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Abstract: Slp forms a crystalline array of proteins on the outermost envelope of bacteria 

and archaea with a molecular weight of 40–200 kDa. Slp can self-assemble on the surface of 

liposomes in a proper environment via electrostatic interactions, which could be employed to 

functionalize liposomes by forming Slp-coated liposomes for various applications. Among the 

molecular characteristics, the stability, adhesion, and immobilization of biomacromolecules are 

regarded as the most meaningful. Compared to plain liposomes, Slp-coated liposomes show 

excellent physicochemical and biological stabilities. Recently, Slp-coated liposomes were shown 

to specifically adhere to the gastrointestinal tract, which was attributed to the “ligand–receptor 

interaction” effect. Furthermore, Slp as a “bridge” can immobilize functional biomacromol-

ecules on the surface of liposomes via protein fusion technology or intermolecular forces, 

endowing liposomes with beneficial functions. In view of these favorable features, Slp-coated 

liposomes are highly likely to be an ideal platform for drug delivery and biomedical uses. This 

review aims to provide a general framework for the structure and characteristics of Slp and the 

interactions between Slp and liposomes, to highlight the unique properties and drug delivery 

as well as the biomedical applications of the Slp-coated liposomes, and to discuss the ongoing 

challenges and perspectives.

Keywords: S-layer protein, liposomes, self-assembly, interactions, drug delivery, biomedical 

applications

Introduction
Slp forms a crystalline array of proteins (called S-layer) on the outermost envelope of 

bacteria and archaea with a molecular weight of 40–200 kDa.1,2 The S-layer, which 

has a thickness of 5–25 nm, provides capsule-like protection for the maintenance of 

bacterial cell morphology.3,4 Due to its excellent ability to regularly assemble mono-

mers in aqueous environments, Slp can spontaneously self-assemble on air–water 

interfaces, solid supports, or liposomes or in suspension and solution, by an entropy-

driven process (Figure 1).5,6 This feature enables a wide range of potential applica-

tions of Slp in nanomedicine, bioactive drug delivery, and gene drug delivery. As a 

result, Slp-coated liposomes have received increasing attention in the past decade. 

Liposomes are nanovesicles composed of phospholipid bilayers that have various 

beneficial characteristics, such as good cell affinity,7,8 targeting properties,9–11 and 

sustained drug-release behavior.12 Due to their favorable ability to encapsulate both 

hydrophobic and hydrophilic drugs, liposomes are widely used as carriers for bioac-

tive drugs, including antineoplastic drugs,13,14 antimicrobial drugs,15 antiparasitic 

drugs,16 hormonal drugs,17 proteins,18,19 and nucleic acid drugs20,21 such as DNA22–24 

and siRNA.25,26 Additionally, liposomes have the capacity to reduce the toxicity of 
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these drugs.27 Unfortunately, conventional liposomes have 

drawbacks, such as poor stability, drug leakage, short reten-

tion time in vivo, and lack of ability to avoid the reticulo-

endothelial system (RES), which dramatically limit their 

clinical use. Therefore, increasing attention has been paid to 

the surface engineering of liposomes using various biological 

or chemical materials to improve their features.28 Evidence 

has shown that the membrane stability and gastrointestinal 

adhesion of liposomes were significantly improved after 

being coated with Slp.29 Furthermore, some biomacromol-

ecules (such as antibodies) are prone to interaction on the 

surface of liposomes via binding to the tertiary structure of 

Slp. Hence, Slp-coated liposomes may be used as a power-

ful vehicle for drug delivery to resolve problems such as 

instability, drug leakage, and poor targeting.30 The interac-

tions between Slp and liposomes are crucial elements for the 

coating of Slp. Therefore, understanding these interactions 

is necessary and urgent for the development of Slp-coated 

liposomes. In the current review, after the introduction of the 

structure and characteristics of Slp, the interactions between 

Slp and liposomes are summarized. Various advantages of 

Slp-coated liposomes, including their excellent stabilities, 

adhesion and immobilization of biomacromolecules, and 

applications in drug delivery and biomedicine, are reviewed 

in detail (Table 1). The challenges and perspectives of Slp-

coated liposomes are also discussed.

Structure and characteristics of Slp
In 1952, Houwink and Le Poole first observed crystalline 

arrays of biomacromolecules on the outermost cell surface 

of Spirillum serpenes by electron microscopy. Since then, 

many studies have revealed that this biomacromolecule, 

now named Slp, is also present on the cell surface of other 

bacteria and archaea.31 To date, Slp has been found on the 

outermost cell surface of almost 400 species of archaea and 

bacteria.32 Most Slps are weakly acidic, with a molecular 

weight of 40–200 kDa and a thickness of 5–25 nm, and 

their pI values range from 4 to 6 (however, for the Slps 

isolated from Lactobacilli and some archaea, such as 

Methanothermus fervidus, pI values between 8 and 10 have 

been determined).33,34 Notably, most Slps contain 40%–60% 

hydrophobic amino acids and 15% acidic amino acids, with 

Figure 1 Schematic drawing of self-reassembly of Slp on solid supports, in suspension, at an air–water interface, and on liposomes as well as in solution (nanotubes, ribbons, 
mono- and double-layer sheets).
Notes: Reproduced with permission from Pum D, Sleytr UB. Reassembly of S-layer proteins. Nanotechnology. 2014;25(31):312001. Available from: https://www.ncbi.nlm.nih.
gov/pubmed/25030207.4 © IOP Publishing. Reproduced with permission. All rights reserved.
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10% lysine and few sulfur-containing amino acids.35,36 This 

composition is the reason why Slps hold together and reas-

semble spontaneously in aqueous systems.37 Moreover, data 

from the circular dichroism spectrum indicated that α-helices 

and β-sheets comprise 10%–20% and 40% of the amino acids 

of Slp, respectively. In addition, random coils and β-turns 

comprise 5%–45% of the amino acids in the Slp sequence. 

These random coils, α-helices, and β-sheets constitute dis-

ordered regions in the structure of Slp,38–42 which may play 

a key role in self-assembly on the phase interface. The dis-

ordered regions occupy almost half of the full length of Slp, 

and simultaneously, the high content of disordered regions 

results in the flexibility of Slp to alter its conformation for 

adapting to the phase interface, which has a crucial role in 

self-assembly on the surface of liposomes.38,42

After treatments with detergents/breaking agents (eg, 

guanidine hydrochloride or urea) or application of chelat-

ing agents and cation substitution, Slp can be isolated from 

the bacterial cell wall due to the weak interactions between 

Slp subunits.6,43,44 These Slp subunits can hold together and 

reassemble spontaneously on a two-phase interface or in 

suspension, forming specific crystalline arrays.45 Specially, 

in aqueous systems, Slp subunits rapidly hold together to 

form aggregates, which are prone to arrange on the phase 

interface and form crystalline arrays.46,47 Regular distribution 

of self-assembly sites and monomolecular assembly property 

of Slp tend to result in the formation of oblique (p1, p2), 

square (p4), or hexagonal (p3, p6) symmetries on the phase 

interface (Figure 2).2,46,47

Slp lattices construct the outermost cell surface frame-

work of archaea and bacteria, maintaining the stability of the 

cell morphology. Simultaneously, Slp lattices can provide 

cells with protection against changes in extrinsic stress factors 

(eg, various mechanical forces, osmotic pressure, radiation, 

and rapid variation in pH values) and the influence of anti-

microbial peptides (such as human defensin LL-37)48 as well 

as lysozyme. The substance-selective crystalline arrays con-

sisting of Slp are able to control the exchange of substances 

between bacterial cells and the environment.49 In addition, 

Slp is one of the most important elements for the recognition 

of host cells and the adhesion of bacterial cells to host cells. 

For example, Lactobacilli with Slp can adhere to gastroin-

testinal cells, while the adhesion of Lactobacilli without Slp 

is decreased by 84%.44 Furthermore, as a virulence factor, 

Table 1 Application of Slp-coated liposomes

Application Advantage Drawback

Drug delivery (drug carrier)

•	 Promoting drug 
internalization

1. Increasing cell adhesion and subsequent cellular uptake
2. Improving the stability of drug and liposomes
3. Reducing cytotoxicity of cationic liposome by charge 

neutralization

1. Toxicity and potential side effects of Slp and 
cationic liposomes need more investigation

2.	Some	difficulties	in	industrial	production

•	 Oral delivery of vaccine 1. Protecting vaccine against gastrointestinal environment
2. Increasing the gastrointestinal retention time of vaccine
3. Inducing mucosal immunity
4. Improving bioavailability

1. The immunity effects are weaker than traditional 
injections

2. Multi-regulating effects of Slp on immune system 
are complex

•	 Favoring surface 
engineering

1. easy to implement various surface engineering strategies such 
as protein fusion technique, and immobilization by covalent 
or non-covalent bonds directly or with crosslinkers

2. Low interference in the targeting function of immobilized 
biomacromolecules

Inappropriate immobilization of biomacromolecules 
to Slp sometimes deteriorates the assembly of Slp 
on liposomes

Biomedical uses

•	 Imaging technology 1. Good biocompatibility and biodegradability
2.	Low	effect	on	fluorescence	intensity	of	marker

–

•	 Biocatalyst 1.	High	catalytic	efficiency
2. High activity stability
3. easy to separate
4. Having ability to immobilize various enzymes
5.	Efficient	recycling

The high temperature and pressure stability need 
to be explored further

•	 Construction of 
biomimetic lipid 
membrane

1. Self-formation of planar model lipid membranes
2. Facilitating transmembrane protein to integrate into 
biomimetic	films

Some membrane-active proteins cannot be 
integrated	into	biomimetic	films	by	Slp–liposome	
systems

Note: “–” indicates the information is unclear.
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Slp possesses heavy metal ion-absorption properties as well 

as superb immunogenic potential. All of these diverse func-

tions reflect the acclimatization of prokaryotes. Remarkably, 

the self-assembly property of Slp broadens its application 

potential in the molecular engineering and nanobiomaterial 

fields. Following are some of the applications of Slp:

1. Production of magnetic ultrafiltration membranes.

2. Support and conjugation of biomacromolecules (eg, 

antigens, antibodies, and enzymes).

