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Coiled coils are characterized by an arrangement of two or moreα-helices into a superhelix and one of few pro-
tein motifs where the sequence-to-structure relationship to a large extent have been decoded and understood.
The abundance of both natural and de novo designed coil coils provides a rich molecular toolbox for self-
assembly of elaborate bespokemolecular architectures, nanostructures, andmaterials. Leveraging on the numer-
ous possibilities to tune both affinities and preferences for polypeptide oligomerization, coiled coils offer unique
possibilities to designmodular and dynamic assemblies that can respond in a predictablemanner to biomolecular
interactions and subtle physicochemical cues. In this review, strategies to use coiled coils in design of novel ther-
apeutics and advanced drug delivery systems are discussed. The applications of coiled coils for generating drug
carriers and vaccines, and various aspects of using coiled coils for controlling and triggering drug release, and
for improving drug targeting and drug uptake are described. The plethora of innovative coiled coil-basedmolec-
ular systems provide new knowledge and techniques for improving efficacy of existing drugs and can facilitate
development of novel therapeutic strategies.

© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

Coiled coils are abundant structural motifs found in many fibrous
proteins and transcription factors and are often involved in assembly
of higher order protein structures [1]. Comprised of two or more α-
helices that are arranged into a superhelix, coiled coils form a very dis-
tinct and unique structure [1]. Because of their biological importance
and striking appearance, the sequence to structure relationship of coiled
coils have been extensively studied, and to a large extent also decoded
[2–5]. The knowledge generated from systematic investigations of the
roles of individual amino acids on folding and oligomerization in both
natural proteins and synthetic peptides have facilitated de novo design
of numerous different polypeptides that form well-defined coiled coils
under various conditions [6–8]. A large number of coiled coils with var-
ious preferences and affinities for oligomerization have been developed
and a wealth of natural coiled coil sequences have been explored. This
has in turn enabled engineering of an amazing repertoire of higher-
order coiled coil supramolecular assemblies, such as fibers [9–11],
hydrogels [12–18], and structurally defined discrete nanostructures
[19,20]. These intricate molecular architectures form as a result of spe-
cific supramolecular interactions that can be tailored with great preci-
sion, dictated by the amino acid sequence of the peptides. In many
instances, also external factors, such as presence of certain ions and
ionic strength, temperature, pH, and interactions with surfaces or bio-
molecules influence these interactions and thus, the structure and sta-
bility of the coiled coils [18,21–23]. The fine balance between
attractive and repulsive interactions that can regulate folding and as-
sembly of coiled coils make these molecules highly interesting and ver-
satile components in design of stimuli responsive materials and
nanostructures for fabrication of innovative drug delivery systems and
development of novel therapeutic strategies.

The possibilities to use coiled coils as key molecular components in
drug delivery systems, biomaterials, vaccines and therapeutics can be
further expanded by engineering of fusion proteins or by combining
Fig. 1. Coiled coils and coiled coil-hybrids for drug delivery and therapeutics.
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themwith synthetic polymers, proteins, carbohydrates, lipids and inor-
ganic nanoparticles, using physical interactions or chemical conjuga-
tion, to create coiled coil hybrids and nanocomposites [24–26]. Due to
the large number of combinations, these hybrids comprise a very
diverse group of molecules and nanostructures, but with the common
denominator that they leverage on the ability of the peptides to fold
and oligomerize through specific intermolecular interactions into coiled
coils.

The function of the coiled coils in these systems can broadly be
divided into six main areas where the coiled coils either function pri-
marily as structural components for generating or functionalizing
(1) hydrogels and (2) discrete nanoscale drug carriers, or (3) particle-
like architectures for antigen presentation in vaccine development plat-
forms, or (4) for improving drug targeting, (5) triggering the release of
drugs from drug delivery vehicles, or (6) for tethering drugs to poly-
mers, particles or hydrogel scaffolds (Fig. 1). In this review, we cover
all these areas and highlight and discuss recent work on applications
of coiled coils in design of novel therapeutic strategies and advanced
drug delivery applications.
2. The coiled coil motif

The coiled coilmotifwas oneof thefirstmore complexprotein struc-
tures that was successfully determined. This work was initiated already
in the late 1920s in Leeds, in the heart of British textile industry, where
William Astbury was studying the X-ray diffraction patterns of a large
number of different protein fibers. Astbury discovered three main spec-
tral patterns that he referred to as α, β and γ forms. Proteins that gave
rise to the structural pattern of the α-form appeared to be common
and he referred to them as ‘k-m-e-f’, for keratin, myosin, epidermin,
and fibrinogen. These proteins all gave rise to diffraction pattern with
a strong meridional arc at 5.15 Å [27]. In 1950, Linus Pauling proposed
a model structure for the α-form, where he suggested two hydrogen
bounded helical structures, one ofwhichwas anα-helix [28]. This struc-
ture could, however, not explain the diffraction pattern recorded by
Astbury for the ‘k-m-e-f’ proteins. Two years later, Francis Crick offered
a full parametrized model for a structure of α-helices that were twisted
around each other. He called this bundle of supercoiled helices, coiled
coil. Crick proposed that two or more α-helices can pack together to
form a left-handed supercoil structure with a knobs-into-holes (KIH)
arrangement of the amino acids [29].

