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Abstract

The ability to efficiently access cytosolic proteins is desired in both biological research and 

medicine. However, targeting intracellular proteins is often challenging, because to reach the 

cytosol, exogenous molecules must first traverse the cell membrane. This review provides a broad 

overview of how certain molecules are thought to cross this barrier, and what kinds of approaches 

are being made to enhance the intracellular delivery of those that are impermeable. We first 

discuss rules that govern the passive permeability of small molecules across the lipid membrane, 

and mechanisms of membrane transport that have evolved in nature for certain metabolites, 

peptides, and proteins. Then, we introduce design strategies that have emerged in the development 

of small molecules and peptides with improved permeability. Finally, intracellular delivery 

systems that have been engineered for protein payloads are surveyed. Viewpoints from varying 

disciplines have been brought together to provide a cohesive overview of how the membrane 

barrier is being overcome.
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1 Introduction

Molecules that can readily cross cell membranes are frequently needed in biological 

research and medicine. Permeable molecules that are useful for biological research include 

indicators of ion concentrations and pH, fluorescent dyes, crosslinking molecules, 

fluorogenic enzyme substrates, and various protein inhibitors. In medicine, numerous drugs 

are small molecules acting on intracellular targets, such as statins that inhibit cholesterol 

production, and reverse transcriptase inhibitors used for the treatment of HIV. Given the high 

level of interest across multiple areas of study in modulating intracellular targets, a broad 

overview of cytosolic delivery strategies could contribute to orienting researchers newly 

entering the field, and bringing together the solutions that have been proposed for various 

cargo.

This review examines how varying types of molecules—namely, small molecules, peptides, 

and proteins—are thought to cross the mammalian plasma membrane, how such permeation 

events are measured experimentally, and what kinds of technologies are being developed to 

deliver impermeable molecules to the cytoplasm (Fig. 1). Inspired by Stein et al. [1], we first 

discuss the structure and organization of the cell membrane, and the endocytic and secretory 
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pathways responsible for the uptake and discharge of material. Then, we outline the 

experimental methods that have been used to determine, qualitatively or quantitatively, 

whether a molecule has successfully traversed the cell membrane. Next, we survey how 

various molecules, including ions, small solutes and metabolites, along with bacterial toxins 

and viruses, are thought to traverse the cell membrane. Lastly, we introduce engineering 

strategies that have been proposed to improve the permeability of small molecules, peptides, 

and proteins. Although we do not discuss the delivery of nucleic acids explicitly, certain 

approaches that have been proposed for introducing peptides and proteins into the cytoplasm 

have been (or could be) applied to nucleic acids, and vice versa. Overall, significant 

advances have been made in the prediction and design of permeable small-molecule 

compounds, and the repertoire of intracellular delivery technologies is steadily expanding 

for peptide and protein payloads.

Understandably, much effort has been dedicated towards developing therapeutic entities that 

can modulate intracellular proteins, and thus we have drawn heavily from the drug 

development and delivery literature. However, engineering considerations regarding the 

optimization of in vivo properties were considered beyond the scope of this review and are 

not discussed. Due to the breadth of subjects we attempted to cover in a small space, we 

have preferentially referenced pertinent review articles when possible and strongly 

encourage readers to further explore the primary literature.

2 Cellular Organization

Before discussing membrane transport mechanisms, we will briefly describe the structure of 

the mammalian plasma membrane and components of the endocytic and secretory pathways. 

For the purpose of intracellular delivery, it is important to note that the interior of endocytic 

vesicles and the lumen of the organelles involved in the secretory pathway topologically 

correspond to the extracellular space.

2.1 The Structure and Organization of the Cell Membrane

The plasma membrane is a complex composite of multiple lipid species and membrane 

proteins [2]. Three major classes of lipids, including glycerophospholipids, sphingolipids 

and cholesterol, form a bilayer approximately 5nm in width. Spatially, these lipids are 

distributed asymmetrically across the bilayer. Additionally, according to the lipid raft 

hypothesis, the membrane is thought to contain lateral organizations enriched in 

sphingolipids, cholesterol, and glycosylphosphatidylinositol (GPI)-anchored proteins.

The ratio of protein to lipid in cellular membranes has been approximated to be 1:40 by 

number [3], suggesting that the membrane may in fact be crowded with proteins [4, 5]. This 

ratio can vary substantially by cell type, where metabolically active membranes are richer in 

protein [1, 6]. Membrane proteins can actively influence the organization of the membrane 

by forming specific and nonspecific interactions with lipids in the immediate boundary [7, 
8].

Finally, the plasma membrane is in continuous motion [1], creating a highly dynamic 

structure. In addition to lateral diffusion, phospholipid flip-flop for some lipids is thought to 
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occur on the order of minutes [9], and faster so for cholesterol [10, 11]. Also, cells 

constantly internalize and recycle their membranes, as discussed below.

