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Abstract

Because nucleic acids (NAs2) have immense potential value as therapeutics, the development of 

safe and effective synthetic NA vectors continues to attract much attention. In vivo applications of 

NA vectors require stabilized, nanometer-scale particles, but the commonly used approaches of 

steric stabilization with a polymer coat (e.g., PEGylation; PEG=poly(ethylene glycol)) interfere 

with attachment to cells, uptake, and endosomal escape. Conjugation of peptides to PEG-lipids 

can improve cell attachment and uptake for cationic liposome–DNA (CL–DNA) complexes. We 

present several synthetic approaches to peptide-PEG-lipids and discuss their merits and 

drawbacks. A lipid-PEG-amine building block served as the common key intermediate in all 

synthetic routes. Assembling the entire peptide-PEG-lipid by manual solid phase peptide synthesis 

(employing a lipid-PEG-carboxylic acid) allowed gram-scale synthesis but is mostly applicable to 

linear peptides connected via their N-terminus. Conjugation via thiol-maleimide or strain-

2Abbreviations used: CL: cationic liposome; DIEA: N,N-diisopropylethylamine; DMEM: Dulbecco's modified Eagle's medium; DOB: 
3,4-dioleyloxybenzoic acid; DOPC: 1,2-dioleoyl-sn-glycerophosphatidylcholine; DOTAP: 2,3-dioleyloxypropyltrimethylammonium 
chloride; EMCA: 6-maleimidohexanoic acid; HOBt: 1-hydroxybenzotriazole hydrate; HOPfp: pentafluorophenol; NA: nucleic acid; 
PBS: phosphate-buffered saline; PEG: poly (ethylene glycol); siRNA: short interfering RNA; TBTU: O-benzotriazol-1-yl-N,N,N′,N′-
tetramethyluronium tetrafluoroborate; TFA: trifluoroacetic acid.
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promoted (copper-free) azide-alkyne cycloaddition chemistry is highly amenable to on-demand 

preparation of peptide-PEG-lipids, and the appropriate PEG-lipid precursors are available in a 

single chemical step from the lipid-PEG-amine building block. Azide-alkyne cycloaddition is 

especially suitable for disulfide-bridged peptides such as iRGD (cyclic CRGDKGPDC). Added at 

10 mol% of a cationic/neutral lipid mixture, the peptide-PEG-lipids stabilize the size of CL–DNA 

complexes. They also affect cell attachment and uptake of nanoparticles in a peptide-dependent 

manner, thereby providing a platform for preparing stabilized, affinity-targeted CL–DNA 

nanoparticles.

Graphical abstract

Keywords

Nonviral Gene delivery; Peptide-PEG-lipids; Lipid synthesis; Homing peptides; Nanoparticles; 
Poly(ethylene glycol); Heterobifunctional poly(ethylene glycol)

Drugs based on nucleic acids (NAs), such as plasmid DNA or short interfering RNA 

(siRNA), continue to promise a paradigm shift in medicine because they allow the treatment 

of many diseases at their root cause1-4. Much progress 5-7 has been made in the decades 

since the discovery 8 of efficient, lipid-mediated gene delivery in vitro. Investigations of the 

structures of lipid–NA complexes 9-11, of the barriers to successful transfection that they 

encounter 12, 13, and of the effect of chemical and physico-chemical properties on their 

efficiency 14-17 have already yielded highly efficient formulations for in vitro applications. 

However, designing synthetic vectors suitable for in vivo applications remains a challenge.

The reason for this are additional requirements, such as stability of the vector in circulation 

and selectivity for the desired target tissue 18. Attaching a shell of water-soluble polymer 

chains to nonviral vectors based on lipids or polymers can stabilize them into nanoparticles. 