The structural and functional diversity of coiled coils can be appreci-
ated by studying their role in proteins, spanning from controlling the di-
merization of many transcription factors, and components in longer
segments in dimeric and trimeric fibrous structural proteins, to complex
structures involved in virus-host membrane fusion (Fig. 2A) [30]. In
2001, Walshaw and Woolfson introduced a software (SOCKET) that
identified KIH interactions in proteins [31]. By applying this software
on data in the Research Collaboratory for Structural Bioinformatics Pro-
tein Data Bank (PDB) they identified and studied no less than 766 coiled
coil containing protein structures [30]. This data was then used to
develop a periodic table for coiled coils based on the number of helices
in the motifs and the relationships between them (Fig. 2B). A classical
coiled coil structures was defined as having only one hydrophobic
core. There are classical coiled coils that consist ofmore than two helices
and that assemble through a contiguous ring of KIH interactions be-
tween adjacent helices, but they still share a single consolidated central
hydrophobic core. Structures comprised of two or more interacting, or
connected, classical coiled coils were referred to as complex coiled coil
structures [30].



Fig. 2. The structure of coiled coils. A) Examples of natural and synthetic coiled coil-based proteins and structures. Reproducedwith permission from [32], copyright Springer International
Publishing AG 2017. B) The coiled coil periodic table. Reproduced with permission from [30], copyright Elsevier Ltd. 2008. C) Helical wheel diagram of a coiled coil indicating the relative
positions of amino acids. D) A typical parallel dimeric coiled coil colored based on the heptad positions: absdefg, a = red; b = orange; c = yellow; d = green; e = cyan; f = blue; g =
magenta. E) Helical-wheel diagram for trimeric, and F) tetrameric coiled coils. Adopted with permission from [33], copyright 2012 American Chemical Society.
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As a result of numerous thorough studies on the structure of clas-
sical coiled coils in proteins, such as the leucine zippers [6,34,35],
and significant efforts in coiled coil de novo design [3,4,7,8,36], the se-
quence to structure relationship of coiled coils is nowwell understood
[6]. This knowledge has facilitated efforts in de novo design of coiled
coils with a variety of oligomeric states, with parallel [37] or antipar-
allel helices [38], and different homo- and heteromer combinations
[33,39–41]. The primary structure of a canonical coiled coil shows a
repeating seven-residue pattern of hydrophobic (h) and polar (p) res-
idues, hpphppp [42,43]. The positions of the amino acids in these hep-
tad repeats are designated a, b, c, d, e, f and g and can be schematically
represented in a helical wheel diagram (Fig. 2C, D). The size of the
coiled coil domains can vary significantly, from just 1–2 heptads in
the smallest designed coiled coils, to sequences with more than
3000 amino acids in the protein giantin [42]. Hydrophobic amino
acids are conserved at position a and d, forming a hydrophobic patch
running along the length of each helix in the coiled coils, and that is
flanked by polar and charged residues. Since seven residues is not
enough to form two full turns in a regular a-helix, the hydrophobic
patch twists around the helix axis. As a consequence, interacting heli-
ces in a coiled coil are arranged into a supercoil in order to align their
hydrophobic patches to form a stable hydrophobic core. Isoleucine
(Ile) and leucine (Leu) commonly form the hydrophobic core of coiled
coils at position a and d. Ile at position a and Leu at position d typically
result in parallel dimers, whereas peptides with Ile at position a and d
induces assembly of trimers (Fig. 2E), while tetrameric assemblies are
formed with Leu at a position and Ile at d position (Fig. 2F) [6,44]. The
presence of charged amino acids, in particular glutamic acid (Glu) and
lysine (Lys), in position e and g stabilizes the coiled coil structure, de-
fines heterospecificity and the orientation of the structure [39,45,46].
Position b and c are often occupied by alanine (Ala) as a small helix fa-
voring residue and f position by glutamine (Glu) and lysine (Lys) to in-
crease the solubility of the structure. Tryptophan (Trp) and tyrosine
(Tyr) that absorb strongly in the ultraviolet (UV) wavelength range
28
are also often included at f position to facilitate spectroscopicmonitor-
ing of the peptides [6,45].

The interface formed by the residues at a and d positions must not
necessarily by occupied by hydrophobic residues. Polar residues in
these positions, and that are conserved through evolution, have been
found in various structurally defined coiled coils [47]. The by far most
abundant of these polar residues is asparagine (Asn) [47]. The presence
of Asn at a position destabilizes dimeric coiled coils but can increase
the preference of parallel dimers over antiparallel dimers or parallel tri-
mers [47].