3. Applications in biosensor systems, such as solid-phase 

immunoassays.

4. Construction of multifunctional nanoparticle drug deliv-

ery systems (eg, liposomes and emulsomes).

Surface engineering of liposomes
Liposomes are biomimetic vesicle-like drug delivery systems 

composed of phospholipid molecules and cholesterol. Due 

to their good biocompatibility and biodegradability, passive 

targeting, and slow-release potential, as well as their strong 

tissue affinity, liposomes have been investigated as carriers 

of various drugs, such as antitumor drugs, antimicrobial 

drugs, RNAs, and proteins. Liposomes were first discov-

ered by Bangham in 1969, and in 1971, Rahman proposed 

that liposomes can be an ideal drug carrier. Later, many 

related studies were performed. To date, liposomal doxoru-

bicin, liposomal amphotericin B, and liposomal paclitaxel 

have been applied in the clinic. However, poor stability, 

drug leakage, short retention time, and undesirable tissue 

Figure 2 Schematic drawing of various Slp lattice morphologies containing oblique (p1, p2), square (p4), or hexagonal (p3, p6) symmetries.
Notes: Reproduced from Sleytr UB, Schuster B, egelseer eM, Pum D. S-layers: principles and applications. FEMS Microbiol Rev. 2014;38(5):823–864. Creative Commons 
license and disclaimer available from: http://creativecommons.org/licenses/by/4.0/legalcode.6
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distribution of conventional liposomes limit further clinical 

applications.50–53 In order to overcome these problems, vari-

ous chemical and biological materials were adopted to modify 

liposomes (Figure 3).

PEGylation is the most common strategy which has the 

ability to reduce clearance by the RES, thus enhancing the 

in vivo circulating time of liposomes. In addition, PEGylation 

can delay drug leakage, improving the stability of liposomes. 

However, PEGylation will affect the normal release of drugs 

and uptake of cells, thereby decreasing the effect of the drug.54 

Chitosan derived from chitin is the only basic amylose in 

nature. Its exceptional bioadhesive ability can prolong the 

retention time of liposomes in specific tissues, leading to 

improved bioavailability.55 Due to its alkalinity, chitosan 

carries a positive charge after protonation, which could 

promote the transfection of chitosan-modified liposomes into 

cells. Hence, a chitosan-modified strategy has been widely 

used in liposomal delivery of genes.56–58 In addition, many 

peptides and proteins have been employed to functionalize 

the liposomes. Collagen protein can enhance the in vitro 

and in vivo stability of liposomes.59 Transferrin is generally 

used to allow liposomes or other nanoparticles to cross the 

blood–brain barrier, achieving delivery to central nervous 

system.60–62 Other functional proteins or peptides, such as 

EGF and RGD, also support targeting delivery. Furthermore, 

membrane-active peptide63,64 and cell-penetrating peptide65,66 

facilitate the intracellular delivery of liposomes. Surface-

modified liposomes with Slp also have various advantages 

(eg, enhancing stabilities and promoting gastrointestinal 

adhesion) and have received increasing attention in recent 

decades.

Interactions between Slp and 
liposomes
Due to its capability to self-assemble on the surface of lipid 

layers, Slp has been employed to functionalize liposomes. 

In particular, the formation of Slp crystalline arrays on the 

surface of positively charged liposomes by interaction of 

exposed carboxyl groups of Slp with positively charged 

groups on the surface of liposomes can significantly enhance 

the stability of liposomal membranes,67–70 protecting lipo-

somes from strong mechanical forces and high-temperature 

environments.6 However, the details of the interactions 

between liposomes and Slp remain unclear. In recent years, a 

series of electron microscopy technologies, such as the thin-

sectioned, freeze-dried, and freeze-etched methods,30,71–78 

have been adopted to elucidate the location and ultrastruc-

ture of Slp lattices. In addition, information on lattice con-

stants, such as average size, was provided by atomic force 

microscopy31,79–83 and small-angle X-ray scattering.73,84,85 

Figure 3 Brief summary of surface engineering of liposomes.
Abbreviations: PeG, polyethylene glycol; PLL, poly (L-lysine); STR-R8, stearyl octaarginine.
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Fourier transform infrared (FTIR) spectroscopy was used 

to validate the secondary structure of Slp lattices.86 Further-

more, the variation of the zeta potential could be utilized to 

estimate the areas of lipid membranes occupied by Slp.29,87 

All of these measurements merely reflected the interaction 

information indirectly.

In essence, a liposome is a closed lipid membrane with 

a morphology that is similar to the cell. Hence, some clues 

on the interactions of Slp with liposomes could be obtained 

from the interactions between Slp and microbial cells. It was 

reported1,88 that there are five modes of interaction between 

Slp and different species of bacteria and archaea: 1) in most 

archaea, hydrophobic transmembrane domains of Slp can 

transfix the cell envelope and then combine with hydrophobic 

groups of phospholipid molecules via hydrophobic forces 

(Figure 4A), thereby directly attaching to the cytoplasmic 

membrane; 2) Slp of some archaea possesses lipid-modified 

glycoprotein subunits, allowing Slp to directly anchor on the 

surface of the cell envelope (Figure 4B); 3) only a few archaea 

have a rigid wall layer as an intermediate layer between the 

Slp and the cell envelope (Figure 4C); 4) in Gram-positive 

bacteria, Slp links with the rigid peptidoglycan-containing 

layer by secondary cell wall polymers (Figure 4D); and 

5) in Gram-negative bacteria, the interaction mode is more 

complex: Slp is attached to the lipopolysaccharide (LPS) of 

the outermost layer (Figure 4E).

However, for liposomes, there are no complex com-

ponents (eg, peptidoglycan and LPS) that can support the 

interaction between liposomes and Slp. There is mounting 

evidence that electrostatic forces drive the self-assembly 

process of Slp. The fact that Slp lattices tend to form on 

zwitterionic phospholipids and positively charged phospho-

lipids, but not on negatively charged phospholipids, suggests 

electrostatic interactions between exposed carboxyl groups 

on Slp lattices and positively charged or zwitterionic lipid 

head groups. At least two to three structural domains in Slp 

Figure 4 Schematic	illustration	of	the	five	modes	of	interaction	between	Slp	and	the	bacterial/archaeal	cell	envelope.
Notes: (A)	In	most	archaea,	hydrophobic	transmembrane	domains	transfixing	the	cell	envelope	make	Slp	anchor	at	the	cell	envelope,	and	(B) in some other archaea, the 
lipid-modified	domains	in	Slp	drive	this	process.	(C) Only a few archaea possess a rigid wall layer mediating the process of Slp binding to the cell envelope. (D) In Gram-
positive bacteria, Slp interacts with the peptidoglycan layer indirectly via secondary cell wall polymers, (E) while Gram-negative bacterial cell envelopes express more complex 
components, and Slp needs to attach to the lipopolysaccharide of the outermost layer. Reproduced from Sleytr UB, Schuster B, egelseer eM, Pum D. S-layers: principles 
and applications. FEMS Microbiol Rev. 2014;38(5):823–864. Creative Commons license and disclaimer available from: http://creativecommons.org/licenses/by/4.0/legalcode.6
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named contact points have been shown to exist between 

Slp and lipid film. Meanwhile, 5% of lipid molecules are 

anchored to contact points, whereas the other 95% of the 

lipid molecules diffuse freely between anchored lipid mol-

ecules. Hence, Slp-coated lipid films are also referred to 

as semifluid membranes.85 In this case, it is interesting to 

consider which regions or groups in lipid molecules exactly 

interact with contact points. This issue was examined by a 

study on the interaction regions between Slp and liposomes 

via the monitoring of adiabatic compressibility. An insignifi-

cant difference was observed for adiabatic compressibility 

between Slp-coated liposomes and plain liposomes at a low 

temperature (T,20°C), whereas at a higher temperature 

(T.20°C), adiabatic compressibility of Slp-coated lipo-

somes was predominantly lower than that of plain liposomes. 