2.2 The Secretory Pathway

In mammalian cells, secretory proteins are translocated across the Endoplasmic Reticulum 

(ER) membrane into the lumen co-translationally via the translocon complex. Misfolded 

proteins in the ER are transported back to the cytosol and degraded by the proteasome, a 

process termed ER-associated degradation (ERAD). Correctly folded proteins are 

transported across the Golgi network and released into the extracellular space via secretory 

vesicles. Specialized vesicles also mediate retrograde transport from the golgi to the ER, and 

from older to newer golgi [2].

2.3 Endocytic Pathways

Multiple endocytic pathways facilitate the internalization of exogenous cargo, creating a 

complex web of intracellular traffic. The choice of which endocytic pathway is utilized may 

depend on the cargo [12]. Nonspecific internalization of large volumes of fluid—pinocytosis

—occurs in all cells, typically triggered by external stimuli such as growth factors [13]. 

Clathrin-dependent and independent routes of endocytosis generate primary endocytic 

vesicles that subsequently fuse with early endosomes, a major sorting station. Traveling 

down tracks of microtubules towards the perinuclear space, the early endosomes mature into 

multivesicular bodies (MVB), late endosomes and lysosomes. Endocytosed material that has 

not been recycled to the plasma membrane or exchanged with the trans golgi network is 

proteolyzed by hydrolytic enzymes in the lysosome [2].

3 Methods to Measure Membrane Permeation

The permeability of a given molecule can be quantitatively represented by its permeability 

coefficient (typically in units of cm/s) (Table 1), which is a measure of how fast it can cross 

a membrane [14]. High-throughput methods to measure the permeability coefficients of 

small molecules are routinely performed in drug development [15]. Artificial lipid bilayers 

[16] of various compositions or cell monolayers (typically the colorectal Caco-2 or renal 

MDCK cell lines) are widely used as model barriers [17]. While the former allows passive 

permeation only, the latter also allows transporter- mediated permeation. To disentangle 

these two modes of transport, cell lines that lack certain transporters, such as P-glycoprotein, 

have been developed [18].

In contrast to small molecules, the permeability of peptides or proteins across model 

membranes is rarely reported, reflecting in part the difficulty of translocating such molecules 

across a lipid membrane. It is technically challenging to accurately quantify the number of 

functional peptides or proteins that have successfully entered the cytoplasm. Selective 

isolation of the cytosol (and not endosomal compartments) using cellular fractionation [19, 
20] or digitonin-mediated permeabilization of the plasma membrane [21] have been 

reported. Immunoprecipitation demonstrating the intended disruption of intracellular 

protein–protein interactions has also been presented as evidence of permeation [22, 23].
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Fluorescence microscopy-based methods or biological assays measuring the activity of the 

payload in the cytoplasm are also employed. In microscopy, diffuse cytosolic staining 

(indicating endosomal release) is contrasted with punctate signal (indicating endosomal 

entrapment) to provide a qualitative assessment of permeation. However, it should be noted 

that payloads in the cytoplasm may also aggregate or associate with subcellular organelles to 

produce punctate patterns. In some cases, automated image analyses have been reported to 

identify endosomal release events [24]. In any case, the presence of labeled payload in the 

cytoplasm does not guarantee that it has retained its function, and the label itself or fixation 

steps may cause artifacts in cellular distribution [25, 26]. All observations are subject to the 

detection threshold of the instrument. Flow cytometry may be used as an alternative to 

microscopy if the fluorescence spectra are distinct in the endosomal compartment and the 

cytoplasm [27].

Alternatively, cytosolic uptake can be confirmed by measuring a biological effect that is 

generated only when the payload is in the cytoplasm. For example, peptides have been 

conjugated to dexamethasone (Dex) derivatives, which bind to transiently expressed 

gluococorticoid receptor (GR)-fusion proteins in the cytosol to induce a reporter [28] or alter 

its localization [29]. It should be noted that reporter gene expression inherently amplifies the 

signal through multiple rounds of transcription and translation [29]. In cases where the 

biological activity of the pay-load is reported, certain payloads can generate the measured 

macroscopic effect with fewer numbers. This is particularly true for catalytic proteins. For 

example, approximately 50 molecules of β-lactamase in a single cell have been reported to 

generate a detectable signal from catalyzing a fluorogenic substrate, albeit over a long period 

of time (16 h) [30]. Similarly, in theory, four molecules of Cre recombinase can repeatedly 

catalyze multiple recombination events to promote recombined gene expression [31]. Single 

molecules of toxins such as diphtheria and ricin have been estimated to kill a cell [32, 33].

4 Natural Membrane Transport Mechanisms

Small, moderately polar molecules are able to passively diffuse across the cell membrane. 

To transport larger, more polar compounds such as most sugars, amino acids, peptides, and 

nucleosides, membrane transporters are utilized. Interestingly, bacteria and viruses have 

developed sophisticated mechanisms to transport whole organisms, protein toxins, or genetic 

material into the mammalian cytoplasm.

4.1 Passive Diffusion

Passive diffusion across a cellular membrane is driven by the concentration and electric 

gradient of the solute and does not require the use of energy. In the simplest terms, passive 

diffusion is considered a three-step process, where the permeant first partitions into the 

membrane, diffuses across, and is released into the cytosol (known as the homogeneous 

solubility-diffusion model) [34, 35].