To have better control over the self-assembly and stability of coiled
coils, several different strategies have been developed to tune the oligo-
merization process [7,21,33,41,48,49]. Woolfsons and co-workers de-
signed a set of de novo designed coiled coils peptides in which the
dissociation constants varied from the micromolar to the sub-
nanomolar range [45]. Aronsson et al. investigated a positive design ap-
proach that exploited the difference in packing efficiencies of Val and Ile
in the hydrophobic core and the difference in α-helical propensities of
serine (Ser) and Ala, to produce parallel heterodimeric coiled coils
with dissociation constants spanning from the low micromolar to the
picomolar range [41], (Fig. 3A). The large differences in affinities for
heterodimerization resulted in social self-sorting of the peptides when
all monomers were combined. The number of heptads also has a drastic
effect on the stability of coiled coils and can be exploited to tune the sta-
bility of heterodimers. The stability of coiled coils increases by increas-
ing the number of heptads. Thomas et al. showed that by increasing
the number of heptads in a heterodimeric coiled coil from3 to 4, the dis-
sociation constant (Kd) of the dimer decreased by four orders of magni-
tude [45], (Fig. 3B).

Assembly of higher order coiled coil structures can be promoted by
extending the hydrophobic helical interfaces past the a and d residues
and involving residues at e and g position in KIH interactions. By chang-
ing the canonical heptad repeat from hpphppp (Type N) to hpphpph or
hpphhpp (Type 1); hpphhph (Type 2); and hphhphp or hhphphp



Fig. 3. Design of coiled coils with different affinities and preferences for oligomerization. A) Helical-wheel representation of the EI/EV/KI/KV peptides, de novo designed to form parallel
coiled coil heterodimers (reproducedwith permission from [15], copyright 2016 American Chemical Society), and the corresponding dissociation constants for the different combinations
of heterodimers (in molar) at 20 °C. Adopted with permission from [41], copyright Springer Nature 2015. B) Helical-wheel representation of the de novo designed coiled coils CC-AN and
CC-BN and the corresponding dissociation constants (inmolar) at 20 °C. Reproducedwith permission from [45], copyright 2013 American Chemical Society. C) Helical-wheel diagrams for
different types of coiled coil interfaces. Classical Type N and Type 1–3 coiled coils labelled using the canonical a-g nomenclature. The teardrop shapes show the direction of Cα-Cβ bonds.
Red, blue and purple colored positions highlights knobs in knob-into-hole interactions as parallel, perpendicular and X-layer respectively, where core-packing angels describe the orien-
tation of a knob side-chain with respect to the hole into which it fit as introduced by Harbury et al. [4]. Reproduced with permission from [53], copyright 2016 Springer Nature.
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(Type 3), three different types of coiled coil assemblies can be obtained
(Fig. 3C). However, residues at positions e and g do not have to be hy-
drophobic. Type 2 sequences (hpphhph) can form α-helical barrels
Table 1
Examples of coiled coil-based therapeutics and drug delivery systems.

Peptide system Properties

Ex/Kx De novo designed, heterodimeric, (EIAALEK)x/(KIAALKE
GCN4 pLI Heterodimeric, naturally derived but engineered

Leucine zipper peptide Heterodimerization

JR2KC/JR2E Four-helix-bundle, heterodimeric
KV/KI/EV/EI Heterodimeric, de novo designed
SVLP Lipopeptide
SAGE Combination of heterodimeric and homotrimeric coiled
SAPN Fusion of a modified COMP domain and a de novo design

coiled coil
CCE/CCK Heterodimeric, antiparallel
Heparin-binding coiled coil
peptide

Heterodimeric

Collagen-binding-domain Heterodimeric
COMP Pentameric bundle

RHCC Tetrameric bundle
Helix A and Helix B Heterodimers fusion to ELP
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with 5–7 helices, where each α-helix contains two seams allowing it
to interact with two neighboring helices [50]. For instance, Liu et al.
showed that by replacing all e and g residues with Ala, they can form a
Application Reference

)x Vesicle fusion, Polymer-drug linker [22,36,110]
pH and temperature responsive liposomal drug
release

[68,70]

Temperature responsive liposomal drug release,
Activation of cell penetrating peptides

[71,151,152,154]

Enzymatically triggered liposomal drug release [72,165]
Triggered liposomal drug release [74,75]
Vaccine platform [79]

coils Vaccine platform [88]
ed trimeric Vaccine platform [84]

Drug-free therapeutics [13,16]
Encapsulation and release of FGF [128]

Tethering growth factor to artificial ECM [134]
Temperature responsive hydrogel for release of
curcumin,
Carrier for vitamin A, D curcumin and for
theranostics

[98–100]

Carrier for cisplatin and other Pt-based drugs [101,102]
Vesicles for VGEF delivery [106]
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stable heptameric coiled coil structure [51]. Involvement of amino acids
in e and g positions in KIH interactions have been seen in natural ex-
treme proteins, such as GCN4 variants and in pentamers like the carti-
lage oligomerization matrix protein (COMP), as well as in
phospholamban and the rotavirus enterotoxin CorA, which all follow
the hhpphhp heptad repeat pattern [52].