Adiabatic compressibility can indicate the contribution of 

the conformational mobility of polar head groups as well as 

hydrophobic regions. Analysis of adiabatic compressibility 

confirmed that such a contribution preferentially came from 

the conformational variation of polar head groups, suggest-

ing that contact points of Slp interact with polar head groups 

rather than hydrophobic tail groups.89 FTIR spectroscopy 

analyses also support this view; the order parameter of phos-

pholipid hydrocarbon chains (hydrophobic regions) did not 

decrease with the continuous absorption of Slp, proving that 

contact points did not interpenetrate into the hydrocarbon 

chains.90 Another FTIR spectroscopy study found no differ-

ence between Slp-coated liposomes and a physical mixture 

of naked liposomes and Slp, suggesting that the interaction 

force between liposomes and Slp is a non-covalent bond.29 

Furthermore, as shown in Figure 5, to accommodate the 

contact points of Slp, the orientation of polar head groups 

of phospholipid molecules is preferentially tilted toward the 

surface normal to increase the positive charge density within 

the linking regions, and this effect enhances the electrostatic 

interactions.91 However, there are slight differences between 

different Slps and liposomes. For example, Hollmann et al92 

extracted glycosylated Slp from Lactobacillus kefir and non-

glycosylated Slp from Lactobacillus brevis, and then, glyco-

sylated Slp-coated liposomes (GSLs) and non-glycosylated 

Slp-coated liposomes (nGSLs) were obtained. Laurdan gen-

eralized polarization (GP) values of GSLs and nGSLs were 

determined to investigate the local motion of polar molecules. 

The results demonstrated that the GP value of GSLs was 

higher than that of nGSLs, which indicated that the affinity 

of glycosylated Slp to liposomes was stronger than that of 

non-glycosylated Slp due to more water molecules penetrat-

ing the membrane of nGSLs. Meanwhile, these findings 

also illustrated that uncharged glycosylated moieties could 

affect the interactions between Slp and liposomes, and this 

effect may be mediated by glycosylated moieties changing 

the charge distribution.

In fact, the formation of Slp lattices on the surface of lipo-

somes depends not only on the interactions between Slp and 

phospholipid molecules but also on the interactions between 

Slp subunits. As Figure 6 suggests, there are self-assembly 

sites in the structure of Slp that support the formation of Slp 

lattices. The addition of Mg2+ causes a conformational change 

of Slp, which makes these self-assembly sites to get buried 

in Slp, thus maintaining monodispersion. Therefore, it is 

difficult for Slp to form lattices in the presence of Mg2+.38,42 

Notably, the uptake of Ca2+ can induce a thorough exposure 

of self-assembly sites that facilitates the interactions and 

formation of lattices.93,94 Without any cation addition, the 

Figure 5 Schematic drawing of Slp interacting with liposomes.
Notes: The self-assembly of Slp on the surface of liposomes is mainly attributed to electrostatic forces. Intriguingly, the orientation of polar head groups of surfactant 
molecules tilts toward the surface normal to increase the positive charge density within linking regions to enhance the electrostatic force.
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dynamic equilibrium process of the Slp conformation pro-

vides opportunities for self-assembly site exposure, allow-

ing lattice formation. However, these lattices are not very 

stable because this is a dynamic equilibrium process.38,42 

Collectively, the cation environment of liposomes and Slp 

will induce the shape variation of Slp that determines the 

formation of lattices and the type of lattices. Hence, we 

hypothesize that the components in the medium, especially 

the composition of ions, should also be investigated in depth 

when preparing Slp-coated liposomes.

In summary, successful S-layer formation on the surface 

of liposomes mostly relies on two self-assembly modes: 

1) the electrostatic assembly between Slp and liposomes; 

and 2) the intermolecule assembly between Slp monomers. 

The former helps Slp to anchor onto the lipid membranes, 

and the latter drives the formation of S-layer. It is known 

that Slp-coated liposomes possess high stability and it is 

not easy for Slp to loss from liposomal membranes due to 

the relatively strong intermolecular assembly between Slp 

subunits. Of course, the stability depends on the surface 

charges of liposomes and the species of Slp.

Slp-coated liposomes
Self-assembly properties and interactions between Slp 

and liposomes are the basis for the development of Slp-

coated liposomes. Once Slp is coated on the surface of 

liposomes, liposomes are endowed with unique features, 

such as excellent physicochemical and biological stabilities, 

gastrointestinal adhesion, and immobilization of biomacro-

molecules. These unique features suggest a series of clinical 

potential, which lay the foundation for Slp-coated liposomes 

as an ideal platform for drug delivery and biomedical uses.

Characterization of Slp-coated liposomes
In general, particle size and zeta potential are used to char-

acterize the physicochemical stability of liposomes because 

Figure 6 Schematic	illustration	showing	the	influence	of	cations	on	the	formation	of	Slp	lattices.
Notes: (A) The addition of Mg2+ leads to a change in conformation and then formation of a dynamic equilibrium between the two conformations, but the self-assembly sites 
are buried in the core of these two conformations, which inhibits the formation of lattices. (B) These self-assembly sites are exposed in the presence of Ca2+, (C) which 
facilitates the formation of lattices. without any addition of cations, (D) the dynamic equilibrium of the three conformations provides an opportunity to expose self-assembly 
sites, (E) allowing lattice formation. (F) electron microscopy observation of p4 arrays of SlpB53. Adapted by permission from Springer Nature: Springer, Eur Biophys J. Analysis 
of self-assembly of S-layer protein slp-B53 from Lysinibacillus sphaericus, Liu J, Falke S, Drobot B, et al. Copyright 2017.42 
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these two properties not only reveal stability but also affect 

the in vivo pharmacokinetic process of liposomes.95,96 

In addition, the zeta potential reveals the variation in the 

ionic microenvironment around the surface of the liposomes 

and thus contributes to the characterization of adsorption 

between Slp and liposomes. Compared with plain liposomes, 

Slp-coated liposomes display an interesting variation in zeta 

potential. With the increasing ratio of Slp to lipid, the zeta 

potential decreases significantly29,97,98 until the inversion 

of the potential.97,98 As noted in the previous section, the 

adsorption of Slp (carrying negative charges) on the surface 

of liposomes mainly relies on electrostatic forces. Hence, 

the Slp-coating efficiency of positively charged liposomes 

is much better than that of negatively charged or neutral 

liposomes.29 Indeed, with increasing concentrations of Slp, 

the area of the positively charged liposome bilayer surface is 

gradually occupied by Slp, which leads to a decrease in zeta 

potential. However, the reduction of the potential becomes 

less, and the value of the potential tends toward invariance 

with the continuous enhancement of the ratio of Slp to lipid, 

which is the result of the limited area of liposomes for reas-

sembly of Slp.29,99 For some positively charged liposomes, 

the inversion of the zeta potential can be observed with the 

incubation of sufficient Slp. For example, Hollmann et al98 

prepared a positively charged liposome composed of soybean 

lecithin, cholesterol, and stearylamine with a molar ratio of 

10:5:1. After incubation for 150 minutes with Slp extracted 

from L. kefir JCM 5818, the value of the zeta potential showed 

an inversion from 80 to -15 mV. In summary, the variation of 

the zeta potential can be employed to characterize the amount 

of Slp reassembled on the surface of liposomes.

Contrary to the zeta potential, the coating of Slp does 

not significantly influence the particle size of the liposomes. 

Research by Hollmann et al98 found that the particle size of 

liposomes increased by 21 nm (from 160 to 181 nm) after coat-

ing with Slp. The slight increase in particle size exactly con-

forms to the 5–25 nm thickness of the S-layer on bacteria.35,100

Unique properties of Slp-coated 
liposomes
Stability
Poor stability is known to restrict the development and 

application of liposomes due to the fusion and membrane 

disruption propensity of liposomes. Hence, developing a 

technology to improve the stability of liposomal membranes 

is critical to expand the application potential of liposomes. 

Liposomes are assembled by phospholipid molecules via 

hydrophobic forces. However, this is a weak interaction; 

hence, the membrane of the plain liposome is weak and 

can easily be disrupted by environmental stress factors 

(eg, low pH value, mechanical force, and rapid variation in 

temperature), leading to disordered phospholipid molecule 

arrays (Figure 7A), which cause membrane deformation and 

drug leakage. When Slp self-assembles on the surface of the 

liposome by electrostatic forces, the arrays of phospholipid 

molecules would be restored to the ordered state (Figure 7B), 

and then, the shape of the liposome would tend to be spherical 

to maintain the lowest energy state, which is the result of the 

protective function of Slp crystalline arrays for reducing the 

influence of environmental stress factors. Hollmann et al97 

extracted Slp from L. kefir JCM 5818 and L. brevis JCM 

1059 and prepared Slp-coated liposomes. To evaluate the 

stabilities in the conditions simulating the gastrointestinal 

environment, researchers studied the effects of pancreatic 

extract and bile salts. The results indicated that after incuba-

tion of pancreatic extract for 60 and 120 minutes with bile 

salts, Slp-coated liposomes retained more carboxyfluorescein 

than control liposomes (Figure 7A and B). Therefore, Slp-

coated liposomes possessed higher physicochemical stability 

than plain liposomes. Other stress factor evaluation assays, 

such as changes in pH value (Figure 7C),97 rapid varia-

tion in temperature (Figure 7D),101 and strong mechanical 

forces101 (Figure 7E and F), all proved the higher stability 

of Slp-coated liposomes relative to plain liposomes. It was 

also observed that the coating of Slp would lead to a delayed 

release.

