás, 
Brasil. 2Escola de Farmácia, CHU do Centro de Pesquisa de Québec, Universidade Laval, Canadá.  
 
RESUMO 
 
Introdução: Nanomedicamentos, incluindo lipossomas, têm sido estudados e aplicados 
para melhorar a eficácia clínica e a segurança de fármacos. Visando alterar a 
farmacocinética destes sistemas, uma cobertura com polímero hidrofílico de 
poli(etilenoglicol) (PEG) tem sido empregado para prolongar o tempo de circulação. 
Acredita-se que o PEG evita as interações dos lipossomas com proteínas que aumentam a 
depuração, promovendo assim a sua longa circulação. Vários trabalhos sustentam que a 
cascata do complemento é responsável pela resposta imune contra lipossomas, incluindo 
a rápida eliminação. No entanto, em um estudo anterior, nosso grupo demonstrou, 
empregando animais transgênicos incapazes de ativar a cascata do complemento, que 
essa via da imunidade inata não explica as diferenças na depuração inicial observada com 
diferentes sistemas de liberação de fármacos. Objetivos: O objetivo deste trabalho é 
explorar o papel do complemento na eliminação de lipossomas administrados por via 
intravenosa em roedores, e estudar o impacto do tamanho dos lipossomas em seu 
comportamento no soro. Metodologia: Lipossomas de 100 e 400 nm de diâmetro foram 
preparados e incubados em soro e soro com EDTA para avaliar o efeito do complemento 
na liberação de conteúdo hidrofílico. Para explorar o papel da ativação do complemento na 
farmacocinética dos lipossomas, os animais foram tratados intraperitonealmente com fator 
de veneno de cobra 24 e 12 h antes da injecção intravenosa de lipossomas radiomarcados. 
A radioatividade das amostras de sangue foi avaliada por contagem de cintilação. 
Resultados e discussão: As proteínas do complemento parecem desencadear a liberação 
do conteúdo de lipossomas não-PEGuilados de 400 nm em soro de rato, por outro lado, 
nenhum efeito foi mostrado nos lipossomas não-PEGuilados de 100 nm. Como esperado, 
os lipossomas não-PEGuilados foram eliminados mais rapidamente do que os lipossomas 
PEGuilados em roedores. Quando cerca de 20 mg.kg-1 de lipídeos são administrados, a 
cascata do complemento não interfe no tempo de circulação dos lipossomas PEGuilados e 
não PEGuilados. No entanto, em doses mais baixas, a cascata do complemento parece ter 
um papel na eliminação rápida de lipossomas não-PEGuilados. Conclusão: A ativação da 
cascata do complemento pode não ser suficiente para prever o tempo de eliminação de 
lipossomas PEGuilados e não-PEGuilados.  
 
Palavras-chave: Cascata do complemento, efeito do tamanho, lipossomas, liberação de conteúdo, 
cobertura de PEG, eliminação, roedores. 
 
Agradecimentos: CAPES, CNPq, FINEP, FUNDEP. 
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1 INTRODUÇÃO 

 Nanostructured systems used for pharmaceutical purposes are composed by 

particles with  sizes ranging from around 1 to 100 nanometers (Initiative, 2018), up to few 

hundred nanometers. When compared to conventional drug products, nanostructured drug 

delivery systems exhibit distinct properties, some of which are very promising for the 

therapeutic applications (Ma et al., 2009; Kim et al., 2010). Enhancing drug delivery and 

targeting upon intravenous administration (e.g. treatment of tumors), with consequent 

increase of effectiveness and safety of treatment (Peer et al., 2007; Bertrand et al., 2014), 

are among the main advantages of the pharmaceutical nanotechnology approach. 

 Despite the great advances that nanotechnology has brought to medicine, relatively 

few products are commercially-available or in clinical phase (Admnistration; Fonseca et al., 

2014). Nanostructured systems have provided significant reduction in adverse effects, 

though not always associated with increased efficacy (Ernsting et al., 2013; Petersen et al., 

2016). For instance, liposomal doxorubicin (Doxil or Caelyx®) increases in 10 to 15-fold the 

amount of doxorubicin in tumor(Laginha et al., 2005; Ernsting et al., 2013). The 

pharmacokinetics and pharmacodynamics of nanocarriers have a large interpersonal 

variability (Caron et al., 2012; Anselmo e Mitragotri, 2014). Moreover, hypersensitivity 

reactions (Szebeni, 2018) and enhanced clearance upon subsequent doses of 

long-circulating nanoparticles (prepared with a hydrophilic polymer coating of poly(ethylene 

glycol) (PEG)) (Laverman, Boerman, et al., 2001; Abu Lila et al., 2013) have been reported, 

indicating that the in vivo behavior is not fully understood and predictable.  