3. Coiled coils and coiled coil-hybrids for drug delivery and
therapeutics

The abundance of natural coiled coil motifs and the increasing
knowledge in de novo design have facilitated development of a wide
range of intricate molecular structures and bioresponsive assemblies
for drug delivery and therapeutic applications (Table 1). To further le-
verage on their rich chemical and structural diversity, coiled coils are
often combined with other molecules and nanostructures, such as syn-
thetic polymers, biopolymers, lipids and inorganic nanoparticles, to
generate hybrid and composite materials. The role of the coiled coils
in these materials range from pure structural components to being
more actively involved in drug encapsulation and release or in mediat-
ing a therapeutic effect.

3.1. Coiled coils in liposome drug delivery systems

Liposome-based drug delivery systems have been thoroughly stud-
ied because of their biocompatibility and biodegradability [54]. Drug
molecules can be efficiently encapsulated in liposomes and significant
improvements in drug pharmacokinetics and biodistribution can be
achieved when combined with techniques for obtaining stable lipo-
somes with long circulation times by e.g. incorporating polyethylene
glycol (PEG) [55]. Further improvements can be achieved by using
bioresponsive elements for targeted delivery [56] or triggered drug re-
lease [57]. Currently there are about ten liposome-based drug formula-
tions in clinical use for treatment of for example breast cancer, ovarian
cancer, and leukemia, and a large number of liposome-based drug for-
mulations are in various stages of clinical trials [58].

Coiled coils offer numerous possibilities to enhance the performance
of liposomal drug delivery systems by facilitating cellular uptake or
Fig. 4. Coiled coil heterodimerization and folding mediated modulation of liposome fusion an
tethered to liposomes when modified with a terminal cholesterol moiety. B) Dimerization and
content and lipid mixing. C) CD spectra of liposomes decorated with E or K peptides alone and
E) Illustration of targeted liposome-cell fusion. Reproduced with permission from [66], copyri
G) Release was inhibited upon folding and heterodimerization with the complementary pept
Reproduced with permission from [72], copyright 2016 Springer Nature.

30
tailoring the release rate by either exogenous factors or endogenous dis-
ease biomarkers. The group of Alexander Kros has explored multiple
strategies for both coiled coil mediated drug delivery and for enhancing
cellular uptake of liposomes, using a heterodimeric coiled coil system
consisting of the E (EIAALEK) and K (KIAALKE) [36] peptideswith either
3 [59] or 4 [26,60] heptad repeats. These coiled coils were designed and
optimized to mimic features of the SNARE protein complex, involved in
vesicle fusion processes [61], when tethered to lipid membranes. The
two oppositely charged peptideswere separately tethered to twodiffer-
ent sets of liposomes using a hydrophobic lipid anchor, conjugated to
the peptides via a short PEG linker (Fig. 4A). When combining the two
sets of liposomes decorated with either the E or K lipopeptides, a fusion
process was initiated as a result of peptide folding and
heterodimerization, resulting in both lipid and liposome contentmixing
(Fig. 4B–D) [62,63]. Daudey et al. studied the individual roles of the
three-heptad peptides E3 and K3 in this process [64]. The positively
charged peptide K3 was found to be driving the fusion by immersing
into the neighboring liposome after dimerizing with the liposome-
conjugated complementary E peptide, which thus acted as a handle to
initiate liposomal docking. Zope et al. developed this concept further
by demonstrating that it was possible to functionalize Chinese Hamster
Ovary (CHO) cells and Zebrafish embryos with these peptides while
retaining their ability to form coiled coil heterodimers with comple-
mentary peptides anchored in liposomes (Fig. 4E) [65]. This process re-
sulted in accumulation of liposomes at the cell surface, liposomal
docking and uptake. Yang et al. continued this work by demonstrating
the possibility to target genetically engineered HeLa cells that con-
stantly expressed the four-heptad K4 peptide on their cell surface
(HeLa-K) [26]. These cells were injected into Zebrafish embryos
followed by administration of E4-liposomes encapsulating the cytotoxic
drug doxorubicin (DOX). The proliferation of the xenografted HeLa-K
cells was significantly reduced when treated with DOX-containing E4-
liposomes compared to non-peptide-decorated DOX-liposomes and
free DOX [26]. This effectwas further demonstrated to be a consequence
of membrane fusion between the liposomes and the cells and not a re-
sult of endosomal uptake [66]. Although this system show that the
coiled coils can dimerize and fold with high specificity also in complex
biological environments, the strategy apparently suffers from the
d permeability. A) The E/K peptides heterodimerize and fold into a coiled coil and can be
folding of the E- and K-peptides tethered to separate liposomes result in liposome fusion,
when combined. D) Lipid and content mixing as indicated by fluorescence spectroscopy.
ght 2016 American Chemical Society. F) Illustration of JR2KC-triggered liposomal release.
ide JR2E. H) The JR2KC-triggered release was recovered after cleavage of JR2E by MMP-7.
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requirement to label cells with one of the two peptides to enhance drug
uptake, which reduces applicability for drug delivery [26,66]. Despite
this drawback, there are several other interesting ex vivo/in vitro appli-
cations, for example to improve specific non-viral gene delivery as pro-
posed by Blenke et al. [59].

