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ABSTRACT 

A wide range of biomaterials and engineered cell surfaces are comprised of bioconjugates 

embedded in liposome membranes, surface-immobilized bilayers, or the plasma membranes of 

living cells. This review article summarizes the various ways that Nature anchors integral and 

peripheral proteins in a cell membrane and describes the strategies devised by chemical 

biologists to label a membrane protein in living cells. Also discussed are modern synthetic and 

semisynthetic methods to produce lipidated proteins. Subsequent sections describe methods to 

anchor a three-component synthetic construct that is comprised of a lipophilic membrane 

anchor, hydrophilic linker, and exposed functional component. The surface exposed payload can 

be a fluorophore, aptamer, oligonucleotide, polypeptide, peptide nucleic acid, polysaccharide, 

branched dendrimer, or linear polymer. Hydrocarbon chains are commonly used as the 

membrane anchor, and a general experimental trend is a two chain lipid anchor has higher 

membrane affinity than a cholesteryl or single chain lipid anchor. Amphiphilic fluorescent dyes 

are effective molecular probes for cell membrane imaging and a zwitterionic linker between the 

fluorophore and the lipid anchor promotes high persistence in the plasma membrane of living 

cells. A relatively new advance is the development of switchable membrane anchors as molecular 

tools for fundamental studies or as technology platforms for applied biomaterials. 
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INTRODUCTION 

Many types of biomaterials and engineered cell surfaces are comprised of bioconjugates 

embedded in bilayer membranes. Various preclinical research fields and next-generation 

therapies require surface-decorated cells, functionalized liposomes, and surface-immobilized 

bilayers for applications like targeted drug delivery, cell-based therapy, cell transplantation, 

vaccine development, membrane fusion, biosensing, bioimaging, and single molecule tracking. 1 

2 3 4 Similarly, cell microscopists often need to label cell plasma membranes with fluorophores 

for static and dynamic cell imaging. In all scenarios, it is crucial to ensure that the bioconjugate 

remains anchored in the membrane for the entire period of the experiment. This challenging task 

depends heavily on the structure of the bilayer and the type of functional payload that is attached 

to the lipophilic anchor. 

The purpose of this review article is to concisely summarize the different ways that 

researchers can anchor a bioconjugate or multicomponent molecular construct in a cell plasma 

membrane or synthetic bilayer. The article focuses on the different biosynthetic, semi-synthetic, 

and synthetic strategies that are used to prepare an anchored construct, and we summarize the 

overarching concepts that underlie the molecular designs with citations directing the interested 

reader to the specialized synthetic and technical publications. Topics that are beyond the scope 

of this article include molecular and nanoparticle designs that promote membrane permeation,5 

amphiphilic nanoparticles that alter membrane curvature,6 detailed biosynthetic pathways that 

produce membrane-anchored proteins,7 and molecular probes for the study of membrane 

diffusion and lipidomics.8 

In terms of presentation format, the article starts by briefly reviewing the various ways 

that Nature anchors proteins in a cell membrane, and then describes the strategies that chemical 

biologists use to fluorescently label a membrane protein in living cells. The latter sections 

describe bioconjugation methods that anchor synthetic conjugates in liposome membranes or 

cell plasma membranes and includes a section on switchable anchors. Membrane anchor stability 

trends and several helpful design rules are also summarized.  

 

GENERAL SUMMARY OF CELL MEMBRANE STRUCTURE 
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Before describing the different biochemical anchors that occur in Nature, we provide a 

concise background summary of mammalian cell membrane structure. Illustrated in Scheme 1a 

is a generic picture of a simplified mammalian cell plasma membrane showing a polar lipid bilayer 

decorated with peripheral and integral proteins. Polar lipids are defined as amphiphilic molecules 

that have a polar head group and one or two lipophilic tails. The polar lipids in eukaryotic 

membranes have broad structural diversity, and the most common classes are 

glycerophospholipids, sphingolipids, glycolipids, cholesterol, and fatty acids.9 

A bilayer membrane is a fluctuating ensemble with an average hydrophobic core that is 

~30 Å thick (Scheme 1b), and a ~15 Å wide polar interfacial region on either side.10 Molecular 

dynamics simulations indicate very little water residing in the hydrophobic core. Similarly, amino 

acids with polar side chains strongly favor the interfacial regions over the hydrophobic core. A 

homogeneous bilayer composed of one type of polar lipid can exist in a gel phase at a relatively 

low temperature or a liquid phase at temperatures above the phase temperature (Scheme 1c). 