 The physicochemical characteristics of the nanocarrier, such as size, shape, charge, 

surface modifications (such PEG coverage) and composition impact directly on their 

interactions with the biological environment and consequently on their biodistribution and 

delivery of drugs to the target tissues (Laginha et al., 2005; Bertrand et al., 2009; Bertrand 

et al., 2010; Ernsting et al., 2013). Many studies have shown, for example, that nanoparticles 

covered with hydrophilic polymers (including PEG) of the nanoparticles promote less 

adsorption of plasma proteins (opsonins) on the surface and less phagocytosis by 

macrophages, thus showing prolonged systemic circulation (Bertrand et al., 2009; Jones et 

al., 2013). However, our group had showed, using transgenic animals unable to activate the 

complement cascade, that the complement cascade could not explain the biological fate of 
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PEGylated nanoparticles (Bertrand, N. et al., 2017). The circulation time might be dependent 

on animal model employed. For example, stealth liposomes modified with 

monosialoganglioside GM1 showed long circulation time in mice and fast elimination in rats 

(Allen e Hansen, 1991; Bertrand e Leroux, 2012). 

In general, the physical and chemical properties of nanocarriers influence their 

biological fate. However, the effect of the size of liposomes in the release of their content 

remains unclear. Beyond that, the impact of the complement cascade on the 

pharmacokinetic profile of PEGylated and non-PEGylated liposomes has not yet been 

demonstrated. The understanding of the in vitro and in vivo behavior of liposomes may 

support the rational design of nanostructured systems for intravenous administration. 

Altogether, the main purpose of this work is to evaluate whether the activation of 

complement cascade by liposomes is relevant to the release of hydrophilic drugs and for 

the clearance of these nano drug carriers in rodents. 
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2 LITERATURE OVERVIEW 

2.1 Liposomes  
Nano-sized drug delivery vehicles, also known as nanomedicines, are being 

increasingly studied to improve the clinical efficacy and safety of drugs. Most 

commercially-available nanomedicines are liposomal formulations. Liposomes are vesicles 

made of one or multiple lipid bilayers surrounding an aqueous core (Figure 1). The lipid 

membrane and the aqueous core can load lipophilic and hydrophilic drugs respectively. The 

lipid membrane is formed by phospholipids, however other lipids such as cholesterol (CHOL) 

and lipids anchored to polymers are also widely used 16,17,18. There are several methods for 

the preparation of liposomes, such as sonication (Batzri e Korn, 1973), ethanol injection 

method (Batzri e Korn, 1973; Jaafar-Maalej et al., 2010; Shaker et al., 2017), reverse-phase 

evaporation (Szoka e Papahadjopoulos, 1978), lipid hydration (Akbarzadeh et al., 2013), 

freeze-thaw (Akbarzadeh et al., 2013), and membrane extrusion (Hope et al., 1985).  

 

Figure 1 – Liposome vesicles of multiple lipid bilayer (multilamellar vesicles, MLV) and one 
bilayer (large unilamellar vesicles, LUV) [source: the author]. 

 
 

Multilamellar vesicles (MLV) are offen prepared by the hydration of a thin lipid film 

(Hope et al., 1986). The extrusion of MLV through polycarbonate membranes is a method 

that allows good control over the diameter of vesicles. MLV extrusion through 100 nm 

membranes can lead to formation of large unilamellar vesicles (LUV) as well as small 

unilamellar vesicles (Hope et al., 1985; Akbarzadeh et al., 2013). LUV with size around 100 

nm are often used for cancer therapy, because this size is higher than the fenestration of 

blood capillaries and smaller than those of the tumor vessels, which leads to particle and 
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drug accumulation, a phenomenon coined as “enhanced permeability and retention” 

(Ernsting et al., 2013). Larger liposomes (with 400 nm) may be useful for targeting lungs. 

Liposomes with average diameter around 50 to 200 nm can be obtained by extrusion. 

Liposomes prepared by extrusion with Z-average higher than 200 nm may consist in a 

heterogenous mixture of LUV and MLV. LUV and MLV have trapped volume between 1 and 

30 µL µmol-1 lipid (Mayer, Bally, et al., 1986). SUV has low trapping volume of 

0.2-0.8 µL µmol-1 (Mayer, Bally, et al., 1986). 

 

2.1.1 PEGylation of liposomes 

Liposomes with PEG coverage, named PEGylated, are often used due their longer 

circulation time following intravenous administration. The first nanomedicine released on the 

market (Doxil®), for example, consists in doxorubicin loaded into liposomes prepared with 

hydrogenated phosphatidylcholine (HSPC), CHOL and 

Distearoyl-glycero-phosphoethanolamine-polyethylene glycol 2000 (DSPE-PEG 2000) 

(Admnistration). Increasing the PEG surface coverage leads to an improved steric effect. 

The size of PEG chains can also enhance circulation time. Indeed, PEG 2000 and 5000 are 

the most widely used for intravenous administration. The higher density of PEG in the 

coating leads to the transition between the mushroom and brush state at around 4 mol%, 

resulting in a denser layer and improved properties (Garbuzenko et al., 2005). Around 

15-20 mol% of the PEGylated lipid DSPE-PEG 2000 can be insert in liposome membranes 

(Hristova et al., 1995). However, the maximum membrane compressibility and highest 

biological stability are reached at 7 ± 2 mol% (Garbuzenko et al., 2005). The improved 

stability is a consequence of the tight packing between acyl chains and low 

hydration (Garbuzenko et al., 2005). Higher amounts of DSPE-PEG 2000 would induce 

micelle formation and bilayer solubilization (Garbuzenko et al., 2005). 