Coiled coils can also be utilized to increase the membrane perme-
ability of liposomes to facilitate release of encapsulated compounds.
Reja et al. explored an engineered variant of GCN4 pLI coiled coil [67]
for this purpose, where the Ile at the second d position in the four-
heptad repeatwas substituted for fluorescent environmentally sensitive
amino acids [68]. These substitutions resulted in unfolding of the coiled
coil (P3P5) at pH values deviating significantly from pH 7.4. In contrast,
the non-substituted coiled coil (P1P3) remained stable over a wide pH
range. Incorporation of P3P5 into liposome bilayers resulted in en-
hanced drug release at pH 5.5 compared to P1P3 liposomes as a result
of the unfolding of P3P5 and subsequent destabilization of the lipid bi-
layer. In vitro cell experiments with encapsulated proflavine, demon-
strated that this concept could reduce viability of glioblastoma cells
from 95% to 20% when using P3P5 liposomes. Confocal laser scanning
microscopy revealed the acidic lysosomes as themain drug localization,
further indicating that the pH sensitivity of the coiled coil was contrib-
uting to the drug release [68]. The pH responsive release could poten-
tially also facilitate treatment of solid tumors as the tumor
microenvironment typically is slightly acidic [69], which could promote
a localized drug release.

Temperature responsive coiled coils incorporated in liposome bilay-
ers for triggered drug delivery have also been reported based on the
same engineered variant of GCN4 pLI [70]. To adjust the temperature
sensitivity to a range that was suitable for in vivo applications, the α-
Ile at the third d position in the four-heptad repeat was substituted for
a γ-Ile in both peptides of the heterodimeric coiled coil. As a conse-
quence, a drastic reduction in the melting temperature (Tm) from
67 °C for the non-substituted coiled coil (P1/P2) to 40 °C was observed
for the substituted coiled coil (P3/P4). Incorporation of P3/P4 into lipo-
some bilayers resulted in a slow but significant release of encapsulated
carboxyfluorescein for up to 26 h at 40 °C, whichwas not seenwhen the
more thermally stable P1/P2 coiled coil was used [70]. The potential of
using thermally sensitive coiled coils for triggering release has also
been investigated by Kostarelos and co-workers using a leucine zipper
tailored for modulating lipid membrane integrity [71]. The peptides
self-assemble into a coiled coil comprising of two or more α-helices
when anchored within the lipid membrane. The Tm of the amphiphilic
peptides were around 40 °C when incorporated in liposomes. Tempera-
ture responsive liposomes combined with this peptide could as a result
of mild hyperthermia deliver and release encapsulated DOX while
showing better stability in serum than the liposome alone and
lysolipid-containing temperature-sensitive liposomes (LTSL). Their ac-
cumulation in B16F10 melanoma tumors in C57BL/6 tumor-bearing
mice were comparable to LTSL after 1 h but showed a three-fold higher
DOX accumulation 24 h after local hyperthermia.

The possibility to use endogenous stimuli, such as enzymes
overexpressed in tumor microenvironments, is also an attractive strat-
egy for triggering liposomal release of cancer drugs. Lim et al. explored
enzyme-mediated liposomal release using a set of peptides designed to
fold into a helix-loop-helix motif and heterodimerize into four-helix
bundles [72]. The lysine (Lys) rich peptide (JR2KC) was covalently con-
jugated to maleimide head group functionalized lipids incorporated in
the lipid bilayer of liposomes using the thiol moiety of cysteine (Cys)
in the loop region. The peptide was notmembrane active prior conjuga-
tion, but rapidly triggered release of encapsulated fluorophores when
bound to the liposomes. Allowing JR2KC to heterodimerize with the
complementary glutamic acid (Glu) rich peptide (JR2E) before addition
to the liposomes, reduced the triggered release significantly as a result
of the competition between heterodimerization and lipid membrane
partitioning (Fig. 4F–G). JR2E has two cleavage sites for matrix metallo-
proteinase 7 (MMP-7), an enzyme often overexpressed in tumors [73].
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After exposing JR2E to MMP-7 for about two hours, the membrane-
activity of JR2KC was recovered (Fig. 4H) [72]. Skyttner et al. showed
that the possibility to modulate membrane integrity by coiled coil di-
merization also could be implemented using classic coiled coils using
the de novo designed peptides KVC and KIC [41,74]. Similar to JR2KC,
these peptides also lackedmembrane activity unless conjugated to lipo-
somes. In the presence of the complementary peptides (EI and EV), di-
merization and folding into coiled coils significantly reduced the
release [74]. By increasing the amphipathic character of the KVC peptide
by substituting one Asn and one Trp for a Val and Glu, respectively, the
release after conjugation was significantly improved [75]. With stable
enough coiled coils, the possibility to inhibit the lipidmembrane perme-
ation could allow the liposomes to reach and accumulate in the target
tissue prior dissociation of the heterodimers, resulting in enhanced
and localized drug release.