First applied to liposomes 19, 20, this strategy typically uses polyethylene glycol) (PEG) 

chains of molecular weight 2000 or 5000 g/mol 21. Unfortunately, the protective PEG 

covering also interferes with crucial steps in the process of transfection, such as attachment 

to cells and endosomal escape 22-25. Current development of nanoparticle vectors is focused 

on adding functionalities to the PEG coat to offset these drawbacks. Examples include 

introducing acid-labile bonds that lead to shedding of the PEG shell in the low-pH 

environment of late endosomes, as well as adding targeting moieties 18, 22, 23, 26, 27.

Peptides are useful targeting moieties because of the vast conformational space they occupy 

and the ease with which that space can be explored. Techniques such as in vivo phage 
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display 28-30 have led to the discovery of numerous homing peptides for imaging and 

therapeutic purposes. A variety of tissues can be targeted with appropriate peptides 31, 32, 

and some peptides even confer additional, therapeutically valuable properties such as cell 

penetration 33. Likely the most widely used peptide motif is RGD, the cell adhesion motif 

from fibronectin 34, 35. Linear RGD peptides, such as the GRGDSP peptide used in this 

work, are somewhat promiscuous but bind their integrin receptors (α5β1 integrin is the 

preferred receptor for GRGDSP) less tightly than cyclic RGD peptides. Conformationally 

restricted RGD peptides, such as the cyclic c(RGDfK) peptide 36, 37, can selectively target 

specific integrins such as the αvβ3 integrin that is overexpressed in many tumors 38, 39. The 

cyclic iRGD (CRGDKGPDC) peptide provides additional benefits: it initially attaches to 

αvβ3 integrin, is then proteolytically cleaved, binds to neuropilin-1, and is internalized 40-42. 

Remarkably, it furthermore enables penetration of its cargo into tumor tissue 41, 42 and also 

inhibits metastasis 43.

Peptides may be attached to lipids to target lipid-based delivery vehicles. To also provide 

steric stabilization, to inhibit protein-particle interactions, or to maintain targeting ability in 

the presence of a PEG-lipid without peptide, a spacer of PEG between lipid and peptide is 

required. Some PEG-lipid building blocks for the synthesis of such peptide-PEG-lipids are 

commercially available (e.g. from Avanti Polar Lipids), but they are expensive, only provide 

limited options with regard to conjugation chemistry, and bear saturated tails. The saturated 

tails may lead to lateral demixing when combined with lipid formulations that achieve high 

transfection efficiency, because these typically bear unsaturated tails 44,45

We have synthesized peptide-PEG-lipids using three different approaches. In one of these, 

the whole molecule was assembled on solid phase support by first assembling the peptide 

and then coupling a lipid-PEG-carboxylic acid building block to its N-terminus. The other 

approaches conjugated appropriately functionalized PEG-lipid building blocks and peptides. 

We employed both the common thiol-maleimide conjugation and a strain-promoted (copper-

free) azide-alkyne “click” chemistry (initially developed for the disulfide-bridged iRGD 

peptide). The details of materials, general and synthesis methods, and characterization 

techniques are supplied in the Supplementary Material.

The initial approach we pursued to prepare peptide-PEG-lipids is assembly of the complete 

peptide-PEG-lipid on the solid phase support used for peptide synthesis. Because the PEG-

lipid moiety is monofunctional and peptides are built from the C-terminus to the N-terminus 

in solid phase peptide synthesis, we sought to first assemble the desired peptide and then add 

the PEG-lipid moiety to its N-terminus. This approach also has the advantage that the 

required PEG-lipid building blocks could be used on a library of peptide-loaded resins, 

including ones prepared using automated synthesis. We initially attempted to use the solid 

support to aid desymmetrization of PEG 46, i.e., to synthesize the PEG-lipid moiety on the 

resin (by reacting the free N-terminus of the peptide with succinic acid, then coupling with a 

PEG diamine, and finally attaching our lipid building block 3,4-dioleyloxybenzoic acid 

(DOB)). This approach was met with limited success (low yields), in particular for longer 

PEG chains. The likely cause for the low yields, which is crosslinking of two separately 

anchored moieties on the resin, has been found to reduce yields in attempts at on-resin 
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cyclization of peptides 47. Thus, we resorted to preparing a PEG-lipid building block with a 

distal carboxylic acid (3) and coupling this to the protected peptide chain on the resin.