PEGylated liposomes can be obtained by pre- or post-insertion techniques of 

PEGylated lipids. The pre-insertion results in the presence of PEG on inner and outer layers 

of the membrane, while the post-insertion ensures that PEGylation occurs only on the 

exterior (Immordino et al., 2006) (Figure 2). DSPE- PEG 2000 at 2.5 mol% might achieve 

high coverage of outer layer by post-insertion technique (Abe et al., 2015), therefore, longer 

circulation time. Santos et al. showed that 0.5 mol% of “post-inserted” DSPE-PEG 2000 into 

liposomes surface is enough to prolong circulation time (Dos Santos et al., 2007). 
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Figure 2 – Liposomes prepared by pre- and post-insertion technique [source: the author]. 

 
 

In general, the post-insertion of PEGylated lipids into bilayers requires temperature 

above the phase transition to ensure proper membrane fluidity and permeability (Abe et al., 

2015). Lipid membranes in the liquid-crystalline state have higher fluidity and permeability 

than in the gel phase (Demel et al., 1968). The transition temperature of membranes varies 

according to lipid composition, such as phospholipid type and CHOL amount (Trauble e 

Sackmann, 1972). Phospholipids with saturated chains show increased intermolecular 

interactions and less spacing between their chains, therefore, the membrane is more 

compact and phase transition temperature is higher. Unsaturated phospholipids tend to 

have lower transition temperatures due the weaker interactions and higher space between 

their chains. CHOL is a component that alters the interactions between phospholipids 

chains, leading to lower enthalpy of transition (Demel et al., 1972; Klopfenstein et al., 1974). 

The impact of the addition of CHOL depends on the physical state of the phospholipid bilayer 

(Trauble e Sackmann, 1972). Vandijck et al. noticed that increasing CHOL content into 

phosphatidylcholine (PC)-phosphatidylethanolamine bilayers, the enthalpy of phase 

transition (and the transition temperature) decreased to the point of becoming undetectable 

(Vandijck et al., 1976). The general effect is that above the phase transition temperature the 

rigidity of the bilayer increases with addition of CHOL. CHOL-rich membranes do not seem 

to have gel-liquid phase transition(Leonard e Dufourc, 1991), therefore, the fluidity of the 

membranes may not change with the increase in the energy of the system. 

 

2.2 Liposomes for long circulation time and the immune system 

 The long circulation time of liposomes is desirable in cancer therapy (Gabizon, A. A. 

et al., 1993). To achieve this long circulation time, liposomes must evade the immune 

system. The characteristics of liposomes, such as size and composition, may play a role in 

their recognition and uptake by cells of mononuclear phagocytic system (MPS) (Gabizon, 

Alberto A. et al., 1993). The phagocytic cells delivery the liposome (with the drug entrapped) 
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in the liver, spleen and bone marrow, thus resulting in metabolism and excretion of the drug 

(Gabizon, A. A. et al., 1993; Gabizon, 2001). The drug elimination may also be consequence 

of release from liposomes into the bloodstream, allowing its faster elimination (Gabizon, A. 

A. et al., 1993; Gabizon, 2001). As shown by Gabizon et al., the clearance of doxorubicin 

from PEGylated liposomes (radiollabed with 3H) is faster than the 3H-labelled liposomes 

alone at 48 hours after intravenous administration in mice, suggesting that leakage of the 

doxorrubicin from liposomes is a mechanism of drug elimination (Gabizon, Alberto A. et al., 

1993). 

The immune response against nanocarriers occurs similarly to invading 

microorganisms. Immunoglobulins and proteins of the complement cascade participate of 

their recognition, leading to the elimination by the cells of the MPS (Vu et al., 2019). The 

proteins of the complement cascade are able to release cytokines, lyse and opsonize the 

liposomes (Szebeni et al., 2003). Thereafter, phagocytic cells are recruited, and B 

lymphocytes start production of specific immunoglobulins. The interaction of nanocarriers 

with proteins of the complement cascade may also cause severe hypersensitivity reactions 

(Szebeni, 2018). 

 

2.2.1 Complement cascade 

Complement cascade consists in a group of around 50 proteins, among circulating 

and membrane proteins (Hajishengallis et al., 2017). These proteins are responsible for 

global regulation of immunity and host defense against microorganisms (Hajishengallis et 

al., 2017). Complement proteins can bind directly to nanoparticles or to immunoglobulins, 

IgG and IgM. Upon binding, complement cascade is activated by three well known 

pathways: alternative, classical, or lectin (Szebeni et al., 2003; Ricklin et al., 2010; 

Hajishengallis et al., 2017) (Figure 3). 
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Figure 3 – Squeme highlighting the differences between the three pathways of complement 
cascade: alternative, classical and lectin. The single arrows symbolize one step, and three 

arrows symbolize more than one ligation and cleavage steps [source: the author]. 

 
 

Alternative pathway is initiated by spontaneous cleavage of C3 protein into C3b and 

C3a. C3b protein binds covalently to the antigen surface. C3b protein is responsible for 

opsonization of antigens, leading to phagocytosis by macrophages. C3a protein is 

chemotactic for neutrophils, monocytes and macrophages. After binding of C3b to surface, 

and in presence of Mg2+, factor B binds to C3b protein. Factor B is then cleaved by factor D 

in Ba and Bb. Bb, major component of factor B, remains covalently bound to C3b. C3bBb 

protein is the C3 convertase of alternative pathway (Abbas et al., 2011; Wibroe   e Moghimi, 

2012).  