The most important parameters that govern transmembrane diffusion are polarity and size. 

For example, small nonpolar gases such as O2 , CO2 , and N2 , and small polar molecules 

such as ethanol cross lipid membranes rapidly. High permeability coefficients have been 

reported for such molecules across artificial lipid membranes, such as 2.3 × 101 cm/s for O2 
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[36] and 3.5 × 10−1 cm/s for CO2 [37]. The small, but highly polar water molecule is still 

able to diffuse across artificial membranes rapidly with a permeability coefficient of 3.4 × 

10−3 cm/s [38].

In comparison, even slightly larger polar metabolites such as urea and glycerol have lower 

permeability across artificial membranes (approximately 10−6 cm/s) [35, 39]. The plasma 

membrane is virtually impermeable against larger, uncharged polar molecules and all 

charged molecules including ions. Indeed, despite their small size, Na+ and K+ have 

extremely low permeability coefficients (approximately 10−14 cm/s) [40]. Apart from small 

solutes of moderate polarity, the number of natural molecules known to passively diffuse 

across the cell membrane is surprisingly limited. Steroid hormones have been assumed to do 

so [41], although direct experimental evidence is scarce. Permeability coefficients on the 

order of 10−4 cm/s have been reported for a number of steroids across cell monolayers [42].

Interestingly, some non-endogenous natural products have been proposed to passively 

diffuse across the cell membrane despite their relatively higher polarity and size, such as the 

cyclic peptide Cyclosporin A (CsA) (Fig. 2a). Prescribed as an immunosuppressant, its 

intracellular mode of action and low EC 50 in cells (7–10 nM) [43] suggests that CsA is 

capable of passively permeating the cell membrane [43, 44]. Still, the reported permeability 

coefficient of CsA—2.5 × 10−7 cm/s across artificial membranes [45]—is relatively low 

compared to those of small molecules that are considered highly permeable (on the order of 

10−5 cm/s or higher [46]).

4.2 Transporter-Mediated Entry

To facilitate the entry or export of molecules that are insufficiently permeable, cells utilize 

membrane transporters, the expression of which may depend on cell type. Active 

transporters use energy to translocate substrates against their concentration gradients, 

whereas passive transporters allow transmembrane diffusion without additional energy. 

Approximately 10 % of all human genes are transporter related, emphasizing their functional 

significance [47]. In the following, a selection of transporters is described, ordered according 

to the size of the substrate. Please refer to the Transporter Classification Database 

(www.tcdb.org) [48] and the Solute Carrier (SLC) Tables (www.bioparadigms.org) [49] for 

comprehensive reviews, and detailed information regarding substrate specificity and tissue/

cellular distribution.

Ion channels allow the passive diffusion of inorganic ions with high specificity, often in 

response to stimuli such as changes in transmembrane potential, ligands, light, or 

mechanical stress [50, 51]. Alternatively, ions can also be actively transported by ion pumps, 

such as the sodium/potassium pump (the Na+ , K+-ATPase), which transports three Na+ ions 

extracellularly and two K+ ions intracellularly for every molecule of ATP hydrolyzed [52]. 

Microbe-synthesized ionophores, such as valinomycin, facilitate the diffusion of ions across 

the cell membrane by complexing and shuttling ions [53]. Other ionophores such as 

gramicidin A form channels [54].

Small molecules are also often transported. Water is transported across the membrane by the 

aquaporin (AQP) family of passive channels. Aquaporins have been reported to transport 
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other gases and solutes as well, such as CO 2 , NO, H 2 O 2 , arsenite, ammonia (in addition 

to the Rh proteins [55, 56]), urea (in addition to the urea transporters [57]) and glycerol [58]. 

(This is an abbreviated list excerpted from Bienert et al. [59]).

Sugars, including glucose, galactose, and fructose, are molecules of high polarity and 

intermediate size, and are imported into the cell by the glucose transporter (GLUT) family of 

facilitated transporters [60]. Most amino acids are transported across the cell membrane by 

secondary active transporters that utilize the energy stored in the electrochemical gradient of 

another solute [61]. Nucleobases and nucleosides also have associated secondary 

transporters on the plasma membrane [62]. Di- and tri-peptides of various chemical 

character are transported by the oligopeptide transporter PepT1, which has been reported to 

transport neutral tripeptide-like β-lactam antibiotics and peptide-like drugs as well [63]. 

Alternatively, α-Amanitin, a cyclic octapeptide that inhibits eukaryotic RNA polymerase II, 

has been reported to enter cells via an organic anion transporting polypeptide (OATP) 

transporter [64].

To note, transporters may mediate the efflux of molecules as well. A variety of structurally 

unrelated compounds, including small-molecule drugs, are substrates of efflux pumps in the 

ATP-binding cassette (ABC) transporter family such as the multidrug resistance protein 

(MRP) family [65], the P-glycoprotein pump (P-gp, also known as multidrug resistance 

protein 1(MDR1)) [66], and the breast cancer resistance protein (BCRP) [67].