Scheme 1 details the multi-gram scale synthesis of 3. We prepared PEG-diamine 1 from 

PEG by two different routes (see Supplementary Material) 48, 49. Of these, mesylation 

followed by ammonolysis in a large excess of ammonium hydroxide solution 49 proved 

much preferable. Desymmetrization of 1 to yield the lipid-PEG-amine 2 is a key step in all 

our approaches to peptide-PEG-lipids. Low temperature and an only moderately reactive 

acylation agent (the pentafluorophenyl ester of DOB) were essential to prevent excessive, 

undesired diacylation 50 of the PEG diamine with DOB. We then separated the obtained 

mixture of 2 and undesired symmetric PEG-derivatives (DOB-PEG-DOB and PEG diamine) 

by dry column vacuum chromatography 51. This separation is aided by the strong effect that 

both the DOB-moiety and the amine endgroup have on the elution behaviour of PEG, even 

at long chain lengths. Reaction with succinic acid anhydride readily converted the amine 

endgroup of PEG-lipid 1 into a carboxylic acid to give 3. We then coupled this building 

block to the peptide on the resin and performed the deprotection and cleavage from the resin 

by standard peptide synthesis methods to obtain the desired peptide-PEG-lipid (Scheme 2).

While conceptually straightforward and amenable to gram-scale synthesis, the direct solid 

phase synthesis approach shown in Scheme 2 is less suitable for cyclic peptides and 

separately prepared libraries of purified peptides. Thus, we also explored alternative 

synthesis routes to peptide-PEG-lipids. These approaches conjugate deprotected, purified 

and appropriately functionalized peptides with matching PEG-lipid building blocks. The 

choices for conjugation chemistries are limited by the variety of reactive functional groups 

on peptide sidechains, but several options exist. One of the most commonly employed 

peptide conjugation methods is the maleimide-thiol conjugation. We employed this method 

in the preparation of a peptide-PEG-lipid bearing the RPARPAR sequence. The RPARPAR 

peptide, displaying a prototypical CendR motif 40, binds to neuropilin-1, which mediates 

cellular internalization and tissue penetration 40. As shown in Scheme 3, we prepared a 

maleimide-functionalized PEG-lipid 4 from the amine-functionalized PEG-lipid 2 by 

acylation with the commercially available bifunctional linker EMCA (6-maleimidohexanoic 

acid).

Thiol-functionalization of RPARPAR is straightforward because this peptide does not 

contain thiol groups or disulfide bridges. This, however, is not the case for the iRGD 

peptide, which contains a disulfide bond. Preparation of thiol-functionalized disulfide-

containing peptides is problematic because the resulting peptides are prone to cleavage or 

scrambling of the disulfide bonds due to the presence of the free thiol group. However, 

disulfide bonds are a convenient way to induce conformational restraints on a peptide chain. 

Thus, we sought to develop an alternative conjugation method that is compatible with 

disulfide-containing peptides such as iRGD.

Biorthogonal chemistry has provided a collection of conjugation methods that are 

compatible with the wide variety of chemical functional groups on biological molecules and 

in biological environments 52, 53. A recent implementation of the strain-promoted, copper-

free, azide-alkyne dipolar (Huisgen) cycloaddition stood out because it provides facile 
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access to a strained cyclic alkyne building block that can be conjugated to amine groups 54. 

Thus, we prepared bicyclononyne-functionalized PEG-lipid 5 (Scheme 3) from the amine-

functionalized PEG-lipid 2. The cycloaddition conjugation of this building block with azide-

functionalized peptides in acetonitrile/water (3:1, v:v) proceeded smoothly. We used this 

method to prepare PEG-lipids with distally attached cyclic iRGD peptide 

(CRGDKGPDC) 40-42.