Biological stability in the circulatory system is a core 

subject in liposomal delivery to the targeted sites. This bio-

logical stability mainly reflects the ability of the liposome 

to avoid the capture of RES. The RES, with key roles in the 

recognition and clearance of foreign particles, is a major 

constraint to nanoparticle-based drug delivery systems, such 

as liposome-based drug delivery system.102 Generally, most 

liposomes will be recognized by opsonins and complement 

components after intravenous administration and are captured 

by the mononuclear phagocyte system (MPS), leading to a 

clearance effect (Figure 7A).103 The most common strategy 

to avoid early clearance is surface modification with biocom-

patible polyethylene glycol, which yields a hydrated steric 

barrier that restricts interactions of liposomes with blood-

borne components (eg, opsonins).104,105 This effect prolongs 

the blood circulating time of liposomes.106 Compared to 

PEGylated liposomes, Slp-coated liposomes likely possess a 

better capability to avoid the RES, which is mainly mediated 

by the synergistic effect of two mechanisms. On one hand, 

the existence of a protein corona107 (a complex biomolecular 
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layer) induces biological interactions of liposomes with their 

surroundings, while the Slp lattices serve as a “protective 

suit” that can block biological interactions, avoiding the rec-

ognition by opsonins,108 and achieving extended circulation 

(Figure 7β). On the other hand, Slp coating decreases mem-

brane fluidity, which hinders lipid extraction by high-density 

lipoproteins, reducing the risks of liposome breakdown.106 

These two mechanisms cooperate to prolong the blood circu-

lating time and promote the escalation of in vivo biological 

stability, which facilitates the accumulation in tumor tissue 

via the enhanced permeability and retention effect. Collec-

tively, Slp-coated liposomes display significantly higher 

physicochemical and in vivo biological stabilities than plain 

liposomes through extended circulation, which broaden their 

applications in tumor-targeting technology.

Adhesion
Specific tissue affinity has traditionally been a continuously 

explored topic for liposomes. With this property, site-specific 

drug delivery and targeted drug delivery can be achieved. 

In particular, if liposomes show specific adhesion to the gas-

trointestinal epithelial cell line, the drug bioavailability medi-

ated by liposomal oral drug delivery systems will increase.

In recent years, increasing research has been conducted 

to prove that Slp mediates bacterial adhesion to host cells, 

especially the gastrointestinal epithelial cell line. Åvall-

Jääskeläinen et al109 constructed a surface display cassette 

to obtain recombinant Lactococcus lactis NZ9000 (contain-

ing the SlpA gene of L. brevis ATCC8287), and an in vitro 

adhesion assay demonstrated that the recombinant L. lactis 

NZ9000 could adhere to the human intestinal epithelial cell 

line Intestinal 407; the affinity was significantly better than 

that of wild-type L. lactis NZ9000. Another study reported 

that adhesion of Lactobacillus acidophilus ATCC4356 to 

the human colorectal adenocarcinoma cell line HT-29 was 

reduced dramatically when Slp was removed.110

All of these studies support the view that Slp induces 

adhesion. However, most studies were carried out in vitro 

with different cell strains, and adhesion to the gastrointestinal 

mucosa in vivo, especially that by Slp-coated liposomes, 

has rarely been investigated in depth. Our previous study 

investigated the effects of Slp coating on the gastric and intes-

tinal mucoadhesion of liposomes, in which the Slp-coated 

liposomes and control liposomes were all labeled by fluo-

rescein isothiocyanate (FITC). After 7 and 12 hours of oral 

administration, the stomach and intestine were excised, and 

the mucosa was scraped off gently with a glass slide. Then, 

the mucosal scrapings were observed under a fluorescence 

microscope. The results (Figure 8A and B) showed that 

the fluorescence in gastric and intestinal mucosa at 7 and 

12 hours after Slp-coated liposome oral administration was 

stronger than that of the control liposomes, which confirmed 

that Slp could also enhance the adhesion of liposomes to 

gastrointestinal mucosa.29

Hollmann et al98 found that Slp (from L. kefir)-coated lipo-

somes showed no cytotoxic effects and excellent adhesion to 

the Caco-2 cell line. Simultaneously, an enhanced ability to 

transfer cargo molecules into Caco-2 cells from Slp-coated 

liposomes compared to control liposomes demonstrated that 

adhesion mediated by Slp was crucial for facilitating drug 

internalization, as shown by flow cytometry. The mechanism 

of drug internalization by Slp-coated liposomes is illustrated 

in Figure 8. Generally, liposomes release drugs by the inter-

action with target cell via adsorption, fusion, lipid exchange, 

and/or endocytosis.111 Slp-coated liposomes have longer 

retention times on epithelial cells and mucosa than plain 

liposomes, thereby promoting drug internalization. Currently, 

there is mounting evidence that the epithelial cell surface and 

extracellular matrix (ECM) express Slp receptors that can 

bind to Slp, inducing adhesion. For example, CbpA, an Slp 

of Lactobacillus salivarius REN, has been examined, and 

the results showed that enolase, its receptor on the surface 

of HT-29 cells, plays a crucial role in the adhesion of CbpA 

to HT-29 cells.112 Table 2 lists several Slps with their recep-

tors and target cells or locations. From Table 2, we can see 

that fibronectin, collagen, and laminin are the most common 

receptors of Slp. They are primarily found in the ECM and on 

the surface of intestinal cells. Hence, Slp-coated liposomes 

can potentially be used in a variety of oral drug delivery 

systems, particularly for biomacromolecular drugs, such as 

vaccines.113 In addition to the ECM and intestinal epithelial 

cells, other tissues in the human body also express Slp recep-

tors, but their function is different. For example, human mac-

rophage cells and bone marrow-derived dendritic cells can 

express TLR2 and TLR4, which are also Slp receptors. How-

ever, interactions of Slp with TLR2 and TLR4 will trigger the 

expression of proinflammatory factors, thereby stimulating 

the innate immune system and T helper cell responses rather 

than inducing adhesion.114,115 The extreme gastrointestinal 

environment and poor permeability limit the development 

of biomacromolecule oral delivery systems, while the above 

Slp-coated liposomes show good physicochemical and gas-

trointestinal stabilities. Meanwhile, Slp-coated liposomes 

can significantly facilitate drug internalization. Therefore, 

Slp-coated liposomes could be a promising tool for the oral 

delivery of biomacromolecular drugs.
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Immobilization of biomacromolecules
Currently, liposomes are typically used in targeted drug deliv-

ery systems. Surface modification of liposomes can promote 

their locations in targeting tissues. In particular, modification 

by biomacromolecules such as antibodies is very important 

for targeted drug delivery systems. Slp constructs a crystal-

line array of self-assembling proteins on the bacterial cell 

surface layer, and Slp was shown to immobilize biomacro-

molecules. To functionalize liposomes, researchers have used 

various approaches to immobilizing biomacromolecules by 

Slp. Three methods for immobilizing biomacromolecules by 

Slp have been reported.

The first method is genetic recombination technology 

(protein fusion technology); the genes encoding Slp and 

functional domains of biomacromolecules are all ligated into 

plasmids and heterologously expressed in Escherichia coli. 

Through this method, Slfp will be obtained. Slfp retains the 

capability of the Slp moiety to self-assemble on the interface 

and possesses functional domains of biomacromolecules that 

exert key effects. For example, Tschiggerl et al130 constructed 

a recombinant pET28a(+) plasmid that contains the gene 

sequence encoding SbpA
31-1068

 from Bacillus sphaericus 

CCM2177 and a PCR product encoding laminarinase A 

(LamA) from Pyrococcus furiosus. Then, the SbpA/LamA 

fusion proteins were overexpressed in E. coli. The fusion 

protein could self-assemble on glass slides, silicon wafers, 

and various types of membranes, allowing the orientated and 

dense surface display of LamA. Catalytic function assays 

demonstrated that LamA immobilized by SbpA in a periodic 

and oriented fashion could catalyze twice the glucose release 

from the laminarin polysaccharide substrate compared to 

randomly immobilized LamA.

The second method involves biomacromolecule immo-

bilization by Slfp, which contains specific linking domains. 

First, Slp fuses with the specific linking domains via gene 

recombination technology. Then, the biomacromolecules 

interact with the specific linking domains by covalent bonds 

or non-covalent bonds for the purpose of immobilization. 

Khang et al131 designed a chimeric protein (EGFP/SlpA/

ZZ) composed of EGFP, SlpA from L. brevis KCTC3102, 

and two copies of Fc-binding Z-domain. Then, rabbit anti-

mouse IgG conjugated with peroxidase was mixed with 

EGFP/SlpA/ZZ, and the mixture was added to HT-29 cells 

(human epithelial cells). Due to the weak adhesion of IgG 

to HT-29 cells, the Slp-mediated adhesion of IgG to HT-29 

cells can reflect the level of IgG bound to EGFP/SlpA/ZZ. 

The results indicated that the mixtures (EGFP/SlpA/ZZ and 

IgG) showed significantly higher adhesion of IgG to HT-29 

than that of IgG alone, which proved that IgG was sufficiently 

immobilized by EGFP/SlpA/ZZ.