Additives within the membrane such as cholesterol can promote lateral phase separation to 

produce localized spatial domains that are rich in cholesterol (liquid-ordered) and domains that 

are cholesterol deficient (liquid-disordered). All biological membranes are in a fluid phase, 

although there is evidence for dynamic, nanoscale domains called lipid rafts that are comprised 

of cholesterol and other polar lipids, along with membrane proteins, in an ill-defined ensemble 

with a variable organizational lifetime. 9 

Insertion of a polar lipid into a bilayer membrane is not a barrier-less process. Molecular 

dynamics simulations have recently calculated the energy profile for the reaction coordinate 

(Scheme 1d) and found that the low energy path for polar lipid entry (or exit) from a bilayer 

involves transient formation (or disruption) of a local hydrophobic environment around the polar 

lipid.11 The rates of passive lipid exchange in model bilayer membranes are on the order of hours, 

and much slower than the lipid exchange rates seen in biology where specific lipid exchange 

proteins catalyze lipid transfer. Lipid exchange proteins efficiently extract lipids from donor 

membranes by lowering the free energy activation barrier for breakage of hydrophobic contact. 

But they cannot bind the lipids too strongly as they must ultimately release them into acceptor 

membranes.  
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A membrane composed of longer phospholipids has a wider hydrophobic core than a 

membrane composed of shorter phospholipids, and stability of an embedded lipophilic anchor is 

greatest when it matches the membrane’s hydrophobic core. A typical cell membrane is 

composed of multiple molecular components (glycerophospholipids, sphingolipids, glycolipids, 

cholesterol, and integral proteins) and the bilayer will assemble in a way that minimizes free 

energy. One of the contributing energetic factors is the degree of hydrophobic mismatch in the 

bilayer, and it can be lowered by lateral phase separation to produce nanoscale two-dimensional 

clusters of neighboring polar lipids with similar amphiphilic dimensions.12 Consequently, lateral 

phase separation provides a mechanism to modulate local bilayer thickness, and a “long” 

lipophilic membrane anchor can recruit a surrounding cluster of long polar lipids to create a 

localized region of the membrane that is thicker than the average.  

 

 

Scheme 1: (a) Schematic picture of a simplified mammalian cell membrane. (b) The hydrophobic 

core within a bilayer membrane is ~30 Å thick, and the interfacial regions on either side are ~15 

Å wide. (c) Different membrane phases and domains. (d) Reaction coordinate for lipid entry (or 

exit) from a bilayer membrane due to the creation (or disruption) of a locally hydrophobic 
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environment around the incoming (or outgoing) lipid. Adapted with permission from, Rogers, J. 

R.; Geissler, P. L. J. Phys. Chem. B, 2020, 124, 5884−5898. Copyright 2020, American Chemical 

Society. 

 

SUMMARY OF BIOCHEMICAL MEMBRANE ANCHORS 

Nature uses appended lipid chains to anchor proteins to membranes. Shown in Scheme 2 

are examples of different lipid anchors that are linked to proteins, that is, the 16-carbon fatty 

acid palmitoyl (Scheme 2a), glycosylphosphatidylinositol (GPI, Scheme 2b), or an oligoprenyl 

chain with 15 or 20 carbons (Scheme 2c). The various biosynthetic pathways that produce these 

lipid anchors are known, as well as the enzyme-catalyzed protein/lipid conjugation reactions.7 13 

The high practical value of lipidated proteins has motivated protein chemists to develop synthetic 

and semisynthetic methods for protein/lipid congation.14 15 The synthetic methods include 

various ligation reactions such as maleimide-cysteine addition, native chemical ligation, 

diselenide-selenoester ligation, serine/threonine ligation, and -keto-hydroxylamine ligation; 

whereas the semisynthetic methods include expressed protein ligation and sortase-mediated 

ligation.  

In the absence of lipid anchors, peripheral proteins can still embed into a bilayer 

membrane if a section of a protein’s secondary structure contains enough non-polar amino acids. 