To determine the effect of peptide-PEG-lipids on the steric stabilization and charge of CL–

DNA complexes, we measured the size (using dynamic light scattering) and ζ-potential of 

the complexes. As a control PEG-lipid without peptide, we used DOB-mPEG2000, the ester 

of DOB with monomethoxy-PEG2000. (See the Supplementary Material for structure and 

synthesis.) Table 1 compiles the results of measurements performed on complexes at a 

lipid/DNA charge ratio (ρ) of 5, prepared from an MVL555,56/DOPC/(peptide-)PEG-lipid 

lipid mixture (10/80/10 molar ratio). The size measurements were performed both in water 

and the cell culture medium (DMEM: Dulbecco's modified Eagle's medium). Electrostatic 

repulsion can stabilize small particles even for complexes without PEGylation in water, but 

the salt in DMEM screens this repulsion and thereby leads to aggregation of complexes that 

are not sterically stabilized 22. As evident from Table 1, the peptide-PEG-lipids effectively 

stabilize CL–DNA complexes into nanoparticles with a diameter of about 100 nm. The size 

of most of these nanoparticles is larger in DMEM than in water, but the difference is small; 

CL–DNA complexes lacking steric stabilization form micrometer-size aggregates in 

DMEM 22. The ζ-potential of all CL–DNA nanoparticles is positive, with that of particles 

formed with the DOB-mPEG2000 lipid (without peptide) and the RPARPAR-PEG2K-lipid 

being particularly high. A possible explanation 23 is that the added size of the peptides (with 

a molecular weight of ≈600 to 1000 Da) expands the PEG corona, thereby decreasing the ζ-

potential which is measured at the slipping plane between particle and solution. For the 

RPARPAR-PEG2K-lipid, this effect may be offset by the positive charge (+2e) of the 

peptide.

To assess whether peptide ligands attached to PEG-lipids improve attachment of CL–DNA 

nanoparticles to cells and promote their uptake, we used flow cytometry and optical 

microscopy with fluorescently labeled nanoparticles. As a model human cancer cell line, we 

used PC-3 (prostate cancer) cells. We performed these measurements with nanoparticles 

prepared from the same lipid mixtures used in the DLS studies (MVL5/DOPC/

(peptide-)PEG-lipid at 10/80/10 molar ratio), i.e., at relatively low membrane charge density 

(σM). We have previously shown (for nanoparticles based on the monovalent cationic lipid 

DOTAP (2,3-dioleyloxypropyltrimethylammonium chloride)) that low σM reduces the 

nonspecific electrostatic attraction between negatively charged cell membranes and 

positively charged nanoparticles 23.

In Figure 1, panels A and B show flow cytometry data for nanoparticles prepared with the 

different (peptide-)PEG-lipids and fluorescently labeled DNA as well as controls. For the 

data in Figure 1A, the cells were washed with PBS and suspended in DMEM prior to 

analysis. Thus, nanoparticles that do not adhere strongly to cells or have been internalized 

are washed off and not detected. For the data in Figure 1B, Trypan Blue dye was added to 

the cells after the washing steps. This quenches the fluorescence of all material accessible to 

Ewert et al. Page 5

Bioorg Med Chem Lett. Author manuscript; available in PMC 2017 March 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the dye, i.e., outside of the cells 57. In this way, it is possible to distinguish between tightly 

bound and internalized particles, a distinction often missing in the literature.

Particles prepared with the linear RGD-PEG-lipid (pink curves in Fig. 1(A,B)) show the 

largest amount of cell attachment, but also the largest reduction in signal when Trypan Blue 

is added. In contrast, particles containing PEG-lipid without peptide ligand (blue curves) 

show the weakest attachment, but also the smallest shift upon quenching of outside particles. 