Additionally, some biomacromolecules are immobi-

lized by Slp via direct interactions or crosslinkers (the third 

Figure 8 Mechanism	of	Slp	promoting	drug	internalization	of	liposomes	and	fluorescence	microscopy	of	gastric	and	intestinal	mucosal	scrapings	after	(A) 7 and (B) 12 hours 
of intragastric administration of Slp-coated liposomes and plain liposomes, respectively.
Notes: (a) Gastric mucosa of Slp-coated liposomes. (b) Gastric mucosa of plain liposomes. (c) Intestinal mucosa of Slp-coated liposomes. (d) Intestinal mucosa of plain 
liposomes. Fluorescent images are Reprinted from Int J Pharm, 529(1–2), wang w, Shao A, Feng S, Ding M, Luo G, Physicochemical char acterization and gastrointestinal 
adhesion of S-layer proteins-coating liposomes, 227–237, Copyright (2017), with permission from elsevier.
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Table 2 Summary of Slps with their receptors and their targeted cells or locations

Slp Bacterial species/
strain

Receptor Targeted cell/location Interaction modes or 
regions between Slp and Slp 
receptors

References

SlpA Lactobacillus brevis 
ATCC8287

Fibronectin Human intestinal 
epithelial cell line 
Intestinal 407

N-terminal region of SlpA 109, 116

Lactobacillus 
acidophilus 33199

Lactobacillus agilis 
43564

CbsA Lactobacillus crispatus 
JCM 5810

Collagen (I, Iv) eCM N-terminal (1–287, 1–274, 
31–287) region of CbsA

117–119

Laminin eCM N-terminal (1–287, 28–287) 
region of CbsA

Teichoic acids Several bacterial species C-terminal peptides (251–410, 
288–410) region of CbsA

vapA Aeromonas salmonicida 
A449

Fibronectin
Laminin

eCM
eCM

Class 1 interaction (Kd =6.6 nM)
Class 2 interaction (Kd =218 nM)
Class 3 interaction (Kd =1.52 nM)

120

Slp Sulfolobus FlaF (β-sandwich 
protein)

– Pseudoperiplasm with its 
N-terminal helix in the 
membrane

121

CbpA Lactobacillus salivarius 
ReN

enolase Human colorectal 
adenocarcinoma cell line 
HT-29

1. Corresponding anionic center 
of CbpA coordinates the lysine 
residues of enolase

2. Cationic center of CbpA binds 
to carboxylate moiety of enolase

3. Histidine residues of CbpA 
stabilize the hydrophobic 
residues of enolase

4. electrostatic potential map 
of the active site of CbpA 
with a continuously negatively 
charged surface interacting 
with the surface of C-terminal 
lysine residues of enolase with 
positive charges

112

Slp L. acidophilus 
CICC6074

– Caco-2 cell line N-terminal two-third region 122

BslA Bacillus anthracis 
AP422

Laminin eCM Amino acids 260–652 of BslA 123

Cwp2 Clostridium difficile 630 – Caco-2 colonic cell line Loop region in domain of Cwp2 124

FbpB L. acidophilus NCFM Fibronectin eCM – 125, 126

Mucin

G-Slp Tannerella forsythia 
ATCC43037

Mincle Macrophage – 127

Slp Lactobacillus kefir 
CIDAC8321

– Red blood cells – 128, 129

Lactobacillus parakefiri 
CIDCA8328

Slp L. kefir CIDCA8315 – Saccharomyces lipolytica – 129

SlpA Lactobacillus helveticus 
MIMLh5

TLR2 Human macrophage cell 
line U937

– 115

Slp C. difficile TLR4 Bone marrow-derived 
dendritic cells

– 114

Notes: The interaction modes or regions between Slp and their receptors are also listed in this table. “–” indicates the information is unclear.
Abbreviation: eCM, extracellular matrix.
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method). An interesting study132 reported that Slp as an 

immobilization matrix for aptamers could be applied in bio-

sensors. Thrombin aptamers (ThromApt-SH) and ofloxacin 

aptamers (OflApt-NH
2
) were immobilized on the surface 

of Slp lattices via crosslinkers such as p-maleimidophenyl 

isocyanate, 1-ethyl-3-(3-dimethylamino-propyl) carbodi-

imide, and sulfosuccinimidyl-4-(N-maleimidomethyl) 

cyclohexane-1-carboxylate. Laser-induced fluorescence 

spectroscopy, IAsys (resonant mirror sensor), and quartz 

crystal microbalance with dissipation monitoring (QCM-D) 

analyses proved that aptamers immobilized on solid supports 

by Slp showed good recognition for thrombin and ofloxacin 

and could thus have broad applications in biosensor fields. 

Table 3 lists some biomacromolecules immobilized by Slp 

and Slfp. Furthermore, the immobilization function of Slp 

can also be utilized in liposome-based drug delivery systems.

As mentioned above, Slp can self-assemble on the surface 

of liposomes and immobilize biomacromolecules; that is, Slp 

promotes the surface engineering of liposomes. For example, 

EGFP was fused with SbpA; afterward, rSbpA-EGFP also self-

assembled on the surface of liposomes (Figure 9A and A1), 

which displayed green fluorescence (Figure 9A2) when 

observed under a fluorescence microscope. Hence, the rSbpA-

EGFP-coated liposomes can be used to monitor the distribution 

of liposomal drug delivery systems in vivo.111 Furthermore, 

emulsomes, a liposome-like supramolecular nanostructure, 

could be modified by IgG with the help of Slp. Ücisik et al137 

developed rSbpA-GG-coated Curcuemulsomes (Figure 9B), 

in which rSbpA-GG was an Slfp containing SbpA and two 

protein G domains (IgG-binding domains). ELISAs verified 

that the fusion of protein G domains with SbpA preserved their 

IgG-binding feature. Meanwhile, a recrystallization experi-

ment demonstrated that rSbpA-GG could form a square lattice 

symmetry on the outermost region of the emulsomes, which 

indicated that rSbpA-GG still possessed the capability to self-

assemble on the phase interface. Ultimately, immune colloidal 

gold technique was employed to confirm the IgG-binding 

feature of rSbpA-GG-coated emulsomes. The results verified 

that rSbpA-GG-coated emulsomes (Figure 9B1) exhibited a 

high affinity for IgG compared with rSbpA (without protein 

G domains)-coated emulsomes (Figure 9B3). Furthermore, 

Figure 9B2 shows that p4 symmetry was established.

Another typical method for Slp-coated liposome immobi-

lization of biomacromolecules is the use of streptavidin-biotin 

Table 3 Summary of biomacromolecules immobilized by Slp and Slfp

Slp/Slfp Source Immobilization 
method

Biomacromolecules References

SslA Sporosarcina ureae ATCC13881 Genetic recombination Streptavidin 133

SslA341–925 streptavidin 
fusion protein

S. ureae ATCC13881 and 
heterologous expression in 
Escherichia coli

– Biotin 133

SbpA Bacillus sphaericus CCM2177 Genetic recombination CAb-lys3 and eDFP 111, 134

rSbpA31–1068/Cab-lys3 B. sphaericus CCM2177 and 
heterologous expression in E. coli 
HMS174(De53)

Antibody–antigen binding Lysozyme 134

rSbpA Heterologous expression in E. coli – DNA oligomers 135

rSbpA-GG Lysinibacillus sphaericus CCM2177 
and heterologous expression in 
E. coli BL21(De3)

– IgG 132

SbpA B. sphaericus CCM2177 Genetic recombination Laminarinase (LamA) 130

SbpA L. sphaericus CCM2177 Covalent binding Oxygen-sensitive Pt(II) porphyrin 
dye

136

SlpA12 L. sphaericus JG-A12 Covalent binding via 
crosslinker

ThromApt-SH (thrombin-
aptamer)

132

SlpB53 L. sphaericus JG-B53 Covalent binding via 
crosslinker

OflApt-NH2Q2	(ofloxacin	
aptamer Q2)

132

eGFP/SlpA/ZZ fusion 
protein

Lactobacillus brevis KCTC3102 
and heterologous expression in 
E. coli BL21(De3)

Covalent binding IgG 131

(S1)3S1B1 Geobacillus stearothermophilus 
Pv72/P2

Biotinylated Ferritin 67

Note: “–” indicates the information is unclear.
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system. There are two mechanisms involved in the 

streptavidin-biotin system. Figure 9C and C1 illustrates one 

mechanism with ferritin as an example. Firstly, Slp fuses 

with streptavidin to form an rSlp-streptavidin fusion protein, 

which reassembles on the surface of the liposome. Then, bio-

tinylated ferritin can bind to the streptavidin domain.67 While 

the other mechanism does not involve protein fusion tech-

nology, the “streptavidin-biotin bridge” formed by chemical 

interactions of streptavidin with biotin binds to Slp via the 

biotin-terminal region, thus functionalizing the Slp coated-

liposomes. Afterward ferritin can bind to the streptavidin-

terminal region, achieving the aim of immobilization of 

the ferritin on the liposomal surface (Figure 9D and D1).138 

In general, Slp coating functionalizes the surface properties 

of liposomes, providing practical value for targeted drug 

delivery and drug tracing. However, research on Slp-coated 

liposome immobilization of biomacromolecules remains 

limited. Hence, this research still has profound academic 

significance and broad prospects.