Tyrosine and tryptophan are commonly observed at the membrane interface because the 

aromatic side chains provide hydrophobicity, and they can interact directly with the head groups 

of the membrane polar lipids via hydrogen bonding or cation-π interactions.16 A specific type of 

protein secondary structure with membrane affinity is the amphipathic helix, whose key 

structural feature is a segregated arrangement of amino acid side chains such that one face of 

the helix is non-polar and the opposite face is polar. The facial amphiphilicity makes it 

thermodynamically favorable for the helix to embed its non-polar face sideways into a membrane 

interface with the polar face exposed to the aqueous exterior (Scheme 2d).17 Amphipathic helices 

have diverse biological functions based on their capacity to deform membrane packing and alter 

surface curvature, and they are often involved in dynamic cell membrane processes such as 

sensing, remodeling, or fusion.18 The sideways, partial penetration limits the maximum 
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membrane affinity that can be achieved by a single amphipathic helix, but the membrane 

localization can be enhanced by helix oligomerization.  

In general, an amphipathic helix is not an optimal protein secondary structure if the 

functional goal is to produce a long-lived, high-affinity membrane anchor. A better membrane 

protein anchor is a transmembrane helix with high hydrophobicity and sufficient length to span 

the membrane. As a simple rule of thumb, a polypeptide helix, comprised of ~20 hydrophobic 

amino acids, is long enough to span the ~30 Å hydrophobic core of a membrane bilayer (Scheme 

2e). Listed in Scheme 2f is the hydrophobicity index for the side chains of the naturally occurring 

amino acids which are classified into four groups: very hydrophobic (red), hydrophobic (dark 

gray), neutral (light gray), and hydrophilic (blue). Many integral membrane proteins have multiple 

transmembrane helices, and one of the central tasks of computational protein structure 

prediction algorithms is identification of the transmembrane helices. Recent computational 

approaches have exploited deep-learning methodology as a way to reduce the number of 

parameters while maintaining high prediction accuracy.19 The dimensions of a transmembrane 

helix affects its spatial location within a cell plasma membrane. A transmembrane helix with a 

small lipid accessible surface area (typically rich in Ala/Gly) commonly partitions into tightly 

packed raft-like domains, whereas, a transmembrane helix with high lipid accessible surface area 

(typically rich in Leu/Phe) is usually excluded from these domains.20 Association with other 

membrane components also depends on the hydrophobic length of the transmembrane helix, 

with a preference for neighboring transmembrane proteins and lipids of similar length to reduce 

the energetic cost of hydrophobic mismatch.21 

Some plasma membrane proteins have a relatively short lifespan, on the order of hours 

to days, while others persist in the plasma membrane for weeks or even months. Fluorescence 

microscopy studies have found that a labeled membrane protein can be visualized in a plasma 

membrane for several days at least; in part because it can recycle back, in bioactive form, to the 

plasma membrane after internalization by endocytosis.22 23 The extended duration in the plasma 

membrane makes fluorescently labeled membrane proteins excellent probes for microscopic 

studies of cell membrane structure and dynamics, or in vivo longitudinal studies of cell migration. 

In addition to fluorescent labels, bioactive molecules such as polysaccharides or enzymes can be 
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attached to membrane proteins for long-term display on cell surfaces, thus creating a new way 

to manipulate cell physiology and produce new classes of chemotherapy. 22 23 

 

 

 

Scheme 2: Examples of the different biochemical membrane anchors. (a) Palmitoyl linked 

protein, (b) Glycosylphosphatidylinositol (GPI) linked protein. (c) Oligoprenyl linked protein. (d) 

Facially amphipathic helix, (e) Integral protein with transmembrane helix. (f) Hydrophobicity 

index for amino acid side chains, * = value at pH 2. 

 

BIOSYNTHETIC OR SEMISYNTHETIC MEMBRANE ANCHORS 

One way to fluorescently label a membrane protein in a living cell is to genetically express 

a fused protein construct that connects a fluorescent protein to the C- or N- terminus of the 

membrane protein. The biosynthetic technology is straightforward for labs that are experienced 

in protein expression and there are publications that describe optimized methods. For example, 
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it has been demonstrated that the expression and yield in HEK293 cells of membrane protein, 

DHHC20 protein acyltransferase, tagged with yellow mVenus are 2 - 5 fold better over mEGFP 