This is likely due to the fact that they bind to cells weakly enough to be washed off almost 

completely. The effect of quenching is similarly small for RPARPAR-tagged particles, 

suggesting that they either also bind only weakly or, more likely, that they internalize 

quickly and efficiently. The fluorescence intensity of cells treated with these particles (with 

and without Trypan Blue) is higher than of cells treated with particles without peptide, 

demonstrating the effect of the RPARPAR ligand. Tagging particles with iRGD peptides 

(orange curves) also increases their attachment to cells. However, treatment with Trypan 

Blue strongly reduces fluorescence to below the level of particles without ligands.

Plotting mean fluorescence intensity for both flow cytometry measurements (Figure 1C) 

summarizes key aspects of the data. Here, the height of the lighter bars represents the mean 

in the presence of Trypan Blue while the height of the darker bars represents the mean 

without Trypan Blue treatment. As mentioned, the linear RGD peptide leads to a very high 

level of binding of nanoparticles to cells. Because the investigated peptides bind to different 

receptors on the cell surface, this does not reflect their relative binding affinity but rather a 

combination of binding affinity and receptor density on the cell. Another interesting feature 

of the data is the large difference between attached and internalized particles for the RGD-

type peptides compared to RPARPAR and unfunctionalized particles. Further investigations 

are underway to determine whether this is simply due to a very high binding affinity of 

RGD-based peptides or because these particles might undergo not only binding and 

internalization but also recycling to the cell surface.

Figure 2 shows optical micrographs of live cells incubated with fluorescently labeled CL–

DNA nanoparticles with and without peptide ligands. The images confirm the findings from 

flow cytometry regarding the amount of particle attachment and uptake. They also reveal 

that the intracellular distribution of particles differs. The majority of both RPARPAR-tagged 

and untagged particles are localized in the perinuclear region. In contrast, the distribution of 

particles tagged with RGD-type peptides inside the cell is more diffuse. This likely reflects 

different pathways of internalization or intracellular processing, which thus can be selected 

by choosing the appropriate peptide-PEG-lipid. For reference, imaging results for cells 

incubated with labeled DNA only are shown in Figure S1 in the Supplementary Material.

Optical imaging also yields further information that may explain the surprisingly low uptake 

for iRGD-tagged nanoparticles. Incubation with these particles results in a large number of 

cells detaching from the surface and aggregating (see Figure S2 in the Supplementary 

Material). These cells, which presumably have bound comparatively large numbers of 

nanoparticles, are lost in the washing steps of the flow cytometry protocol and are thus not 

counted in these measurements. It is interesting to speculate that this property of iRGD-
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tagged particles may be related to the ability of iRGD to penetrate deep into tumor tissue in 

vivo.

Efficient, selective CL–DNA vectors for in vivo applications will have to incorporate 

targeting and other functional moieties. We have described and compared three methods of 

preparing peptide-PEG-lipids and demonstrated the use of these molecules in stabilizing 

CL–DNA complexes into nanoparticles, targeting the particles to cells, and facilitating their 

internalization. PEG desymmetrization and peptide conjugation are the key steps in a 

general approach for the synthesis of peptide-PEG-lipids. The methods we have described 

will facilitate access to this useful class of compounds, a foundation for further exploration 

of the effect of chemical structure, e.g., of lipid tail and linker. Synthesis of the peptide-

PEG-lipids on a solid support using a PEG-lipid carboxylic acid is most useful for larger 

scale synthesis and simple peptides, whereas the conjugation methods are best suited for on-

demand preparation of peptide-PEG-lipids from peptides obtained commercially or prepared 

by automated synthesis. Conjugation using strain-promoted azide–alkyne cycloaddition 

avoids complications with thiol oxidation or disulfide scrambling that can plague thiol-

maleimide conjugations. Tagging of CL–DNA nanoparticles with peptide ligands promotes 

their attachment to cells and, for the linear RGD and the RPARPAR peptides, also their 

internalization. While we have used peptides as model ligands in this work, the developed 

synthesis strategy (in particular the PEG desymmetrization) can readily be applied to other 

small molecule ligands, and the thiol-maleimide conjugation can be used to couple antibody 

fragments and aptamers.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Flow cytometry measurements of attachment and uptake of CL–DNA nanoparticles. PC-3 

cells were incubated with DMEM medium, labeled DNA (10% (w/w) of DNA labeled with 