Drug delivery
The most promising application of Slp-coated liposomes is 

drug delivery. Slp-coated liposomes possess strong physico-

chemical stability that protects their cargo molecules against 

the mimetic gastrointestinal environment (rapid variations in 

pH and temperature, mechanical force, pancreatic extract and 

bile salts). In addition, the gastrointestinal adhesive ability of 

Slp-coated liposomes could significantly increase the drug’s 

gastrointestinal retention time, thereby potentially promoting 

drug internalization. To confirm this point, Hollmann et al98 

constructed an Slp-coated liposome carrying calcein and 

then evaluated whether the Slp-coated liposomes promoted 

drug internalization in human colon adenocarcinoma Caco-2 

cells by flow cytometry. As expected, the Caco-2 cells with 

Figure 9 Schematic drawing and TeM images of (A, A1, and A2) rSbpA-eGFP-coated liposomes, (B, B1, B2, and B3) IgG-rSbpA-GG-coated emulsomes, (C and C1) 
ferritin-rSlp-streptavidin fusion protein-coated liposomes, and (D and D1) ferritin-streptavidin-biotin bridge-Slp-coated liposomes.
Notes: TeM images were: (A1 and A2) Copyright ©2004. Portland Press, Ltd. Reproduced from Ilk N, Küpcü S, Moncayo G, et al. A functional chimaeric S-layer-enhanced 
green	fluorescent	protein	to	follow	the	uptake	of	S-layer-coated	liposomes	into	eukaryotic	cells.	Biochem J. 2004;379(Pt 2):441–448.111 (B1–B3) Reproduced from Ücisik MH, 
Küpcü S, Breitwieser A, Gelbmann N, Schuster B, Sleytr UB. S-layer fusion protein as a tool functionalizing emulsomes and Curcuemulsomes for antibody binding and targeting. 
Colloids Surf B Biointerfaces. 2015;128:132–139. Available from: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4406452/. Creative Commons license and disclaimer available 
from: http://creativecommons.org/licenses/by/4.0/legalcode.137 (C1) Adapted with permission from Moll D, Huber C, Schlegel B, Pum D, Sleytr UB, Sara M. S-layer-streptavidin 
fusion proteins as template for nanopatterned molecular arrays. Proc Natl Acad Sci. 2002;99(23):14646–14651. Copyright (2002) National Academy of Sciences, U.S.A.67  
(D1) Reprinted from Biochim ica et Biophysica Acta (BBA) – Biomembranes, 1463(1), Mader C, Küpcü S, Sleytr UB, Sára M, S-layer-coated liposomes as a versatile system for 
entrapping and binding target molecules, 142–150. Copyright (2000), with permission from elsevier.
Abbreviation: TeM, transmission electron microscopy.
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calcein fluorescence incubated with control liposomes for 

30 minutes at 37°C (Figure 10A) were significantly lower 

than those incubated with the calcein liposomes coated 

by Slp extracted from L. kefir JCM 5818 (Figure 10B). 

Calcein dequenching analysis (Figure 10C) demonstrated 

that Slp-coated liposomes could transfer approximately 

Figure 10 evidence of Slp-coated liposomes promoting drug internalization and surface engineering of liposomes and as carriers of vaccines for oral administration.
Notes: Flow cytometry histograms of Caco-2 cells before (red line) and after 30 minutes of (green line) incubation at 37°C with (A) control and (B) Slp-coated liposomes. 
(C) Calcein dequenching of Caco-2 cells incubated with Slp-coated liposomes and plain liposomes at 37°C or 4°C;	flow	cytometry	histograms	of	Caco-2	cells	upon	30-minute	
incubation at 4°C (blue line) and 37°C (green line) with (D) control and (E) S-layer coated liposomes; (F) viability of Caco-2 cells incubated with Slp-coated liposomes and control 
liposomes; (G) IgG concentration induced by oral delivery of Slp-coated liposomes carrying hepatitis B vaccine. (H) Schematic drawing of rSbpA-GG facilitating emulsomal 
surface immobilization of IgG. (I)	Confocal	microscopy	observing	the	interaction	of	HIgG-FITC	(green	fluorescence)	with	rSbpA-GG-coated	emulsome-entrapped	Sudan	β (red 
fluorescence).	(A–F) Reproduced from Hollmann A, Delfederico L, Santos NC, Disalvo eA, Semorile L. Interaction of S-layer proteins of Lactobacillus kefir with model membranes 
and cells. J Liposome Res. 2018;28(2):117–125 by permission of the publisher (Taylor & Francis Ltd, http://www.tandfonline.com).98 (G) Reproduced with permission from Shao.139 
Copyright 2017, Zhejiang University of Technology. (H and I) Reproduced from Ücisik MH, Küpcü S, Breitwieser A, Gelbmann N, Schuster B, Sleytr UB. S-layer fusion protein as a 
tool functionalizing emulsomes and Curcuemulsomes for antibody binding and targeting. Colloids Surf B Biointerfaces. 2015;128:132–139. Available from: https://www.ncbi.nlm.nih.gov/
pmc/articles/PMC4406452/. Creative Commons license and disclaimer available from: http://creativecommons.org/licenses/by/4.0/legalcode.137 *P,0.05; ***P,0.001.
Abbreviations:	FITC,	fluorescein	isothiocyanate;	HIgG,	human	IgG;	ns,	not	significant.
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40% more calcein molecules than the control ones. Inter-

estingly, when the systemic temperature decreased to 4°C, 

the distribution of Caco-2 cells with calcein fluorescence 

(Figure 10D and E) and calcein dequenching (Figure 10C) 

decreased dramatically for both liposomes, and these data 

did not show significant differences between Slp-coated 

liposomes and control liposomes. A previous study indicated 

that most endocytosis pathways of cells were inhibited at 4°C. 

Thus, the researchers theorized that the drug internalization 

mechanism of Slp-coated liposomes is endocytosis by Caco-2 

cells. Furthermore, the results of MTT assays showed that 

Slp-coated liposomes did not reduce the viability of Caco-2 

cells at any of the concentrations tested (Figure 10F).

Hollmann et al showed that that Slp-coated liposomes 

indeed display promising potential as drug carriers for oral 

administration, especially oral delivery of biomacromo-

lecular drugs.98 Currently, the main administration route 

of biomacromolecular drugs (eg, vaccines and insulin) is 

injection,140 which causes pain in patients, especially dia-

betics and children. Hence, a newly developed oral delivery 

system could eliminate the critical delivery bottleneck of 

biomacromolecular drugs. Therefore, appropriate gastro-

intestinal environment and drug internalization are the key 

factors that should be considered for oral delivery systems 

of biomacromolecular drugs.141 Enzyme systems and rapid 

variation of pH in the gastrointestinal tract are lethal for 

biomacromolecular drugs; meanwhile, it is extremely dif-

ficult for biomacromolecular drugs to be absorbed by gas-

trointestinal epithelial cells compared with plain chemical 

drugs due to their much higher molecular weight.142 In fact, 

Sleytr et al had already proposed that Slp-coated liposomes 

could be potential vaccine carriers in 1999.30 In 2007, Hol-

lmann et al analyzed the feasibility of Slp-coated liposomes 

as vaccine carriers by physicochemical stability analysis, 

and concluded that their physicochemical characterization 

meets the qualification for vaccine carriers.97 Recently, 

our research group constructed an Slp-coated liposome-

entrapped hepatitis B vaccine (HepB) to explore the in vivo 

feasibility as a vaccine carrier.139 The IgG concentrations 

in mouse serum were determined by ELISA at the eighth 

week, 10th week, and 12th week after subcutaneous injec-

tion of HepB (Sc-HepB) or intragastric administration of 

HepB solution (ig-HepB), HepB liposomes (ig-LP-HepB), 

and HepB liposomes coated by Slp (ig-Slp-LP-HepB). The 

key results are presented in Figure 10G. The IgG level of 

the ig-HepB group at the eighth week was 4.00±2.78 ng/mL, 

indicating this group showed almost no effect, while the 

IgG levels of the ig-LP-HepB and ig-Slp-LP-HepB groups 

were 9.44±2.42 and 21.96±7.55 ng/mL, respectively, which 

strongly indicated that both unmodified liposomes and Slp-

coated liposomes could improve the oral delivery of the 

vaccine. Slp-coated liposomes exhibited a better biological 

efficiency than unmodified liposomes, but much lower than 

that of the Sc-HepB group (IgG level 529.13±175.91 ng/mL). 

However, unlike the Sc-HepB group, the IgG levels of the 

other three oral administration groups all increased at the 

10th and 12th week. The IgG levels of the ig-Slp-LP-HepB 

group at the 10th and 12th week increased to 41.32±7.50 and 

55.24±17.50 ng/mL, respectively. However, it is interesting 

to note that the IgG levels of the three oral administration 

groups all showed an upward trend over time, while the IgG 

levels of the Sc-HepB group showed a downward trend. 