4.3 Other Methods of Cytosolic Entry

A majority of the examples discussed in the following first involve the cargo being 

internalized into the cell via various endocytic pathways. Reiterating an earlier point, 

endocytosed cargo are topologically still in an extracellular space separated from the 

cytoplasm by a lipid membrane. Thus, an additional “endosomal escape” (or “endosomal 

release”) step is required where the cargo is transported across the membrane to access the 

cytoplasm. Some peptidic, viral, or bacterial components are thought to accomplish this 

step, not through passive diffusion or active transport, but by disrupting cellular membranes, 

allowing the passage of large and charged compounds. The mechanisms of most such 

processes are not yet fully elucidated and subjects of active research.

4.3.1 Peptides—Cell-penetrating peptides (CPP), also known as peptide transduction 

domains (PTD), are a diverse class of peptides that have been reported to traverse the cell 

membrane [68]. Representative members of this family such as the Trans-Activator of 

Transcription (TAT) peptide (Fig. 2b) and penetratin were initially identified as segments 

within naturally occurring proteins with proposed membrane permeability [26], such as 

homeoproteins [69].

The mechanisms of how these peptides cross the cell membrane is still unclear and likely 

differs amongst peptides. The TAT peptide for example (GRKKRRQRRRPSQ) is rich in 

arginines, and the delocalized positive charge in their guanidinium moieties has been 

proposed to allow extensive interactions with negatively charged cell membranes [70, 71]. 

TAT is thought to bind to the glycosaminoglycans (GAG) on the cell surface such as heparin 

sulfate [72] or adsorb into the glycerol backbone region of the lipid bilayer [73], eventually 
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being macropinocytosed [74, 75]. Various models of TAT-mediated perturbations of the cell 

membrane have been proposed, including the formation of transient pores [76–80].

The reported permeability coefficient of TAT across artificial membranes is very low at 2.7 × 

10−9 cm/s [81], which may reflect its need for structural features specific to the cell 

membrane to be able to translocate. Typically, relatively high (µM) concentrations of TAT 

are required in vitro to observe translocation, and the efficiency of such may depend on the 

cell line [82, 83]. Also, as mentioned earlier, fixation of cells treated with fluorescently 

labeled TAT may lead to artifacts in cellular distribution [25], and thus reported results need 

to be interpreted with caution.

4.3.2 Protein Toxins—A number of plant and bacterial toxins are potent inhibitors of 

central cellular functions such as protein synthesis. However, before they can have their 

effect, they must gain access to their cytosolic targets [84]. Typically, a separate domain 

(typically denoted the B domain, translocation domain, or translocation complex (when an 

oligomer)) is responsible for binding to cellular receptors and translocating the catalytic 

domain (the A domain) into the cytoplasm (see [85] for an illustration).

Some toxins form their own pores, such as the diphtheria and anthrax toxins. The 

translocation domains of anthrax toxin, known as protective antigen (PA), oligomerizes into 

a prepore complex following proteolytic activation (Fig. 2c). Subsequent internalization and 

endosomal acidification is thought to trigger its conversion into a full pore, through which 

catalytic domains escape into the cytosol [86].

A number of other toxins, such as the plant toxin ricin, Pseudomonas exotoxin A, and 

cholera toxin, take advantage of the ERAD machinery to enter the cell [87–89]. Following 

binding to gangliosides via its B domains, cholera toxin is internalized and trafficked to the 

ER where the A domain is reduced and unfolded. This domain is subsequently refolded in 

the cytoplasm [90, 91].

4.3.3 Viruses—Some viruses enter the cell through the plasma membrane, but more 

commonly from endocytic compartments after binding to cellular receptors and triggering 

various endocytic pathways [92]. Viruses can be classified into enveloped viruses, which are 

encased in a lipid membrane containing glycoproteins, or non- enveloped viruses, which 

lack a membrane.

In general, enveloped viruses are thought to orchestrate the fusion of host and viral 

membranes using viral fusion proteins, which expose hydrophobic peptides upon 

environmental triggers such as receptor binding, low pH, or proteolytic cleavage. For 

example, influenza A exposes a hydrophobic segment of hemagglutinin (HA) upon 

endosomal acidification [93]. With this mechanism, there is no need to translocate across the 

cell membrane.

Non-enveloped viruses, in contrast, have to cross the membrane in order to access the 

cytoplasm. In general, these viruses are thought to mediate the disruption of cellular 

membranes by exposing or releasing lytic peptides that are amphipathic or hydrophobic [94–
96]. Alternatively, members of the polyomavirus family such as the simian virus (SV40) use 
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a strategy similar to the aforementioned cholera toxin, and hijack the ERAD machinery [97, 
98].

5 Approaches to Design and Improve Membrane Permeability

5.1 Small Molecule Cargo

Decades of pharmaceutical research have provided design principles that maximize the 

chance of obtaining a drug able to efficiently distribute within an organism and permeate 

through cell membranes. While bioavailability is often the reported parameter of interest, 

efficient membrane permeation is likely necessary for bio-availability [99]. Therefore, rules 

that have been devised in medicinal chemistry to achieve favorable bioavailability are a 

reasonable guide for the design of membrane-permeating small molecules.