 Classical pathway is triggered by IgG or IgM immunoglobulins binding to antigen 

surface, followed by C1q protein binding. C1q protein, when bound to Fc portion of 

immunoglobulins and in presence of Ca2+, activates C1r associated. C1r, in turn, activates 

and cleaves C1s. C1s activated cleaves C4 protein in C4a and C4b. C4b binds covalently 

to antigen surface. Next, C2 protein binds to C4b in presence of Mg2+. After C4b binding, 

C1s acts by cleaving C2 in C2a and C2b. The major component of C2, C2a, remains bound 

to C4b, forming the C3 convertase of the classical pathway, C4b2a (Abbas et al., 2011; 
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Wibroe   e Moghimi, 2012). Some authors have named the major component of C2 as C2b, 

therefore C3 convertase become C4b2b (Ricklin et al., 2010). 

 Lectin pathway occurs by lectin binding to mannose residues of microbial 

glycoproteins and glycolipids, or by ficolines binding to N-acetylated surfaces. The 

enzymatic cascade is similar to classical pathway steps, once C3 convertase corresponds 

to C4b2a protein (Abbas et al., 2011; Wibroe   e Moghimi, 2012). 

C3 convertase amplifies the immune response by cleaving another C3 protein and 

releasing more C3a and C3b. At this point of the cascade, C3b can also bind to C3 

convertase, producing the protein C3bBb3b or C4b2a3b, known as C5 convertase (Abbas 

et al., 2011). 

Cleavage of C5 protein by C5 convertase leads to release of the anaphylatoxin C5a. 

The larger fragment, C5b protein, remains binded to C5 convertase. The enzymatic cascade 

ends on the formation of C5b-9, which is composed by proteins C6, C7, C8 and C9 

associated to C5b (Abbas et al., 2011).  

 Independent of the pathway, complement cascade produces cytokines, opsonins and 

terminal lytic complex. Cytokines C3a, C4a and C5a recruit macrophages and mast cells, 

which eliminate the opsonized antigens by C3b proteins. C5b-9 proteins, also known as 

terminal complement complex (TCC) or membrane attack complex, create a pore in the 

microorganism's membrane, leading to its lysis (Ricklin et al., 2010). Besides these 

immediate actions, along with innate immune response, complement proteins stimulate B 

cells to produce immunoglobulins, inducing the acquired immune response (Hajishengallis 

et al., 2017). 

 

2.2.1.1 Complement-nanocarriers interaction and consequences 

Interaction between nanocarriers and complement proteins are regulated by various 

dynamic interfacial forces and physicochemical properties such as size, charge, shape, 

hydrophobicity, hydrophilicity, chemical composition and coverage by functional groups 

(Milani et al., 2012; Caracciolo et al., 2015).  

Nanocarriers with zeta potential near to neutral (± 10 mV) have been related to lower 

interactions with complement proteins and the MPS (Perry et al., 2012; Ernsting et al., 2013). 

In general, negatively or positively charged structures activate the complement cascade. 

However, this activation is not always observed (Devine et al., 1994). The recently published 

work of Thielens et al. shows that anionic micelles (containing carboxylic group on the 
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surface) are able to activate complement cascade by alternative pathway in mice serum, 

while cationic micelles (with ammonium groups) do not activate complement (Thielens et 

al., 2018). The activation of the complement cascade seems dependent on charge 

distribution onto structures (Sou e Tsuchida, 2008). As showed by Sou and Tsuchida, 

vesicles containing different acidic lipids for surface modification (conventional acidic 

phospholipid or carboxylic acid derivative) led to different outcomes, regardeless the charge 

on the surface (Sou e Tsuchida, 2008). Vesicles modified with conventional acid 

phospholipids led to significantly complement activation, while vesicles modified with a 

carboxylic acid did not induce the complement cascade (Sou e Tsuchida, 2008). The 

negative charge on PEGylated lipids (of the phosphate moiety) is responsible for 

complement activation in PEGylated vesicles (Moghimi et al., 2006). The micelles produced 

with PEGylated phospholipid, on the other hand, did not activate complemente cascade 

(Moghimi et al., 2006). 

The composition of liposomes seems to define their interactions with complement 

cascade, interfering in their systemic stability and circulation time (Moghimi et al., 2011). 