We inferred that the differences in pharmacokinetic processes 

between subcutaneous injection and oral administration 

led to this phenomenon. These findings also suggested that 

the interval dose and time should be fully considered when 

developing an oral delivery system for a vaccine. These 

results showed that the Slp-coated liposomes were able to 

improve the oral delivery efficiency of vaccines significantly. 

However, the efficiency was still not strong enough for the 

clinical application in oral administration, which may be the 

main cause that limits the publication of the related literature.

As noted in the previous section, immobilization of bio-

macromolecules is another unique property of Slp-coated 

liposomes. This feature will drive the functionalization of 

liposomes to achieve targeted drug delivery. In 2015, Ücisik 

et al published a research paper reporting that Slp coat-

ing as a matrix helped the emulsome-entrapped antitumor 

drug curcumin (Curcuemulsome) to immobilize and target 

human antibody IgG.137 This study involved protein fusion 

technology. Two protein G domains possessing specific IgG 

affinity were fused with SbpA. The Slfp, rSbpA-GG, could 

reassemble on the surface of Curcuemulsomes, and the 

protein G domains could regularly recognize and immobi-

lize IgG (Figure 10H). ELISA indicated that IgG was only 

bound to rSbpA-GG-coated Curcuemulsomes rather than 

SbpA-coated or rSbpA-ZZ-coated Curcuemulsomes, which 

demonstrated that protein G domains fused with Slp preserve 

their inherent IgG-binding features. Confocal microscopy 

(Figure 10I) clearly confirmed that FITC-labeled IgG was 

coated on the surface of rSbpA-GG-coated emulsomes 

loaded with Sudan β. Emulsomes are a vesicle-based delivery 

system for the delivery of hydrophobic drugs. As shown in 

Figure 10H, the emulsome comprises a solid emulsion core 

surrounded by phospholipid layers. Hence, the structure of 

the emulsome is like a liposome-entrapped solid emulsion. 

Thus, the surface characteristics of emulsomes are the same 

as those of liposomes. The research above also revealed the 
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functionalization potential of Slp-coated liposomes. How-

ever, Ücisik et al unfortunately did not further evaluate the 

in vivo targeted drug delivery efficiency or the cancer thera-

peutic efficiency of rSbpA-GG-coated Curcuemulsomes.137

As we continue to explore design strategies, our progress 

in oral delivery of biomacromolecular drugs and targeted 

drug delivery by Slp-coated liposomes will continue. We also 

believe that the biomedical engineering uses of Slp combined 

with the favorable characteristics of liposomes will drive a 

series of biomedical applications.

Biomedical applications
As an important biomaterial, Slp has already been researched 

in the biomedical field. A regular crystalline array of Slp pro-

vides a firm platform for biomacromolecules, enabling it to 

be a novel biocatalyst,143,144 a potential agent for biomimetic 

therapy,145 and a biosensor.132 Back to the subject of this 

review, Slp-coated liposomes not only exhibit the unique fea-

tures of Slp but also possess the favorable nanoproperties of 

liposomes with good biocompatibility and biodegradability. 

Increasing evidence has confirmed that Slp-coated liposomes 

display great potential in the biomedical engineering field 

in addition to drug delivery. In 2004, Ilk et al first reported 

that uptake of an S-layer-enhanced green fluorescent fusion 

protein-coated liposome into eukaryotic cells could be visu-

alized by confocal laser scanning microscopy.111 EGFP was 

labeled on the surface of liposomes by Slp fusion technology. 

Traditional labeling modes of fluorescent molecules for nano-

medicine involve physical adsorption and chemical conjuga-

tion.146 However, physical adsorption is a weak interaction 

that easily causes the shedding of fluorescent molecules. 

The potentially toxic agents used in the process of chemical 

conjugation probably diffuse through the lipid bilayer into the 

interior of the liposome.111,147 Fortunately, Slp fusion technol-

ogy can avoid the abovementioned issues. In this work, the 

researchers initially constructed the S-layer-enhanced green 

fluorescent fusion protein rSbpA
31-1068

/EGFP and recombinant 

EGFP (rEGFP) as a control. Additionally, both rSbpA
31-1068

/

EGFP and rEGFP showed nearly the same excitation and 

emission spectra (Figure 11A), which suggested that the Slp 

fusion technology did not affect the fluorescence intensity 

of EGFP. Subsequently, rSbpA
31-1068

/EGFP maintained the 

reassembly feature and self-assembled on the surface of 

liposomes (Figure 11B), and an intense green fluorescence 

was observed on the surface of rSbpA
31-1068

/EGFP-coated 

liposomes via fluorescence microscopy (Figure 11C). For 

visually monitoring the interactions with eukaryotic cells, 

the rSbpA
31-1068

/EGFP-coated liposomes were incubated 

with HeLa cells, and then, three-dimensional confocal laser 

scanning microscopy was used to view the kinetic charac-

teristics of rSbpA
31-1068

/EGFP-coated liposomes. As shown 

in Figure 11E–G, a single arrow indicates the ongoing 

interactions between rSbpA
31-1068

/EGFP-coated liposomes 

and the HeLa cell membrane, double arrows indicate that the 

internalization process of liposomes was completed, and the 

dark arrowheads indicate that liposomes were engulfed by 

endosomes or located in the cytosol. Overall, confocal images 

clearly show that most of the liposomes were internalized 

after 2 hours of incubation mainly via endocytosis, which 

demonstrated that the rSbpA
31-1068

/EGFP coating could be 

successfully used to monitor the behavior of liposomes. This 

functional liposome has good application potential in the 

continuous development of liposomes and in vivo imaging 

technology of specific cells.

Due to its abundant carboxylic and amino groups and 

its ability to form regular crystalline arrays, Slp has usually 

been employed to construct a biocatalytic surface for the 

immobilization of enzymes.143,144 Immobilized enzymes have 

significant economic value in the pharmaceutical industry. 

The immobilization of enzymes can facilitate the separation 

and reuse of enzymes, thus reducing the cost of industrial 

production.150,151 Using a combined nanobiotechnological 

approach, Schäffer et al reported an Slp-coated liposome as 

a platform for the immobilization of an enzyme constructed 

as a novel biocatalyst.148 First, the researchers optimized the 

immobilizing method of glucose-1-phosphate thymidylyl-

transferase RmlA by SgsE (Slp from Geobacillus stearo-

thermophilus NRS 2004/3a) and obtained rSgsE/RmlA. The 

catalytic activity of rSgsE/RmlA reached 99.7% compared 

to the activity of RmlA alone. In addition, rSgsE/RmlA 

showed better storage stability than RmlA alone. rSgsE/

RmlA showed preserved activity at 14 weeks, while RmlA 

alone lost 70% of its activity after 4 weeks (Figure 11D). 

Interestingly, rSgsE/RmlA could self-assemble into a 

nanotube structure as described in Figure 1. However, this 

rSgsE/RmlA nanotube biocatalyst only possessed 3% of the 

activity of RmlA. This discrepancy was due to the formation 

of double-layered Slp on the surface of the nanotube. These 

double-layer structures with a face-to-face inward orientation 

of the catalytic epitopes bury the catalytic domains in the 

intralayer of the nanotube, which dramatically inhibits the 

efficiency of the reaction (Figure 11H). To overcome this 

limitation, liposomes were adopted to support rSgsE/RmlA. 

Compared with the rSgsE/RmlA nanotube biocatalyst, the 

rSgsE/RmlA-coated liposome biocatalyst showed a sig-

nificantly higher activity (65.4% of the activity of RmlA). 

This enhancement was mainly attributed to the full surface 

display of catalytic epitopes (Figure 11I). For recycling 
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and reuse, the liposomal biocatalyst could be separated by 

centrifugation, and 61.0% of the original activity was still 

detectable after one cycle. From this example, we can see 

the promising application potential and economic value of 

Slp-coated liposomes in the immobilization of enzymes for 

constructing novel biocatalysts.