5.1.1 Predicting Passive Permeation—Lipinski’s “Rule of 5” has been the most 

influential framework correlating the physicochemical properties of a given compound with 

its membrane permeability and bioavailability in the context of small-molecule drug 

development [100]. It postulates that poor absorption or permeation is more likely when: (1) 

the calculated lipophilicity (clogP) is over 5; (2) the molecular weight is over 500; (3) there 

are more than five hydrogen bond donors (well represented by the sum of OH and NH 

bonds); and (4) there are more than ten hydrogen bond acceptors (represented roughly, by 

the sum of Ns and Os).

The Rule of 5 has been generally successful at predicting membrane permeability, but not all 

compounds that comply with the rules are permeable, and permeable compounds that 

deviate from the rules are not uncommon [46, 101]. Nonetheless, as suggested by Guimarães 

et al. [46], the Rule of 5 does identify key physicochemical parameters, namely the polarity, 

size, and lipophilicity of the permeant, that are important for passive diffusion. These 

interrelated factors can affect the partitioning, diffusion, or both, of the molecule into and 

across the membrane.

Alternative metrics for these parameters have also been proposed. Regarding polarity, the 

polar surface area (PSA) of a compound has been used in addition to the number of 

hydrogen bond donors and acceptors [99, 102]. For molecular size, studies have inversely-

correlated the permeability of small solutes with molecular volume [38] or cross- sectional 

area [103]. A different but related parameter, the number of rotatable bonds, has been 

suggested as well, where molecules with fewer rotatable bonds and lower PSA were 

reported to have better permeability across artificial membranes [99]. Additionally, it has 

also been proposed that conformationally flexible molecules that are able to form 

intramolecular hydrogen bonds in a low dielectric environment may adaptively reduce their 

surface polarity for improved permeation [104]. Unsurprisingly, even if the hydrogen bond 

counts or PSA is low, localized charge or highly polar groups can significantly decrease the 

permeability of an otherwise permeable parent compound by orders of magnitude [105, 
106].

Beyond empirical correlations, molecular dynamics (MD) simulations are increasingly 

applied to calculate the energetic barrier of transmembrane diffusion, from which 

Yang and Hinner Page 8

Methods Mol Biol. Author manuscript; available in PMC 2016 June 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



permeability coefficients can be derived [15, 107, 108]. Improved computational power and 

coarse-grained modeling have reduced computing time. However, although these methods 

are invaluable in estimating permeabilities that are difficult to obtain experimentally, 

utilizing them on a routine basis is yet hampered by the computational cost and the effort 

involved in building a suitable representation of the molecule of interest. Estimates for large 

molecules may be particularly prone to inaccuracy due to insufficient sampling of their 

conformational space during the simulations.

5.1.2 Predicting Transporter-Mediated Permeation—Designing compounds to be 

substrates of a specific transporter is currently difficult [109], although indirect approaches 

have been proposed to identify metabolites that are structurally similar to a given compound 

[110]. Alternatively, conjugating compounds to known transporter substrates such as amino 

acids has been reported to improve permeation and oral adsorption by engaging PepT1 [111] 

(Fig. 2d). In such “prodrug” approaches, the conjugated substrates are designed to be 

cleaved intracellularly or during circulation to release the free drug [112]. Although 

designing specific transporter substrates is infeasible at the moment, it should be kept in 

mind that transporters can affect a compound’s permeation.

5.1.3 Comparing Theory and Empirical Data for Molecular Probes—Empirical 

permeability data from molecular probes and labeling molecules roughly agree with the 

theoretical expectations discussed above. Generally, small and uncharged fluorophores, and 

those whose charge is delocalized over the fluorophore (e.g., TAMRA), are sufficiently 

membrane-permeable to be used in intra-cellular protein labeling applications [113]. 

However, fluorescent dyes carrying localized charges (e.g., the sulfonic acid derivatives of 

Cy3 or Cy5) display low membrane permeability [113]. Esterification of charged groups is 

one strategy to mask the effects of charge [114].

An example of the size-dependence of membrane translocation is provided by fluorescent 

dyes modified with long and hydrophobic lipid-like tails. For the voltage-sensitive dyes 

Di-4-ANEPPS and Di-8-ANEPPS (equipped with two octyl and butyl chains, respectively), 

a strong decrease in membrane flip-flop was observed across planar black lipid membranes 

for the long-chain variant [115]. A similar result was obtained for the dyes DiI-C12 and DiI-

C18 [116]. The counterintuitive result where increasing the overall hydrophobicity of the 

molecules strongly reduced the rate of flip-flop is likely due to the concomitant increase in 

molecular size. A similar result has been reported with anthroyl fatty acids in liposomes, 

where the rate of flip-flop was observed to be 200-fold faster for a C11-fatty acid compared 

to a C18-fatty acid [117].

As mentioned earlier, these molecular probes may also be substrates of cellular transporters. 