3.2. Lipidated coiled coils for assembly of virus-like particles

Coiled coils combinedwith lipids are not only utilized for facilitating
liposomal drug delivery but have also been studied as a platform for
generating supramolecular assemblies for antigen display in vaccine de-
velopment. The prevention of millions of deaths yearly makes immuni-
zation one of the greatest success stories in global health. Although
vaccines have been able to control and prevent infectious diseases [7]
early vaccines contained dead, attenuated or inactivated viruses which
by accident could cause real viral outbreaks [76]. Since then, the safer
subunit vaccine approach has emerged where only key microbial com-
ponents are administered in order to trigger an immune response [77].
However, many of these subunit vaccines do not show a very distinct
immunostimulatory response, probably due to the limited antigen dis-
play. This can be improved by including adjuvants together with the
subunit virus or by using virus-like particles (VLPs). VLPs are designed
to resemble the virus in shape and size and to display repetitive antigens
but lack the viral genetic material, which make them non-infectious
[78]. Boato et al. utilized coiled coils for creating synthetic virus-like par-
ticles (SVLP) using a lipopeptide with a lipid tail conjugated to the N-
terminal of a coiled coil forming peptide and an antigen attached to
the peptide C-terminal [79]. The SVLP self-assembled as a result of clus-
tering of the lipid tails and folding of the peptides into parallel coiled
coils, resulting in formation of supramolecular nanoparticles with a di-
ameter of about 20–30 nm with antigens exposed on their surface.
The repetitive antigen display on the nanoparticle surface could elicit
humoral immune responses in immunized rabbits and mice for several
different antigens [79–81]. Additional improvement to this vaccine plat-
form could involve generation of antigen clusters, which is often ob-
served in viruses, in order to enhance the binding selectivity. Along
this line, Ang et al. created stable micelles of self-assembling coiled
coil peptide-PEG-lipid hybrids which retained their oligomeric state
when 3-helix and 4-helix conjugates weremixed. Thesemixedmicelles
became patchy, making them a promising SVLP candidate with well-
defined ligand clusters by exploiting the possibility to generated coiled
coils with different oligomeric states [82].

3.3. Coiled coil nanoparticles

The formation of a hydrophobic core that runs and twist along the
axis of the helices is central for the folding and association of peptides
into the characteristic rod-like coiled coil motif. In order to generate
more complex coiled coil-based peptide structures additional interac-
tions or topological constraints that can promote further assembly of
the coiled coils into more intricate geometries must be introduced
[83]. This can for example be achieved by connecting coiled coils side-
to-side or end-to-end using disulfide bonds or various other linkers
[19,84], or by combining coiled coils with different helix orientation
and that are capable of inter- or intramolecular dimerization [20]. For
peptides connected via linkers, the structure of the resulting
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supramolecular assemblies have been found to be highly dependent on
the linker length [85]. By connecting parallel heterodimeric coiled coils
using short linkers, steric constraints have been observed to favor for-
mation of large linear assemblies, whereas longer and more flexible
linkers resulted in assembly of different discrete nanostructures involv-
ing just a few peptides. Moreover, Woolfson and co-workers showed
that it was possible to create self-assembled peptide cages (SAGE) by
combining heterodimeric and homotrimeric coiled coils in a non-
linear arrangement [19]. The heterodimeric coiled coil peptides were
separately conjugated to one peptide designed to form homotrimers
using a Cys at f position that was included in all sequences (Fig. 5A).
The folding of the homotrimers resulted in formation of discrete and
soluble assemblies with the heterodimer-forming peptide orphaned
on the outside. Further mixing of the two sets of trimeric hubs resulted
in self-assembly of hollow spherical particles with a diameter of about
100 nm, suitable for drug encapsulation and controlled release (Fig. 5B).