(Scheme 3a).24 However, there are sometimes challenges with specific fused protein constructs 

caused by low protein expression levels or improper protein folding, and there are also 

performance drawbacks due to the relatively large size of the fluorescent protein along with 

limited fluorescence brightness, photostability, and wavelength range. This has led to nongenetic 

methods for labeling membrane proteins with synthetic fluorophores that exhibit enhanced 

brightness, stability, and long wavelength fluorescence that facilitate in vivo imaging.25 These 

protein labeling methods exploit selective bioconjugation concepts such as proximity-enhanced 

chemistry and photoaffinity labeling.26  

The selectivity and efficiency of the protein labeling step can be greatly improved by using 

two-step Tag protein protocols. In short, cells are genetically programed to biosynthesize a 

membrane protein that is fused with a reactive Tag protein, and then a functional molecular label 

is selectively attached to the Tag protein. A range of conceptually related Tag-probe labeling 

methods have been developed over the years and a recent review article described seventeen 

separate protocols that enable live-cell imaging of membrane proteins.27 The representative 

example shown in Scheme 3b is based on HaloTag® technology. Genetically modified cells are 

induced to express a membrane surface protein that is fused to a halotag protein, and 

subsequent treatment of the cells with a functional molecule (fluorophore or bioactive sequence) 

that has a halotag reactive motif leads to covalent attachment.28  

An alternative two-step example, shown in Scheme 3c, utilizes metabolic engineering to 

introduce a bioorthoganol reactive site on a glycosylphosphatidylinositol (GPI) anchor within the 

cell plasma membrane. This is achieved by treating the living cells with an azide-modified 

phosphatidylinositol, which is recognized as a biosynthetic precursor and integrates into the cell 

biosynthesis/trafficking pathways to produce an azido-labeled GPI-anchored protein. 

Subsequent treatment of the cells with an alkyne-bearing functional molecule leads to a selective 

click reaction and cell surface labeling.29 

In each of these cell engineering cases, the anchor component is biosynthesized inside 

the living cells and trafficked to the cell plasma membrane. A variation of this two-step paradigm 
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adds a synthetic lipid anchor molecule to cell culture and allows incubation time for anchor 

insertion into the cell plasma membrane from the exterior surface. After the reactive lipophilic 

anchor is embedded in the cell membrane, the functional payload component is added to the 

cell culture where it covalently attaches to the anchor molecule via a selective bioorthogonal 

reaction. Early examples of this two-step method employed synthetic lipophilic anchor molecules 

with carbonyl groups that can undergo subsequent condensation reactions with amine 

nucleophiles,30 whereas later work has expanded the scope of conjugation reactions to include 

cycloaddition and related click reactions.31 32 

 

 

 

 

Scheme 3: (a) Biosynthetic fused protein construct that covalently connects the fluorescent 

protein, mVenus, to the C- or N-terminus of a membrane protein. Panels b and c illustrate 

representative examples of two-step semisynthetic protocols for labeling membrane-bound 

proteins in living cells. (b) Cell expression of a membrane protein fused with the HaloTag® protein 

enables covalent attachment of a functional molecule (fluorophore or bioactive sequence). (c) 

Cells metabolize an azide-modified phosphatidylinositol precursor and produce an azido-labeled 
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glycosylphosphatidylinositol (GPI)-anchored protein which is covalently labeled with an alkyne-

bearing functional molecule. 

 

SYNTHETIC LIPID MEMBRANE ANCHORS 

The simplest way to functionalize the exterior surface of a bilayer membrane is to simply 

treat the membrane (living cell, liposome, or immobilized bilayer) with a pre-synthesized three-

component molecular construct that is comprised of a lipophilic membrane anchor, flexible 

hydrophilic linker, and exposed functional component such as a stealth polymer, reporter 

molecule, or bioactive sequence (Scheme 4). The method is employed extensively to 

functionalize the surface of liposomes with a bioactive sequence such as peptide,33 immunogenic 

protein,34 antibody,35 aptamer,36 oligonucleotide,37 38 or polysaccharide.39 

Ideally, the high lipophilicity of the membrane anchor will thermodynamically drive 

insertion into the hydrophobic core of the membrane. The thermodynamics for polar lipid 

insertion into a synthetic membrane can be measured by isothermal calorimetry or fluorescence 

spectroscopy, although the experiment is technically demanding due to self-aggregation and 

non-ideal behavior of the polar lipid.40 41 42 The partitioning of a single chain polar lipid (fatty acid 

or lysolipid) into a phospholipid bilayer has been determined to be favored enthalpically and 

entropically; thus, the partition coefficient increases with temperature and can be as high as 105. 