For example, acetoxymethyl ester (AM) derivatives of various fluorescent indicators were 

observed to be actively exported from cells by multidrug transporters [118]. Of note, passive 

diffusion and active transport may occur concomitantly. Chidley et al. studied the 

intracellular access of various organic molecules used for protein labeling via the SNAP-tag 

system in yeast strains that were either wild-type or had three efflux transporters deleted 

[119]. The study showed a strong decrease in uptake with increasing size and polarity of the 

labeling molecule, suggesting entry by passive diffusion. Additionally, it showed that 
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labeling efficiency increased in the modified yeast strain, presumably due to reduced active 

export.

5.2 Peptide Cargo

It is unlikely that peptides will passively diffuse across the cell membrane, but altering their 

physical properties (such as conformational flexibility and polarity) has been proposed to 

improve their permeability. Despite interesting findings—a selection of which is discussed 

in the following—conflicting experimental results have been reported. A straightforward 

method for converting a non-permeable peptide into an efficiently permeating entity is thus 

not available so far.

5.2.1 Addressing Conformation and Polarity—Macrocyclic drugs—those with a ring 

architecture of 12 or more atoms, including cyclic peptides—tend to be larger and more 

polar than most small-molecule drugs, falling outside the Rule of 5 [120, 121]. Yet some are 

administered orally [121], suggesting that they may be membrane permeable [43, 99, 122]. 

In the case of cyclosporin A (Fig. 2a), this is believed to occur by passive diffusion.

Following such examples, cyclizing a given peptide and methylating select amide bond 

nitrogens have been proposed to improve its membrane permeation and/or bioavailability. 

Such modifications, when made judiciously [123], are thought to facilitate the formation of 

intramolecular hydrogen bonds in response to the low dielectric environment of the 

membrane interior [43, 45, 124]. Passive permeability values ranging from 6.3 × 10−7 cm/s 

[45] to approximately 7.7 × 10−6 cm/s [124] (estimated from [125]) have been reported for 

certain hydrophobic cyclic peptides.

Alternatively, cyclization and amidation may alter a compound’s specificity towards 

membrane transporters. In a study of 54 cyclic alanine hexapeptides containing various 

degrees of N-methylation, Ovadia et al. reported that none of the tested peptides showed 

permeation across artificial membranes. However, some peptides were found to be highly 

permeable across Caco-2 cell monolayers (on the order of 10−5 cm/s), suggesting that 

transporters may be involved [126].

In some instances, cyclization by covalently linking internal residues has been proposed to 

increase permeability by changing the peptide’s α-helical content [127]. Such modifications 

include hydrocarbon “staples” linking the side chains of nonnatural amino acids inserted 

into the peptide [128], and “hydrogen bond surrogates” replacing a main chain hydrogen 

bond with a carbon–carbon [129] or disulfide bond [130]. Such modifications have lead to 

the development of peptide inhibitors against intracellular targets such as the ICN1/CSL 

complex (involved in the NOTCH signaling pathway) [22], Ras [131] and MDM2/MDMX 

[23].

However, introduction of a staple alone does not guarantee an improvement in permeability 

[132–134]. Extensive optimization may still be required for multiple factors such as the 

position, length, and stereochemistry of the staple [135], as well as the charge and amino 

acid sequence of the peptide [136].
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5.2.2 Designing Cell-Penetrating Peptides—Extensive effort in discovering novel 

membrane-permeable peptides has generated significant diversity in the physicochemical 

character of reported CPPs [137]. Methods have been proposed to synthetically design 

permeable peptides or predict such segments from a given protein sequence [138].

Introducing arginine residues within α-helices has been proposed to improve permeability 

[139]. In a study of the avian pancreatic polypeptide (aPP), a 36-residue peptide/miniature 

protein, and CP1, a 28-residue zinc finger, substituting five residues within the α-helix with 

arginine increased the permeability to that comparable with TAT [139]. The authors 

estimated that approximately 1–5 % of the internalized peptides were being released into the 

cytosol.

5.3 Protein Cargo

Proteins cannot passively diffuse across the cell membrane due to their size and polarity. 

Thus, a delivery system or technique is always required, similar to nucleic acid transfection. 

However, while nucleic acid transfection reagents are now routinely used in the laboratory, 

there are no equivalent standards for the delivery of proteins. In the following, we survey 

strategies that have been proposed to deliver proteins across the cell membrane. Given the 

physicochemical diversity of proteins and their delicate nature, it is challenging to design a 

system or method that is readily generalizable to multiple proteins while maintaining the 

cargo’s respective function and stability. For more comprehensive reviews, please see [140–
143], as well as those cited below.

5.3.1 Mechanical Disruption of the Membrane—Varying physical methods of 

disrupting the cell membrane, such as microinjection and electroporation [144], have been 

proposed for delivering compounds ranging from small molecules to proteins. Sharei et al. 

developed a microfluidic device that transiently disrupts the plasma membrane through 

physical constriction [145]. Silicon “nanowires” that pierce the cell membrane have also 

been reported [146, 147].