The SAGEs can be modified with other peptides and proteins to pro-
mote cell-specific uptake [86–88]. The homotrimeric coiled coil could
for example be extended with a short and charged peptide without
effecting the stability of the SAGE structure, which enabled modulation
Fig. 5. Self-assembly of coiled coil nanoparticles. A)Homodimeric coiled coils (green)were linke
A and hub B, respectively.Mixing of hub A and hub B resulted in formation of a hexagonal netw
2013 the American Association for the Advancement of Science, and from [86], copyright 2018
linker segment (cyan), and a homopentameric coiled coil domain (green) 3D model is display
assembled peptide nanoparticles composed of a pentameric coiled coil domain of cartilage o
(blue). E) A further extension to the trimeric coiled coil domain of the human immunodeficie
many copies of the trimeric coiled coil domains containing the extension that can be recognized
from [84], copyright 2006 Elsevier inc.
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of the endocytic uptake of the particles by HeLa cells. The efficiency of
uptake of the particles by cells could be tuned by changing the surface
net-charge of the particles. In general, a positively charged surface
increased endocytic uptake whereas a negatively charged surface im-
peded this process. In addition to alter the number of charged residues,
changing the stoichiometry of the tetrapeptide extensions allowed for
further tunability of particle uptake [86].

Woolfson and co-workers have also investigated the possibilities to
use SAGEs as modular scaffolds for antigen presentation [88], similar
to how the SVLPs are utilized. These nanoparticles were found to be
non-toxic in in vivo mice assays, even at very high doses. Antigens
could be attached to both the N- and/or C-terminal of the SAGE pep-
tides. When including antigen-presenting peptides, a T-cell response
was observed in vitro, confirming internalization of SAGEparticles in an-
tigen presenting cells. In in vivo experiments, antigen functionalized
SAGEs gave a larger response than the corresponding free antigen. In-
terestingly, antigens included at the N-terminal stimulated a stronger
CD4+ T-cell response whereas the same antigens included at the
C-terminal instead increased antibody production, showing that anti-
gen position on the SAGEs can influence immune response. Another
d viadisulfide bonds to heterodimeric acidic (red) and basic (blue) coiled coils to formhub
ork (B) that assembled into hollow spheres. Adoptedwith permission from [19], copyright
American Chemical Society. C) A homotrimeric coiled coil domain (blue) connected via a
ed. The interhelical disulfide bond is highlighted in red. D) A computer model of the self-
ligomerization matrix protein (COMP) (green) and a de novo trimeric coiled coil domain
ncy virus (HIV) surface protein gp41 coiled coil motif (red). The particle is comprised of
by an antibody (cyan),which induces a strong immune response. Adoptedwith permission
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interesting advantage with this approach is the possibility to display
multiple antigens on the same nanoparticle by mixing different ratios
and kinds of antigen presenting peptides in order to increase the immu-
nogenicity [88].More research is needed before the SAGE vaccine candi-
date can find clinical applications, but the results are encouraging.

A similar approach for antigen display has been investigated by the
group of Peter Burkhard, using a set of novel self-assembling protein
nanoparticles (SAPNs) formed by combining coiled coil oligomerization
domains [84]. This structure consists of a pentameric coiled coil domain
based on COMP, which was slightly modified and combined with a de
novo designed minimal trimeric coiled coil domain via two glycine res-
idues. The two helices were also stabilized by a disulphide bonds be-
tween two Cys residues at position f in the heptad repeat, one turn
away from the end of each helix (Fig. 5C). The folding of the peptides re-
sulted in self-assembly of 16 nm nanoparticle consisting of 60 mono-
meric building blocks with a regular polyhedral symmetry [84,89],
(Fig. 5D). Similar to the SVLPs, the SAPNs also resembles viruseswith re-
spect to shape and size and can also be functionalized with antigens,
resulting in beneficial repetitive antigen display [78] (Fig. 5E). SAPNs
have shown immunization efficacy in animal studies for a variety of dis-
eases, including malaria [90], HIV [91] and influenza [92].

Since both the specificity and affinity for dimerization and the prefer-
ence for relative helix orientation into either parallel or anti-parallel ori-
entation can be tuned, coiled coil interactions can be used for
programming the self-assembly process ofmodular nanoscale constructs
with highly defined structural properties, similar to DNA origami. The
group of Roman Jerala pioneered the work of coiled coil protein origami
(CCPO) by designing and producing a long single-chain polypeptide that
self-assembled into a polyhedra [20], (Fig. 6). The polypeptides were
expressed in E. coli and was comprised of no less than 12 concatenated
orthogonal hetero- and homomeric coiled coil forming segments. The
CCPO structures assembled through multiple cooperative and long-
range interactions between complementary modules located far apart
in the primary structure, leading to dimerization between complemen-
tary sequences. The resulting tetrahedron structure was comprised of
six different rod-like edges of paired coiled coils and had a cavity in the
core [20]. The approach was later further refined in order to overcome
the poor solubility of the peptides and difficult refolding procedure of
the structures seen in the initial work [93]. To increase the solubility of
the peptides and the CCPO structures, the number of charged residues
at non-interacting positions (b, c and f), was increased. The approach en-
abled self-assembly ofmore complex structures that could form in bacte-
ria and mammalian cells as well as in live mice without any observed
adverse host reactions, indicating a potential for applications in drug de-
livery and vaccine development [93], (Fig. 6G, H).