A longer non-polar acid chain has higher membrane affinity than a shorter chain, and lengthening 

a saturated non-polar chain by two carbons produces an order of magnitude increase in the 

partitioning coefficient.41 42 

In practice, there are several thermodynamic and kinetic factors that slow the membrane 

insertion process and lower insertion efficiency. The most problematic factor is the propensity of 

an amphiphilic three-component construct to immediately self-aggregate as micelles upon 

dosing. Depending on stability, the micellar aggregates might slow or even prevent the transfer 

of the construct to the target membrane. Furthermore, the micellar aggregates may even extract 

polar lipids from the target membrane and destabilize its structure.43 44 It is possible to 

circumvent these technical problems by using dosing protocols that add the three-component 

construct slowly to ensure a consistently low concentration. If membrane insertion is still 
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unsuccessful, then it may be necessary to synthetically alter the amphiphilic structure of the 

three-component construct so that it does not immediately self-aggregate upon dosing. For 

example, the structure of the lipophilic membrane anchor can be altered in a way that disfavors 

self-aggregation but does not diminish membrane affinity. This type of logic is apparent in work 

reported by Fan and coworkers who used cell-based biosynthesis to fabricate the three-

component construct as a single polypeptide. Moreover, the amino acid sequence of the 

lipophilic membrane anchor component was based on a cell-penetrating peptide and contained 

a small number of polar residues that attenuated self-aggregation of the  construct after dosing 

but the anchor component was sufficiently lipophilic for membrane insertion with high affinity.45 

46  

 Synthetically, the simplest choice of a membrane anchor component is one of the readily 

available hydrocarbon anchors within naturally occurring polar lipids and shown in Scheme 4 are 

the three most used lipid anchors; double chain diacylglycerol, cholesteryl, and single chain fatty 

acid. Relatively few studies have attempted to systematically compare the membrane affinities 

of these three different lipophilic anchors, and most of this work has indirectly assessed relative 

anchor stability by measuring the loss of fluorescently labeled anchor molecules from 

liposomes.47 48 The general experimental trend is that a two chain anchor has higher membrane 

affinity than a cholesteryl or one chain anchor (Scheme 4). 32 47 48 49 50 51 52 This matches the order 

of log P values for 1-octanol/water partitioning, for example: dipalmitoylphosphatidylcholine 

(DPPC) (log P = 11.5)53 > cholesterol (log P = 8.6)42 > palmitic acid (log P = 7.2). 
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Scheme 4: Relative membrane stability of three-component molecular constructs that have 

double chain diacylglycerol, cholesteryl, or single chain fatty acid as the lipophilic Membrane 

Anchor. Also listed are examples of the Hydrophilic Linker, and Exposed Functional Component. 

 

Bioconjugation with cholesterol is synthetically straightforward and cholesteryl 

derivatives are convenient and common choices as lipophilic anchor. However, a less appreciated 

point with cholesterol is its variable interaction with other polar lipids in a target membrane and 

its capacity to form cholesterol-rich domains. For example, measurements of cholesterol 

partitioning into liposome membranes revealed a dependence on phospholipid headgroup in the 

order of sphingomyelin (SM) > phosphatidylserine (PS) > phosphatidylcholine (PC) > 

phosphatidylethanolamine (PE), and among the common acyl chains, the order of cholesterol 

partitioning was 18:0 (stearic acid) ~ 18:1n-9 (oleic acid) PC > di18:2n-6 (linoleic acid) PC > 16:0 

(palmitic acid).54 This information can be used to customize target liposome membrane 

composition for high affinity anchoring of bioconjugates that have a cholesteryl anchor 
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component. Another synthetic idea is to replace cholesteryl as the anchor component with a 

more lipophilic multi-ring hydrocarbon such as tocopheryl (log P = 10.4).55 

The magnitude of the membrane partition constant also varies with the structure of the 

other two components in the amphiphilic construct, namely the hydrophilic linker and the 

exposed functional payload. Thermodynamically, a short hydrophilic linker does not have much 

effect on the partitioning of a lipophilic anchor into a charge-balanced bilayer membrane. 