YOYO-1), or nanoparticles containing labeled DNA. The nanoparticles were formulated at 

ρ=5 with lipid mixtures of MVL5/DOPC/(peptide-)PEG-lipid (10/80/10, mol/mol/mol). (A) 

Data for cells incubated with nanoparticles for 5 h. (B) Data for cells incubated with 

nanoparticles for 5 h and subsequently exposed to Trypan Blue to quench extracellular 

fluorescence. (C) Plot of mean fluorescence intensities for the data in parts A and B. The 

height of the dark bars represents the geometric mean of cells that were incubated with 

nanoparticles for 5 hours (part A), while the height of the lighter bars indicates the 

geometric mean of the same samples in the presence of Trypan Blue (part B). For all 

investigated peptides, peptide-tagging of nanoparticles improves binding over the control 

(PEG-lipid without peptide). Peptide-tagging also improves internalization except in the 

case of the iRGD-PEG2K-lipid.
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Figure 2. 
Live cell imaging of the interaction of PEGylated CL–DNA nanoparticles with and without 

targeting peptides with PC-3 cells. Cells were incubated with nanoparticles for 5 h before 

imaging. CL–DNA nanoparticles were formulated with fluorescently-labeled plasmid DNA 

(15% (w/w) of DNA labeled with YOYO-1) at ρ=5 with lipid mixtures of MVL5/DOPC/

(peptide-)PEG-lipid (10/80/10 molar ratio). All scale bars are 50 μm.
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Scheme 1. 
Synthesis of amine- and carboxylic acid-functionalized PEG-lipids; n≈45 (PEG MW=2000 

g/mol). a) −78 °C to room temperature; b) DIEA, room temperature; DIEA: N,N-

diisopropylethylamine; HOPfp: pentafluorophenol.
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Scheme 2. 
Solid phase synthesis of peptide-PEG-lipids. a) TBTU, HOBt, DIEA; b) 1% TFA in 

dichloromethane, then 95% TFA in water (for GRGDSP peptide); DIEA: N,N-

diisopropylethylamine; HOBt: 1-hydroxybenzotriazole hydrate; TBTU: O-benzotriazol-1-yl-

N,N,N′,N′-tetramethyluronium tetrafluoroborate; TFA: trifluoroacetic acid.
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Scheme 3. 
Synthesis of peptide-PEG-lipids by conjugation with free peptides. a) TBTU, DIEA; b) 

Et3N; c) reference 49; d) MeCN/PBS (1:1, v:v), nitrogen atmosphere; e) MeCN/water (3:1, 

v:v); DIEA: N,N-diisopropylethylamine; PBS: phosphate-buffered saline; TBTU: O-

benzotriazol-1-yl-N,N,N′,N′-tetramethyluronium tetrafluoroborate.
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Table 1

Size and ζ-potential of CL–DNA complexes prepared at ρ=5 from an MVL5/DOPC/(peptide-)PEG-lipid lipid 

mixture (10/80/10 molar ratio). The listed values are the mean of two measurements ± SD.

Hydrodynamic diameter in water [nm] Hydrodynamic diameter in DMEM [nm] ζ-potential [mV]

DOB-mPEG2000 108.5 ± 2.3 105.8 ± 1.6 47.6 ± 2.5

RGD-PEG2K-lipid 86.5 ± 2.1 117.1 ± 0.7 32.8 ± 0.3

iRGD-PEG2K-lipid 117.6 ± 1.9 107.7 ± 0.1 34.9 ± 0.3

RPARPAR-PEG2K-lipid 96.62 ± 5.38 139.3 ± 2.3 47.5 ± 4.5
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