Liposomes of 800 nm in diameter containing 44 mol% of CHOL activate complement 

cascade preferably by alternative pathway, while 800 nm liposomes containing 22 mol% 

CHOL or 33 mol% CHOL activate the classical pathway (Ishida et al., 2001). The resulting 

effect of CHOL content is an increase in the elimination of liposomes by the liver (Ishida et 

al., 2000). Liposomes modified by PEG have a significant impact on the activation of the 

complement cascade. The steric effect of PEG prevents the binding of proteins and 

phagocytosis by MPS. Therefore, they may have longer circulation times than 

non-PEGylated liposomes and are known as stealth or furtive (Allen e Hansen, 1991; Allen 

et al., 1991). Perry et al. studied the relationship between the PEG coverage of hydrogel 

nanoparticles and the phagocytosis by macrophages and pharmacokinetics profiles (Perry 

et al., 2012). PEG 5000 was used to prepare nanoparticles with high coverage density 

(0.083 ± 0.006 PEG nm-2) and low coverage density (0.028 ± 0.002 PEG nm-2), brush and 

mushroom conformation respectively. In vitro and in vivo experiments indicated that 

increase in the surface coverage of hydrogels, decreased the adsorption of plasma proteins 

(opsonins) to their surface and decreased phagocytosis by the macrophages, thus resulting 

in prolonged systemic circulation (Perry et al., 2012). In addition, the authors observed a 

decrease in liver accumulation and an increase in spleen accumulation as the PEG density 

increases, indicating that this property of the nanoparticles also interferes with the uptake 

by the macrophages of these organs (Perry et al., 2012). As previously shown by our group, 

using knockout mice, the clearance of polymeric nanoparticles with low and high PEG 
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coverage is similar in animals with and without ability to activate complement cascade 

(Bertrand, N. et al., 2017). Finally, PEG coverage does not have the same effect after 

repeated doses. PEGylated nanoparticles are cleared faster following a second dose. IgM 

anti-PEG immunoglobulins trigger a fast clearance of nanoparticles by classical pathway 

(Alberts, 1997). This effect, called the enhanced clearance effect will be discussed in the 

following section. The activation of complement cascade by PEGylated liposomes can also 

cause hypersensitivity reactions which will be discussed in section 2.2.1.1.2 (Szebeni, 

2018). 

 

2.2.1.1.1 Enhanced clearance effect 

 Several studies indicate that intravenous administration of a liposomal dispersion 

alters the pharmacokinetics of subsequent doses, accelerating the clearance of 

nanocarriers and increasing the accumulation in liver and spleen. This phenomenon, known 

as enhanced clearance effect (Laverman, Carstens, et al., 2001) or accelerated blood 

clearance (Ishida et al., 2002), has been described as consequence of activation of 

complement cascade. Dams et al. in 2000 (Dams et al., 2000) were the first to observe this 

effect in 85 nm and 400 nm PEGylated liposomes, and 100 nm non-PEGylated liposomes 

upon administration in rats, rhesus monkeys and mice following 1 week intervals between 

doses. Wistar rats and rhesus monkeys presented changes in biodistribution of 

nanoparticles after the second dose, regardless of the size and surface properties of 

administered liposomes. However, the effect was not observed in mice. Complement activity 

of rat serum was investigated after subsequent doses of NaCl solution or PEGylated 

liposomes. The hemolytic activity remained unchanged in rats treated with NaCl solution. 

However, the administration of PEGylated liposomes lead to a decrease in hemolytic activity 

after the second dose. The authors performed serum transfusion experiments among 

animals, which in turn revealed that a soluble factor of 150 KDa induced the effect of 

enhanced clearance of the nanoparticles. Serological tests indicated that this factor does 

not correspond to immunoglobulins IgG and IgM (Dams et al., 2000). 

 Enhanced clearance effect is not always observed. Goins et al., for example, did not 

observe difference in the half-life times of repeated injections of 99M technetium-labeled 

PEGylated liposomes in rabbits, and only minimal effects were noticed in biodistribution. 

However, Goins et al. used intervals of 6 weeks between injections, which might explain the 

lack of enhanced clearance (Goins et al., 1998). Oussoren and Storm, as well, did not notice 

changes in pharmacokinetics of subsequent doses of PEGylated liposomes upon 
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administration at relatively small intervals (24 and 48 h) (Oussoren e Storm, 1999). 

Therefore, too short (48 h) or too long (6 weeks) intervals between doses did not induce 

significant changes in the pharmacokinetic of the nanomedicine. Specific intervals between 

doses seem necessary to induce the enhanced clearance effect. As shown by Ishida et al, 

the enhanced clearance of a second dose of PEGylated liposomes may be maximal at 5 

days after the first dose in male Wistar rats (Ishida et al., 2003). 

 Besides dosing schedule, lipid dose has been related to the intensity of enhanced 

clearance effect (Wang et al., 2007) (Laverman, Boerman, et al., 2001; Ishida et al., 2005). 

Laverman et al. observed that administration of first dose of 0.05, 0.5 and 

5 μmol kg-
 

1 of phospholipids from PEGylated liposomes induced enhanced clearance at 

subsequent dose of 5 μmol kg-1. However, with a first dose of 5 μmol kg-1, the enhanced 

clearance effect was attenuated at second doses greater than 15 μmol kg-1, and no effect 

was found with doses of 50 μmol kg-1  (Laverman, Boerman, et al., 2001; Laverman, 

Carstens, et al., 2001). Ishida et al. also evaluated the effect of lipid dose on the clearance 

of a second dose of PEGylated liposomes. They concluded that low doses of conventional 

liposomes (0.001 μmol kg-
 

1) did not induce the enhanced clearance effect, while 

conventional liposomes at high dose (5 μmol kg-
 

1), and PEGylated liposomes at several 

doses (0.001 to 5 μmol kg-
 

1) may induce the enhanced clearance effect. For PEGylated 

liposomes, low doses (0.001, 0.01 and 0.1 μmol kg-
 

1) were more efficient than higher doses 

(1 and 5 μmol kg-
 

1) (Ishida et al., 2005) in inducing enhanced clearance effect. 