However, the plasma membrane and glycocalyx of a living cell are rich in anionic biomolecules 

and a polycationic linker can enhance electrostatic attraction for the cell surface and decrease 

the rate of construct internalization by endocytosis. A fascinating but underappreciated molecule 

is cholesterylamine which has been used as a cell plasma membrane anchor.56 Various derivatives 

of cholesterylamine have been shown to cycle between the cell surface and early endosomes 

leading to high persistence on the cell surface.57 A final point concerning cell surface stability is 

the susceptibility of the linker bonds to chemical cleavage. In this regard, it is known that amide 

and carbamate bonds are more stable than ester bonds which are susceptible to hydrolytic 

cleavage by serum esterases.58  

Decorating a liposome surface with linear polyethylene glycol (PEG) is a classic way to 

introduce stealth liposome behavior; that is, resistance to undesired liposome association with 

proteins or other membranes, and attenuation of liposome uptake by the reticuloendothelial 

system. The large body of work on stealth liposomes includes in vitro and in vivo studies that 

have measured the blood lifetime of different stealth liposome compositions and the residence 

time of PEGylated lipids within a liposome membrane. PEGylated lipids with longer PEG chains 

have increased hydrophilicity and larger steric size, and the two factors combine to decrease 

liposome membrane affinity and increase the rate of intermembrane transfer.59 PEG2000 is a 

commonly used chain length for creation of stealth liposomes and a systematic comparison of 

glycerophospholipid anchors found that intervesicle transfer of saturated diacyl conjugates 

decreases exponentially with increasing chain length.59 In vivo studies revealed a more subtle 

structural difference in the residence time of PEGylated lipids within liposomes composed of 

distearoylphosphatidylcholine (DSPC) and cholesterol (DSPC/cholesterol/lipid-PEG200, 50 : 45 : 5, 

molar percentage), namely, DSPE is considerably more effective than 1-palmitoyl-2-oleoyl-sn-
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glycero-3-phosphoethanolamine (POPE) as a membrane anchor.58 Indeed, DSPE-PEG2000 is a very 

common choice of PEGylated lipid for the creation of stealth liposomes.60 Typically, stealth 

liposomes are generated by hydrating a lipid film that contains the constituent polar lipids mixed 

with the lipid-PEG2000 construct and the resulting unilamellar vesicles have a symmetrical 

distribution of lipid-PEG200 across the bilayer. An interesting structural strategy to improve 

retention of the embedded PEGylated lipid was reported by Uhrich and coworkers who 

developed PEGylated bolaamphiphiles.61 The basis of the PEG-bola design is a rigid, non-polar 

anchor that is sufficiently long to span the entire ~30 Å hydrophobic core of the bilayer 

membrane and project the two appended PEG chains into the opposing aqueous phases. 

Liposomes stabilized by PEG-bolas exhibited similar storage and biological stability compared to 

conventional PEGylated lipid stabilized liposomes, but significantly improved retention of the 

PEG-lipid conjugates upon dilution. Finally, it is worth noting that that there are alternatives to 

PEG as the hydrophilic polymer within stealth liposomes and examples include promising 

membrane-anchored conjugates comprised of lipid connected to zwitterionic 

poly(carboxybetaine).37 

Beyond liposomes, PEGylated lipids have been embedded in other classes of self-

assembled nanoparticles. Most notably, there has been extensive research on solid lipid 

nanoparticles (LPNs) for delivery of small interfering RNA (siRNA) to silence pathological genes in 

hepatocytes. It is known that the in vivo potency of LNP-siRNA systems depends strongly on the 

ionizable amino-lipid within the LNP.62 In addition, the co-constituent PEG-lipid provides a 

protective PEG coating that extends in vivo circulation time but inhibits cell uptake and thus 

reduces potency. This has led to the use of PEG-lipids with short (C14) acyl chains that can rapidly 

exchange out of the LNP following administration. However, lipid dissociation is strongly 

dependent on LNP size, and small LNP with diameter ≤ 30 nm are considerably less potent than 

their larger counterparts due to dissociation of the protective PEG-lipid and subsequent loss of 

the amino-lipid from the LNP. Small LNPs stabilized by PEG-lipids with longer (C18) acyl chains 

exhibit reduced amino-lipid dissociation rates, however, the systems are relatively impotent due 

to the continued presence of the PEG coating.62 Thus, there is a complex interplay between 
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particle size, amino-lipid content, and the type of PEG-lipid that determines the in vivo potencies 

of NP-siRNA systems. 