In addition to these biomedical applications, the interac-

tions between Slp and liposomes are typically employed to 

prepare biomimetic-supported lipid membranes for studying 

the characteristics and functions of transmembranes and 

membrane-bound proteins. Furthermore, biomimetic-

supported lipid membranes can be used to investigate 

biomembrane-mediated interactions and cell signal trans-

duction.152,153 Therefore, the construction of biomimetic 

membranes is crucial. Schrems et al adopted the interactions 

between liposomes and Slp to prepare biomimetic-supported 

Figure 11 Biomedical applications of Slp-coated liposomes in imaging technology, as biocatalysts, and in preparation of biomimetic membranes.
Notes: (A)	Comparison	of	fluorescence	excitation	and	emission	spectra	of	rEGFP	and	rSbpA31-1068/eGFP. (B) TeM image of rSbpA31-1068/eGFP-coated liposomes. (C) Fluorescence 
microscopy observation of rSbpA31-1068/eGFP-coated liposomes. (D) Time-dependent enzyme activity of rSgse/RmlA and sole RmlA. (E) Two-dimensional confocal microscopy 
image of the interaction between HeLa cells and rSbpA31-1068/eGFP-coated liposomes; three-dimensional confocal microscopy observation of the interaction between HeLa cells 
and rSbpA31-1068/eGFP-coated liposomes based on a confocal z-stack with the view at an anticlockwise rotation around the y-axis by (F) 96° and (G) 162° relative to the focal plane. 
(H) electron micrograph of rSgse/RmlA self-assembling nanotube biocatalysts. (I) electron micrograph of rSgse/RmlA-coated liposomal biocatalysts. (a) schematic cross section of a 
biocatalytic liposome, showing the surface display of the RmlA epitopes within the nanolattice; (b) schematic representation of the p2 symmetry of the G_Sgse.RmlA nanolattice. Blue 
circles:biocatalytic RmlA epitopes (arbitrary positions); yellow symbols: rSgse. (J) SPR spectroscopy and (K) QCM-D characterization of the formation process of planar biomimetic 
membrane. (L)	 Fluorescence	microscopy	 confirming	 the	 formation	of	 planar	 biomimetic	membranes.	 (A–C) and (E–G) Copyright ©2004. Portland Press, Ltd. Reproduced 
from	Ilk	N,	Küpcü	S,	Moncayo	G,	et	al.	A	functional	chimaeric	S-layer-enhanced	green	fluorescent	protein	to	follow	the	uptake	of	S-layer-coated	liposomes	into	eukaryotic	cells.	
Biochem J. 2004;379(Pt 2):441–448.111 (D, H, and I) Copyright ©2007. John wiley and Sons. Reproduced from Schäffer C, Novotny R, Küpcü S, et al. Novel biocatalysts based on 
S-layer self-assembly of Geobacillus stearothermophilus NRS 2004/3a: a nanobiotechnological approach. Small. 2007;3(9):1549–1559.148 (J–L) Reproduced with permission from IOP 
Publishing, Schrems A, Larisch vD, Stanetty C, et al, Liposome fusion on protein aceous S-layer lattices triggered viaβ-diketone ligand–europium(iii) complex formation, Soft Matter. 
2011;7(12):5514–5518. First published on May 24, 2011. © IOP Publishing. Reproduced with permission. All rights reserved.
Abbreviations: QCM-D, quartz crystal microbalance with dissipation monitoring; SPR, surface plasmon resonance; TeM, transmission electron microscopy.
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lipid membranes.149 The preparation process was divided 

into three steps: in the first step, Slp was recrystallized on 

the surface of solid supports; in the second step, β-diketone 

ligand-modified liposomes were anchored to the Slp-coated 

solid supports via electrostatic forces (as mentioned in the 

“Interactions between Slp and liposomes” section); and 

the last step was the addition of europium (III) that caused 

the formation of the β-diketone ligand-europium (III) com-

plex between adjacent liposomes, thereby facilitating lipo-

somal fusion and the formation of planar lipid membranes. 

Surface plasmon resonance spectroscopy (Figure 11J) 

and QCM-D (Figure 11K) were used to characterize this 

process. Subsequently, the researchers observed that the 

phospholipid molecules fully covered the surface of solid 

supports (Figure 11L), which confirmed the successful 

formation of planar biomimetic membranes. Damiati et al 

used this method to prepare biomimetic membranes and 

then investigated the electrical and structural properties of 

gramicidin (a membrane-active peptide) and α-hemolysin 

(a transmembrane protein).154

Thus, Slp-coated liposomes have shown promising 

potential in some biomedical engineering fields, including 

imaging technology, catalytic chemistry, and biomedical 

investigation. Although some encouraging progress has been 

made, developing appropriate biomedical applications of 

Slp-coated liposomes still requires further research.

Challenges and perspectives
The present review provides an overview of the development 

of Slp and Slp-coated liposomes. The latter has emerged as 

an interesting candidate for drug delivery and biomedical 

uses because of the distinguishing features of Slp-coated 

liposomes, including favorable physicochemical and bio-

logical stabilities, adhesion to specific cells or tissues, and 

immobilization of biomacromolecules for multifunctionaliza-

tion of liposomes. However, there are some difficulties in 

the development of Slp-coated liposomes. Critical challenges 

that still remain and need to be explored are listed below, 

which will serve as a roadmap to further elucidate the future 

beneficial effects of Slp-coated liposomes.

Although Slp-coated liposomes are expected to be 

suitable candidates for the oral delivery of vaccines, the 

enhancement of oral delivery of vaccines is not satisfactory. 

To our knowledge, the oral delivery efficiency of biomacro-

molecular drugs mostly relies on the gastrointestinal retention 

time, the uptake by gastrointestinal epithelial cells, and the 

ability to defend against the extreme gastrointestinal envi-

ronment. Slp-coated liposomes have shown improvements 

in the stability and retention time in the gastrointestinal 

tract. However, absorption by the gastrointestinal tract is 

not sufficient. Therefore, strategies to improve the penetra-

tion of Slp-coated liposomes into epithelial cells should be 

developed in the future.

As Slp is a virulence factor, the toxicity and side effects 

of Slp in the circulation system and organs have to be identi-

fied. Research by Taverniti et al found that SlpA triggered the 

expression of the proinflammatory factors TNF-α and COX-2 

in the human macrophage cell line U937 by recognition 

through TLR2, stimulating the innate immune system.115 Slp 

isolated from Clostridium difficile also induced maturation of 

bone marrow-derived dendritic cells by expression of MHC 

class 2, CD40, CD80, and CD86 and production of IL-10, 

IL-12, and TNF-α via recognition of TLR4, which subse-

quently generated a T helper cell response.114 These results 

suggested that Slp could activate innate immunity, which 

is beneficial for vaccine delivery but should be considered 

carefully for delivery of other drugs. Further elucidation of 

the toxicity and side effects of different Slp molecules will 

lead to an enhanced design of Slp-coated liposome-based 

drug delivery systems for specific disease therapy.

Furthermore, as described in the “Interactions between 

Slp and liposomes” section, the interaction of Slp with 

liposomes is mainly attributed to electrostatic forces. Thus, 

the usage of positively charged surfactants is crucial for 

the effective coating of Slp. However, positively charged 

surfactants display cytotoxicity in our bodies. Positively 

charged surfactants can disrupt the cell membrane, thereby 

causing cell death. Hence, the usage of positively charged 

surfactants in various Slp-coated liposomes should be inves-

tigated in depth, and not only should the reasonable coating 

efficiency be considered, but the side effects or toxicity of the 

indispensable components in Slp-coated liposomes should 

also be taken into account.

Compared with those of other supports (such as metal 

nanoparticles and silicon supports), the rigidity and physi-

cochemical stabilities of liposomes are slightly weak. This 

disadvantage sometimes limits the use of liposomes as the 

support for Slp in various biomedical applications. Neverthe-

less, liposomes composed of phospholipid molecules have a 

typical biomimetic cell structure with good biocompatibility 

and biodegradability in vivo, which is not available in the 

case of other supports or nanoscale materials. Hence, we 

believe the Slp-coated liposomes have major advantages as in 

vivo biosensors or biocatalysts as well as diagnostic reagents.

For industrial applications, a conventional liposome is 

usually produced by an aseptic technique due to its poor 

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2019:14 submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

1379

Luo et al

resistance to high temperature and pressure. The more 

complicated structure of the Slp-coated liposome will cause 

major difficulties in industrial production, such as high 

technical barriers and high industrial cost. This issue is also 

an obstacle to the widespread application of Slp-coated 

liposomes.

Although there are several challenges, given the consider-

able potential applications, it is worthwhile to devote more 

efforts to this promising multifunctional platform for drug 

delivery and biomedical applications. In recent years, Slp 

has been gradually employed to construct novel biosensors155 

for cancer diagnosis,156 detection of chemical ions,157 and 

nanoelectronic applications.158 We believe this is indeed a 

signal of the future biomedical development of Slp-coated 

liposomes.

With the extensive research on Slp, particularly the 

in-depth depiction of the mechanism of bacterial invasion 

of host epithelial cells, Slp has already been investigated 

as an antimicrobial agent for bacteria-induced gastroin-

testinal disease therapy. Evidence has indicated that Slp 

can inhibit the adhesion of the enteric pathogen E. coli to 

human intestinal epithelial tissues145 by competing with 

pathogens for Slp receptors.159 Interestingly, Slp (from 

L. acidophilus NCFM) inhibited mitochondrial membrane 

potential reduction and enhanced Ca2+ levels in HT-29 cells, 

significantly downregulating pathogen-induced activation 

of caspase-3 and caspase-9, which prevented pathogen-

induced apoptosis of HT-29 cells.160 Furthermore, SlpA 

extracted from Lactobacillus helveticus MIMLh5 displayed 

anti-inflammatory effects on the intestinal epithelial Caco-2 

cell line by inhibiting the activation of the NF-κB signaling 

pathway.115 Combined with biomimetic technology and 

nanotechnology, Slp-coated liposomes with biomimetic 

structures simulating the morphology of bacterial cells may 

exhibit a better competitive inhibitory effect than Slp alone. 

This difference is because the absorption of Slp on the surface 

of liposomes can significantly improve the local density of 

Slp, which supports improved competition for binding sites 

with bacterial cells. Based on the anti-apoptotic and anti-

inflammatory effects of Slp, we hypothesized that Slp-coated 

liposomes carrying other antimicrobial drugs may exert a 

synergetic effect in intestinal disease therapy. We hope that 

this review will drive more scientists to join the journey of 

developing Slp-coated liposomes.
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