 The type and constitution of nanoparticle can also affect the induction of the 

enhanced clearance effect. As described by Wang et al., the intensity of the enhanced 

clearance effect is different following administration of PEGylated liposomes, PEGylated 

micelles, PEGylated solid lipid nanoparticles or PEGylated emulsions in beagle dogs (Wang 

et al., 2015). Our group showed that the enhanced clearance is dependent on the 

architecture of nanoparticles: after administration of a first dose of PEGylated nanoparticles 

in mice, the enhanced clearance was not noticed in non- PEGylated liposomes, free mPEG 

10,000, and PEGylated bovine serum albumin, but was noticed in PEGylated nanoparticles 

(high and low coverage), and PEGylated liposomes  (Grenier et al., 2018) (Annex 1). 

PEGylated nanoparticles are, in general, able to induce enhanced clearance effect 

(Laverman, Boerman, et al., 2001; Ishida et al., 2005; Wang et al., 2007; Abu Lila et al., 

2013; Im et al., 2016). However, according to Laverman et al. both non-PEGylated 

liposomes (fast clearance) and PEGylated liposomes (slow clearance) are able to induce 

enhanced clearance effect when administered 1 week before the second dose (Laverman, 
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Boerman, et al., 2001; Laverman, Carstens, et al., 2001). Laverman et al. have also 

demonstrated that formulations containing doxorubicin (Caelyx or Doxil) have their 

pharmacokinetics altered when administered after a first dose of empty PEGylated 

liposomes (without doxorubicin). Caelyx, however, did not increase clearance of a second 

dose of Caelyx when administered with 1-week intervals. This suggests that encapsulation 

of doxorubicin, due its immunosuppressive activity, avoids enhanced clearance effect 

(Laverman, Boerman, et al., 2001; Laverman, Carstens, et al., 2001). Nanoparticles 

coverage, such as density and size of PEG chain, has been reported as an important feature 

in enhanced clearance effect. PEGylated liposomes with 5 – 15 mol% PEG density appear 

to induce enhanced clearance effect, while non- PEGylated liposomes at same low lipid dose 

(0.001 μmol kg-
 

1) did not (Ishida et al., 2005). The PEG size (2000 or 5000) did not impact 

the intensity of enhanced clearance effect (Ishida et al., 2005).  

 Enhanced clearance effect appears to be related to the production of anti-PEG IgMs 

(Wang et al., 2007), however it does not completely explain the phenomenon (Ishihara et 

al., 2010). Enhanced clearance effect might also depend on immune cells (Laverman, 

Carstens, et al., 2001; Shimizu et al., 2015) and corona protein (Grenier et al., 2018). 

According to Lila, Kiwada and Ishida, the mechanism of enhanced clearance effect starts 

with administration of PEGylated liposomes, and their biodistribution. Part of the PEGylated 

liposomes accumulate in the spleen, where they bind to the immunoglobulins present on the 

surfaces of B cells, sensitizing these lymphocytes. B lymphocytes, in turn, produce anti-PEG 

IgM immunoglobulins that remain in blood circulation for a certain time. If anti-PEG IgM 

immunoglobulins are present during administration of the second dose, a 

liposome-immunoglobulin complex will be formed with consequent activation of complement 

cascade by classical pathway, and opsonization of PEGylated liposomes, leading to 

phagocytosis (Ishihara et al., 2010). 

 Although circulating anti-PEG IgM might be present in humans serum (Yang et al., 

2016), the enhanced clearance effect has not been reported in patients using 

doxorubicin-containing PEGylated liposomes (Gabizon et al., 2008). In fact, the opposite 

effect has been noticed: an increase in circulation time (Gabizon et al., 2008; La-Beck e 

Gabizon, 2017). Studies that may clarify this behavior in humans remain necessary. 

 

2.2.1.1.2 Complement activation-related pseudoallergy  

 Intravenous administration of liposome formulations may trigger hypersensitivity 

reactions, such as type I allergy and pseudo-allergy. Type I allergy is an IgE 
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immunoglobulin-mediated response. The symptoms of pseudo-allergy, or idiosyncratic 

reaction (Waller, 2011), are similar to allergy type I, but occur without sensitization (Zhang 

et al., 2018). The mast cells, basophil and leukocytes are responsible for allergy type I and 

pseudoallergy (Szebeni, 2012). However, the pseudoallergy cannot be categorized in any 4 

types of hypersensibility reactions (Zhang et al., 2018). 

 It is believed that hypersensitivity reactions such as pseudoallergies occur due to 

complement cascade. In 1989, Wassef et al. suggested involvement of complement in 

pseudoallergy after observation of anaphylactic reactions in pigs due intravenously 

administration of liposomes containing CHOL (Wassef et al., 1989). Administration of 

liposomes caused reduction of CH50, increase of 6- keto-prostaglandin F1α and 

thromboxane B2 (Wassef et al., 1989; Szebeni et al., 1999). Ten years later, Szebeni et al. 

named this phenomenon as Complement activation-related pseudoallergy (CARPA) 

(Szebeni et al., 1999). 