Polymeric constructs with multiple lipophilic anchors (such as multiple copies of 

cholesterol or 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine, DPPE) appended to a 

hydrophilic synthetic or biopolymer have been found to rapidly partition into liposomes or cell 

plasma membranes. 39 63 64 With cells, the hydrophilic polymeric strongly maintains the construct 

at the exterior surface and there is no substantial cellular internalization by endocytosis after 

incubation periods of many hours. In separate work, charged, hydrophilic polymers have been 

coated on the surface of cells or liposomes by physisorption methods that exploit favorable 

electrostatics.4 The technical simplicity of this electrostatic coating approach is attractive but the 

polymer coating covers the entire membrane surface and greatly modifies the surface properties 

which makes the method unsuitable for many applications that intend to exploit cell phenotypic 

behavior.  

 

FLUORESCENT DYES FOR MEMBRANES 

Small-molecule fluorescent probes are used often to stain cell plasma membranes for 

imaging, tracking, and sensing experiments and the broad topic has recently been summarized 

in excellent review articles.63 65 66 The focus of this present article is on the structural features 

that promote membrane anchoring of the dye conjugates.  

Uncharged lipophilic dyes with highly positive log P values will partition into the 

hydrophobic core of cell plasma membranes, and subsequently distribute to the intracellular 

membranes. Longer residence time in the plasma membrane is achieved using dyes with 

amphiphilic structures, and several common cyanine dyes have partial amphiphilic character due 

to the cationic polymethine fluorochrome. Classic examples are the commercially available 

fluorescent dialkylcarbocyanines (known as DiI or DiO dyes) whose cationic charge and appended 

hydrocarbon chains combine to produce high affinity for cell plasma membranes (Scheme 5).67 

However, dialkylcarbocyanine dyes are water-insoluble and extremely hydrophobic (log P = 

12.2),68 and sometimes there is high background signal due to residual crystals in the sample.67 

Ongoing research efforts have produced amphiphilic fluorescent dyes that exhibit partial water 
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solubility and high affinity for a cell plasma membrane. The use of zwitterionic linker(s) between 

the dye and the lipophilic membrane anchor has been quite effective and a notable example is 

the MemBright family of fluorescent membrane probes produced by Klymchenko and coworkers. 

(Scheme 5).69 These plasma membrane probes are well-suited for long-term live-cell imaging, 

with a bright plasma membrane signal persisting for six or more hours after cell treatment.70 

Upon dosing, these amphiphilic probes form micelles in solution and the close proximity of the 

dyes within the micelles leads to self-quenching of dye fluorescence. Subsequent transfer of the 

probes from the micelles into a target cell membrane leads to turn-on fluorescence and thus 

enables no-wash fluorescence imaging.71 More recent work has expanded the molecular design 

to include sensing dyes that accumulate in cell plasma membranes and report changes in 

membrane properties such as voltage.72  

In addition to membrane labels for cell microscopy, fluorescent dye-labeled liposomes 

are often used for in vivo fluorescence imaging and therapeutics. However, recent publications 

have noted the propensity of many commercial dye-labeled phospholipids to transfer from 

liposomes during experiments that involve plasma or living subjects.73 74 Moreover, there is a 

higher amount of fluorophore transfer from liposomes composed of unsaturated phospholipids 

compared to analogous liposomes composed of saturated phospholipids.73 A similar dye transfer 

problem can occur with the well-known near-infrared cyanine dye, Indocyanine Green (ICG) 

whose amphiphilic structure is comprised of a cationic heptamethine cyanine fluorophore with 

two appended sulfonates (Scheme 5) and has a log P value of 2.05.68 ICG is clinically approved for 

various in vivo imaging and diagnostics, and there are many reports of imaging and light-

mediated drug release using liposomes containing ICG. However, anionic ICG has high affinity for 

blood proteins, such as albumin, and a recent study demonstrated that ICG can readily transfer 

from liposomes to albumin, which weakens the light-absorbing capacity of the liposomes.68 The 

same study showed that ICG affinity for the liposomes is enhanced by including -tocopherol as 

a liposome membrane additive that stabilizes the ICG within the liposome membrane. The 

experimental caution that emerges from this collection of studies is to treat each dye-labeled 

liposome system as a unique nanoscale formulation that likely requires detailed characterization 

of its structure, stability and colloidal properties.75 
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Scheme 5: Common fluorescent dyes used to stain liposomes or cell plasma membranes. 