5.3.2 Peptide-Based Strategies—CPPs have been reported to enhance the permeability 

of various macromolecules, including proteins [148–150]. Early studies showed that the TAT 

peptide can mediate the translocation of covalently coupled proteins [151, 152]. In later 

studies, an amphiphilic CPP Pep-1 was reported to noncovalently complex and translocate 

peptide and protein cargos [153].

Substance P (SP), an 11-residue neuropeptide implicated in cancer progression [154], has 

been proposed to mediate the cytosolic delivery of synthetic antibody fragments [155] and 

nucleic acids [156] following covalent conjugation. Its natural GPCR partner, the 

neurokinin-1 receptor (NK1R), has been suggested to play a role in mediating uptake. The 

mechanisms by which such peptides mediate translocation remains to be clarified.

5.3.3 Protein-Based Strategies—Various pore- or channel-forming proteins of bacterial 

origin have been utilized to translocate exogenous proteins. Highly sophisticated secretion 

systems, which transport proteins directly from the bacterial cytoplasm to the eukaryotic 

host’s [157], have been reported to deliver proteins to the cytosol of antigen-presenting cells 
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[158]. Doerner et al. reported the functional expression of an engineered bacterial channel 

(MscL) in mammalian cells, the opening and closing of which could be controlled 

chemically [159]. Alternatively, the cholesterol-dependent cytolysin (CDC) family of pore-

forming toxins, which are capable of forming macropores up to 30 nm in diameter [160], 

have been proposed as “reversible permeabilization” reagents for delivering exogenous 

proteins [161, 162].

In addition to pore- or channel-forming proteins, the membrane- translocating domains of 

bacterial toxins have been proposed as a modular tool that can be fused to, and enhance the 

intracellular delivery of, other proteins [163, 164]. In instances where the receptor-binding 

domain of the toxin is physically distinct from the translocation domain, the former has been 

replaced with alternative targeting moieties to generate immunotoxins. Immunotoxins retain 

the cytotoxicity of the parent toxin but are directed at specific cell types [165, 166].

Additionally, “supercharged” GFP, a variant engineered to have high net positive charge 

(+36) [167], and certain human proteins with naturally high positive charge [168, 169] have 

been reported to translocate across the cell membrane. Curiously, 3E10, an autoantibody 

proposed to bind to dsDNA [170], has been proposed to penetrate into the nucleus and 

impair DNA repair [171], or translocate an exogenous phosphatase across the cell membrane 

[172].

5.3.4 Virus-Based Strategies—Packaging proteins in virus-like particles [173] or 

attaching them to an engineered bacteriophage T4 head [174] has been reported to enhance 

cytosolic delivery. In addition, although not yet utilized as a delivery system, it has been 

reported that virus-bound antibodies co-internalize into the cytoplasm along with the virus 

[175].

5.3.5 Lipid-and Polymer-Based Strategies—With lipid-based materials, the protein 

cargo is either encapsulated in liposomes [176] or complexed with lipids. Regarding the 

latter strategy, lipid formulations that have been successful in the transfection of DNA have 

been attempted for the protein delivery. For example, a formulation based on a mixture of 

cationic and neutral lipids was reported to translocate negatively charged proteins [177].

Similarly, polymer-based formulations that have been successfully used for nucleic acid 

transfections have also been examined for their ability to “transfect” proteins. The “proton 

sponge effect” is an influential hypothesis still undergoing debate [178], which states that 

materials such as polyethylenimine (PEI) that are rich in protonatable amines, will cause a 

significant buffering of protons and subsequent osmotic swelling in endosomes. The 

endosome is then proposed to stall its maturation and eventually rupture [179]. Poly-β-amino 

esters (PBAEs), successfully developed for the transfection of nucleic acids [180], are 

thought to take advantage of this proton sponge effect. Su et al. reported that biodegradable 

PBAE nanoparticles enhance the endosomal escape of various cargos, including proteins, 

when co-administered [181].

Alternatively, Yan et al. reported a technology to encapsulate single proteins in a polymeric 

shell (termed “nanocapsule”) after attaching the monomeric building blocks of the polymer 
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directly to the protein [182, 183]. Such nanocapsules, designed to be degraded in response to 

environmental stimuli such as protease activity or changes in pH or redox potential, were 

reported to deliver proteins including transcription factors [184].

5.3.6 Inorganic Material-Based Strategies—A variety of inorganic materials have also 

been proposed to translocate protein cargo, including silica, carbon nanotubes, quantum 

dots, and gold nanoparticles (see [142, 185]).

6 Conclusions

The plasma membrane of a mammalian cell is an intricate composite of multiple lipid and 

protein species continually undergoing endocytosis and exocytosis. Whereas small 

molecules with moderate polarity are able to diffuse through the cell membrane passively, 

most metabolites and short peptides require specialized membrane transporters for 

translocation. Proteins are generally unable to cross the cell membrane, with protein toxins 

being exceptions where sophisticated (and yet to be fully elucidated) mechanisms have been 

evolved for translocation.