 The symptoms of CARPA, differently from allergic type I reactions, appear at the first 

exposure and disappear during re-exposure. It should be noticed, however, that there are 

patients in whom pseudoallergy is manifested at subsequent doses. Steroid medications 

and pre-medication with antihistamines are effective against pseudoallergy symptoms, but 

they are not effective when it comes to type I allergy (IgE-mediated). Another difference is 

CARPA intensity depends on infusion rate of the nanomedicine and can be resolved 

spontaneously. However, both reactions can lead to severe conditions (Szebeni, 2012; 

Szebeni e Storm, 2015). 

 CARPA and type I allergic reactions have symptoms in common, such as dermatitis, 

sweating, dyspnea, edema, erythema, sensation of impending death, fever, flushing, 

headache, hypertension or hypotension, hypoxemia, low back pain, metabolic acidosis, 

nausea, pruritus, rash, rhinitis, shock, rashes, sneezing, tingling sensations, urticaria, 

angioedema, asthma, bronchospasm, chest pain, hypothermia, asphyxia, confusion, 

conjunctivitis, cough, cyanosis and death (Szebeni, 2005). 

 The clinical effects of CARPA are rarely observed in patients treated with PEGylated 

liposomes containing doxorubicin when the initial infusion rate is lower than 0.38 mg min-1 

(Chanan-Khan et al., 2003; Szebeni, 2005; La-Beck e Gabizon, 2017). However, up to 45% 

of patients may have moderate to severe symptoms of CARPA when relatively fast initial 

infusion rate is used. Nevertheless, clinical data has shown that previous administration of 

corticosteroids or antihistaminics can prevent this reaction (Chanan-Khan et al., 2003; 

Szebeni, 2005).  
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 Because of the severity of pseudoallergy reactions, evaluating the ability of 

nanoparticles to trigger CARPA is crucial in pre-clinical stages of injectable products 

(Szebeni e Storm, 2015). Since 2013 the European Medicines Agency recommends the use 

of in vitro and in vivo protocols to evaluate immunostimulatory activity of intravenous 

liposomal products ((Ema), 2013). Enzyme-linked immunosorbent assay (ELISAs) for 

quantification of C3a, C5a, C4d, Bb, SC5b-9, iC3b, determination of CH50, flow cytometry 

of macrophages and (or) basophils can be applied as in vitro tests (Szebeni e Storm, 2015). 

Experiments in sensitive animal models ((Ema), 2013), such as pigs (Szebeni e Storm, 

2015), can be performed to confirm the immunostimulatory potential by observing the 

symptoms of CARPA ((Ema), 2013; Szebeni e Storm, 2015). However, the evaluation of the 

CARPA is not a constant in preclinical studies (Petersen et al., 2016). In addition, there are 

no standard methods that allow comparability between studies from different research 

groups in light of CARPA. 

 

2.2.2 Other proteins 

 In addition to complement proteins, other plasma proteins may define the biological 

fate of nanoparticles, either by direct action or by preventing the adsorption of complement 

proteins (Tenzer et al., 2011; Corbo et al., 2016; Bertrand, N. et al., 2017). This protein 

coating adsorbed to nanoparticles surface, also known as protein corona (Cedervall et al., 

2007; Caracciolo, 2015), is formed instantly upon intravenous administration 

(Hadjidemetriou et al., 2016).  

 The protein corona varies qualitatively and quantitatively according to the 

composition of the biological fluid (Monopoli et al., 2011; Caracciolo et al., 2014; 

Hadjidemetriou et al., 2015). Physicochemical characteristics of nanoparticles such as size, 

shape, charge, surface and composition of the nanoparticles directly affect the dynamics of 

protein adsorption, making the process highly specific. Therefore, it can be said that the 

nanoparticles have a biological identity. Palchetti et al. proved that positively charged 

PEGylated liposomes exhibit negative zeta potential after incubation with fetal bovine serum 

at room temperature for 90 min. As expected, proteins of opposite charge to nanoparticles 

adhered preferentially. Palchetti et al. also demonstrated the impact of the experiment 

design, static or dynamic (simulating the bloodstream). Corona protein was formed in less 

time by dynamic experiments rather than static experiments. Furthermore, the dynamic 

process allowed adsorption of a higher variability and amount of proteins (Palchetti et al., 

2016).  
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The adsorption of proteins to liposomes has been related to their composition, such 

as amount of CHOL and PEGylation. Liposomes containing CHOL have decreased protein 

adsorption in comparison with liposomes with only phospholipids (Semple et al., 1996). The 

addition of CHOL to liposomes may improve their stability in serum as result of increased 

membrane rigidity (Mayer, Bally, et al., 1986). Similarly, PEGylation has been linked to lower 

protein adsorption and macrophage phagocytosis (Perry et al., 2012). It is believed that the 

longer circulation time of PEGylated liposomes is a consequence of the lower protein 

adsorption. However, other studies indicate that protein coverage does not interfere with 

elimination rate (Ke) of liposomes (Allen et al., 2002). According to Semple et al., the 

increase in binding of proteins to liposomes (> 50 g of protein per mol of lipid) led to faster 

clearance. Amounts of proteins less than 20 g per mole, in turn, lead to slow clearance 

(Semple et al., 1998). 