 

SWITCHABLE MEMBRANE ANCHORS 

 A relatively new technical advance is the development of membrane anchors with 

switchable affinity. The field of synthetic biology is developing “membrane switches” to control 

complex behavior in synthetic cells such as signaling and polarity induction. One example is the 

Escherichia coli MinCDE system which couples ATP-dependent switching of protein dimerization 

to membrane targeting. Reversible phosphorylation/dephosphorylation of suitably designed 

heterodimeric coiled-coil peptides was shown to modulate processes such as membrane 

tethering of a cargo peptide to an anchor protein and oligomeric switching of membrane-binding 

state.76 Another synthetic biology example exploits protein prenylation as a biochemical reaction 

that triggers membrane association, with membrane dissociation induced by the addition of 

guanine nucleotide Rho GDP dissociation inhibitor which sequesters the prenyl anchor.77 

 The inherent spatiotemporal control of light-switchable membrane affinity is very 

attractive for fundamental research and development of functional biomaterials. A conjugate 

comprised of a spiropyran photoswitch connected to a tetrapeptide (GLFD) was shown to self-
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assemble under physiological conditions and form ∼3.5 nm thick, foil-like peptide bilayers that 

exhibited a strong affinity for bilayer membranes.78 Photoisomerization of the photoswitch 

triggered rearrangements within the foils and a substantial change in membrane-binding 

properties. Moreover, the nanofoils could efficiently induce liposome fusion as judged by lipid 

mixing assays. A separate light-switchable conjugate was prepared by coupling a 24-residue 

hydrophobic peptide to an azobenzene photoswitch.79 The hydrophobic peptide adopted a 

helical structure and associated with bilayer membranes in a transmembrane or interface 

orientation with azobenzene photoisomerization significantly altering the population 

distribution. The construct has promise as a light-switchable molecular probe to study the 

dynamic process of helical peptide insertion into membranes. It has performance advantages 

compared to pH-switchable transmembrane helical membrane peptides such as pHLIP or cell 

penetrating peptides.80 81 

Finally, a conceptually new way to reversibly anchor molecular payload in a PEG-coated 

membrane was reported based on the affinity of polycyclic aromatic hydrocarbons, such as 

pyrenyl, for a layer of PEG chains.82 Upon mixing, pyrenyl conjugates with appended dyes and 

functional groups were rapidly embedded in the PEG corona surrounding nanoscale 

polymersomes. In follow up work, an adaptive surface was created by appending a pH-sensitive 

group to the pyrenyl anchor which allowed reversible insertion into the PEG layer.83 This novel 

approach to switchable anchoring suggests a path towards new classes of smart nanomedicine 

and nanoreactors. 

 

CONCLUSIONS 

Many biomedical applications require bioconjugates to be embedded in liposomes, 

surface-immobilized bilayers, or the plasma membranes of living cells. Naturally occurring 

membrane proteins often persist for extended periods of time in plasma cell membranes; 

therefore, they are good choices for chemical or biosynthetic conversion into fluorescent probes 

or scaffolds for the presentation of bioactive sequences on cell surfaces. There are also efficient 

modern synthetic and semisynthetic methods for protein/lipid conjugation to produce lipidated 

proteins for membrane anchoring. The simplest way to rapidly functionalize a bilayer membrane 
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is to treat the membrane (living cell, liposome, or immobilized bilayer) with a pre-synthesized 

three-component molecular construct that is comprised of a lipophilic membrane anchor, 

hydrophilic linker, and an exposed functional component such as stealth polymer, reporter 

molecule, or bioactive sequence. Lipid hydrocarbon anchors are commonly used, and generally 

a two chain lipid anchor has higher membrane affinity than a cholesteryl or single chain lipid 

anchor. In addition, a longer non-polar acid chain has higher membrane affinity than a shorter 

chain. Amphiphilic fluorescent molecular probes are often used to stain cell membranes for 

imaging, tracking, or sensing experiments. Fluorescent probes with a zwitterionic linker between 

the dye and the lipid anchor exhibit high persistence in cell plasma membranes and enable high- 

performance microscopic imaging. Listed in Table 1 are general attributes of the different 

lipophilic membrane anchor strategies. However, it is important to realize that as the structural 

complexity of the three-component molecular construct increases, there is increased need to 

fully characterize the entire membrane-embedded assembly to ensure that it exhibits the 

anticipated dynamic self-assembled structure, high stability, and interfacial properties. Ongoing 

improvements in computer simulations of membrane dynamics will be very helpful.84 

 

Table 1. Attributes of Different Membrane Anchor Strategies  
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