In this review, we have surveyed proposed strategies on how to obtain membrane-permeable 

molecules that utilize passive diffusion, membrane transporters, or engineered delivery 

systems (Fig. 1). For passive diffusion, the Rule of 5 and its derivatives provide a rough 

guide for design. Minimizing the size of the desired permeant and its effective polarity is 

recommended. The latter can be achieved by minimizing the number of polar groups and 

localized charges in the molecule, or by cyclization, amidation and esterification strategies 

that shield polar groups in the interior of the molecule or mask a charge. It is currently 

unfeasible to explicitly design molecules as transporter substrates, although conjugation 

strategies have been proposed to known transporter substrates. When interpreting 

experimental results showing the entry or export of molecules, the possible contribution 

from membrane transporters should be kept in mind. Finally, various methods and delivery 

systems have been proposed to transport proteins across the cell membrane, from 

mechanical disruption to utilizing delivery systems that are either covalently attached or 

noncovalently complexed to the protein of interest.

In addition to providing an overview of engineering approaches, we have strived to provide a 

framework for evaluating the effectiveness of such strategies. Here, it cannot be understated 

that the experimental assay employed to demonstrate cytosolic delivery, depending on its 

sensitivity and mode of detection, could greatly impact the perceived efficacy of the delivery 

method. Particularly with protein delivery, an easy-to- implement, standardized assay that 

can accurately quantify delivery performance would be invaluable in objectively comparing 

different platforms. Also, while frequently overlooked, cytotoxicity caused by the delivery 

vehicle, if any, should be explicitly addressed. Finally, the mechanism(s) of action allowing 

delivery should be thoroughly investigated to avoid experimental artifacts.

In summary, we have summarized strategies employed by nature or devised by man to 

transport small molecules, peptides, and proteins across cell membranes. We hope this 

review will provide scientists interested in designing cell- permeable probes or effector 
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molecules with a starting point to approach the task. Second, we hope it will aid in bringing 

together the concepts and solutions generated for diverse payloads. Although overcoming 

the membrane barrier remains a challenging and incompletely solved problem, significant 

progress continues to be made towards enabling potentially powerful applications in 

biological research and medicine.
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Fig. 1. 
Possible routes of cytosolic entry. Molecules may passively diffuse across the cell 

membrane, or be shuttled in via natural or artificial delivery mechanisms. Membrane 

transporters allow the passage of various ions and metabolites. Protein toxins and viruses 

have evolved complex translocation mechanisms, hijacking the host’s ER transporters in 

some instances. Engineering approaches to improve a payload’s permeability may involve 

physically disrupting the membrane, chemically modifying the payload, or attaching the 

pay-load—covalently or non-covalently—to an intracellular delivery system that can disrupt 

cell membranes. In any case, the translocation event can occur across the plasma membrane, 

or across internal cellular membranes following endocytosis (termed “endosomal escape”). 

Images were adapted from Servier Medical Art
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Fig. 2. 
(a) Cyclosporin A (CsA) in its closed conformation in nonpolar solvent [186]. The four 

intramolecular hydrogen bonds (dotted lines in blue) are thought to shield the polarity of the 

molecule. (b) The TAT peptide segment excerpted from the NMR structure of HIV-1 TAT 

protein (adapted from PDB 1TIV) [187]. The guanidinium nitrogens (blue) are thought to 

enhance the interaction between TAT and the cell membrane. (c) A slanted top- down view 

of the pre-pore formed by anthrax toxin protective antigens (PAs) (blue) in complex with 

lethal factors (LFs) (gray), which are translocated across the full pore. Shown in the figure 

are eight molecules of PA bound to four molecules of LF (PA 8(LFN)4) (PDB 3KWV) [188]. 

(d) The neuraminidase inhibitor Zanamivir (top) and Zanamivir-L-Val (bottom) [189]. The 

conjugated valine (blue) has been proposed to render Zanamivir into a substrate for amino 

acid transporters
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Table 1

Permeability coefficients of select molecules

Species Molecule

Permeability
coefficient
(cm/s) Membrane type Reference

Ions Na+

K+
5.0 × 10−14

4.7 × 10−14
Artificial membrane Papahadjopoulos et al. [40]

Small
molecules

O 2 2.3 × 101 Artificial membrane Subczynski et al. [36]

CO 2 3.5 × 10−1 Artificial membrane Gutknecht et al. [37]

H 2 O 3.4 × 10−3 Artificial membrane Walter and Gutknecht [38]

EtOH 2.1 × 10−3 Erythrocyte
membrane

Stein and Lieb [1]

Steroids 10−3 to 10−4 Cell monolayer Giorgi and Stein [42]

Urea 4.0 × 10−6 Artificial membrane Finkelstein [35]

Glycerol 5.4 × 10−6 Artificial membrane Orbach and Finkelstein [39]

Small molecule
drugs

10−5 to 10−6 Artificial membrane Dobson et al. [112]

Peptides Cyclosporin A 2.5 × 10−7 Artificial membrane Rezai et al. [45]

TAT 2.7 × 10−9 Artificial membrane Jones and Howl [81]
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