Recent studies have shown that the majority of the proteins in the hard corona are 

apolipoproteins, immunoglobulins and complement proteins (Hadjidemetriou et al., 2016; 

Palchetti et al., 2016). The in vivo composition of protein corona is dependent on time as 

demonstrated by Hadjidemetriou, Al-Ahmady and Kostanelos, in their work on the behavior 

of PEGylated liposomes in CD-1 mice (Hadjidemetriou et al., 2016). The authors observed 

that, after 10 min, alpha-2-macroglobulin, apolipoprotein C-III and hemoglobin subunit 

beta-1 were preponderantly in corona protein (in descending order) (Hadjidemetriou et al., 

2016). After 1 h, apolipoprotein E was the main protein, followed by alpha-2-macroglobulin 

and apoliprotein C-III (both presented at 10min) (Hadjidemetriou et al., 2016). At 3 h, 

hemoglobin subunit beta-1 became the major component of corona protein, followed by 

apolipoprotein E and apoliprotein C-III (Hadjidemetriou et al., 2016). Complement proteins 

and immunoglobulins were also identified, but in amounts considerably lower than other 

plasma proteins (Hadjidemetriou et al., 2016). Total amount of proteins adsorbed per lipid, 

however, was similar after 10 min, 1 h and 3 h (Hadjidemetriou et al., 2016). Therefore, even 

PEGylated liposomes are not totally inert once they allow corona formation and adsorption 

of complement cascade proteins (Hadjidemetriou et al., 2016). The functions of these 

proteins on liposomes behavior, however, remain unclear. 

In summary, different aspects regarding the biological fate of nanocarriers have not 

been fully elucidated: whether the diameter (Z-average) of liposomes determine the 

complement activation and the release of hydrophilic content; whether the complement 

cascade can explain the elimination of liposomes; whether the ability to activate complement 

cascade of nanocarriers can be predicted by in vitro assays; and whether the animal model 
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may reflect the biological fate of liposomes in humans. Understanding the biological fate of 

nanoparticles may change the course of nanomedicine development for intravenous 

administration, such as in cancer therapy. Here, in vitro and in vivo experiments were 

performed in order to understand the biological fate of liposomes. 400 and 100 nm 

non-PEGylated liposomes, and RBC and 100 nm liposomes prepared from RBC, were used 

to study the impact of particle size on complement cascade activation and release of 

hydrophilic content. 
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3 CONCLUSIONS AND PERSPECTIVES 

Complement cascade promoted the release of hydrophilic content from large vesicles 

in rat serum. These large vesicles could be used when rapid drug release is desired. 

However, the release from small liposomes (with size around 100 nm, PEGylated or 

non-PEGylated) is independent of complement cascade. Other endogeneous proteins, 

including the corona proteins, may promote the release of drugs in vivo from these small 

vesicles. It is also possible that the release in vivo rely on physico-chemical effects, such as 

osmotic stress or membrane desestablization. 

Complement cascade is not enough to explain the clearance of PEGylated and 

non-PEGylated liposomes in mice and rats. The slow clearance of PEGylated liposomes is 

not dependent on complement proteins, either in mice and in rats. Conversely, complement 

proteins participated of the elimination of non-PEGylated liposomes, especially at low doses. 

The effect of complement cascade on clearance of non-PEGylated liposomes were more 

evident in rats than mice. The rat animal model may be useful for comparison between 

nanosystems in light of its ability to activate complement cascade. This would help the 

selection of the most promising nanosystems for human applications. 

The complement activation by PEGylated and non-PEGylated liposomes depended 

on serum source: human or rodents. Rat complement proteins may be more reactive than 

human complement proteins, as they promoted faster release of hydrophilic content. On the 

other hand, mice complement proteins seem less reactive than human complement 

proteins. In vitro assays using rodent’s serum cannot fully predict the behavior of liposomes 

in vivo. Nevertheless, it is an important tool to compare formulations.  

Experiments with rats in vivo or in vitro may not mimic the effect in humans. It is 

questionable how far in vitro and in vivo experiments can predict the biological behavior of 

nanoparticles in humans, particularly given the complexicity of the biological responses to 

each kind of nanomedicine. In vitro and in vivo experiments in animals are not dispensable 

according to our knowledge by now, however the choice of animal model should be well 

thought and limitations cannot be disregarded. 
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5 ANNEXES 

ANNEX 1 – Paper “Anti-polyethylene glycol antibodies alter the protein corona deposited 
on nanoparticles and the physiological pathways regulationg their fate in vivo” (and 

supplementary information) published by Phillippe Grenier; Iara Maíra de Oliveira Viana; 
Eliana Martins Lima; and Nicolas Bertrand, in Journal of Controlled Release in October 

2018. 
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ANNEX 2 – Approval letter from Human Ethics Committee of UFG. 
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ANNEX 3 – Questionnaire used as inclusion criteria. 
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ANNEX 4 – Consent form (TCLE, “Termo de Consentimento Livre e Esclarecido”). 
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ANNEX 5 – Approval letter from Animal Ethics Committee of UFG. 
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