The single-chain design used in these CCPOs is powerful but relies
entirely on intramolecular interactions, which can limit the number of
possible nanostructures that can be fabricated. Intermolecular andmod-
ular self-assembly of well-defined origami-like structures using multi-
ple polypeptides is possible but has so far only been demonstrated
using 3–4 coiled coil heterodimers, resulting in comparatively simple
geometries, such as squares and triangles [85,94]. Additional strategies
to generate discrete coiled coil nanoparticles and nanostructures are
discussed in a recent review by Park [83].

3.4. Coiled coil nanocarriers

The N-terminal heptad repeat region of COMP has inspired de-
signing of several coiled coil structures of interest for drug delivery
[95,96]. Guo et al. observed that the coiled coil domain of COMP
could bind to vitamin A and vitamin D3 and a number of signaling
molecules and suggested that this molecule could be used in delivery
applications [95]. Later other groups tried to use this protein as a car-
rier for saturated and unsaturated fatty acids [97] and the polyphe-
nolic compound curcumin [11], and to deliver an inverse agonist
for osteoarthritis [98]. Montclare and co-workers have explored
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different possible applications of COMP and have for example gener-
ated protein block co-polymers by combining two domains of COMP
and an elastin like protein (ELP) for self-assembly of temperature re-
sponsive systems that retained the small molecules binding capacity
of COMP [99]. This protein block co-polymer was further used for as-
sembly of fluorinated micelles for encapsulating the chemothera-
peutic DOX [100]. The drug was released at elevated temperature.
In addition, the micelles could be traced using fluorine-19 (19F) mag-
netic resonance imaging (MRI) and 19Fmagnetic resonance spectros-
copy (MRS), demonstrating a strategy for development of F-MRI/
MRS-traceable theranostics.

In addition to COMP, the right-handed coiled coil domain (RHCC) is
another natural derived coiled coil structure that has been explored as a
drug carrier. RHCC forms a tetrameric coiled coil structure with four
large internal cavities that can bindmetals, including gold and platinum
[101]. Eriksson et al. used this nano-sized structure as a carrier to deliver
platinum containing chemotherapeutic drug cisplatin to cancer cells.
They observed that RHCC was able to bind to and enter cells in vitro.
However, the uptake was not fast enough to be applicable for in vivo
drugdelivery. They also showed that RHCCwas not severely toxic or im-
munogenic in mice [101]. Unfortunately, the short half-life of cisplatin
loaded RHCC (CP-RHCC) and difficulties with targeting the intended
glioblastoma (GB) cells, made the therapeutic application of CP-RHCC
difficult to realize [102]. To overcome this challenge, Thanasupawat
et al. investigated the possibility to instead use the Pt(IV) prodrug,
with encouraging results. Tests in vitro and in vivo showed that Pt
(IV)-RCHH could induce apoptosis of GB cells at a five-fold lower Pt
(IV) concentration that the pro-drug alone while showing no effects
on astrocytes [102].

In another attempt to combine coiled coils with ELPs, Park and
Champion demonstrated the possibility to assemble vesicle-like struc-
tures using recombinant arginine-rich (ZR) and glutamic acid-rich (ZE)
leucine zipper motifs fused with an ELP motif or a globular protein, re-
spectively (Fig. 7). ZR forms homodimeric coiled coils with relatively
weak affinity (Kd ≈ 10−7 M) at room temperature and the fusion pro-
tein form a temperature-responsive “rod-coil” protein amphiphile
when allowed to dimerize. In addition, ZR can heterodimerize and fold
into coiled coilswith the complementary ZE polypeptidewith an affinity
in the picomolar range. Using fusion proteins of ZE and the globularfluo-
rescent proteins mCherry and EGFP [103], vesicles were formed that
could be used for encapsulation of small molecules, proteins and nano-
particles. Moreover, by tuning the protein concentration and tempera-
ture, vesicles with different size and single or bi-layer vesicles could
be produced [104]. The effects of net-charge and size of the globular
proteins fused to the ZE peptide were systematically investigated and
revealed critical parameters that influenced vesicle size and morphol-
ogy,while also indicating thepotential of these structures in biocatalysis
and biosensing [105].

Coiled coil-ELP fusion proteins have also been functionalized with
growth factors for self-assembly of nanoparticles targeting growth fac-
tor receptors [106]. ELP with a poly(aspartic acid) tail (ELP-D) and the
growth factor were genetically fused with the ACID-p1 (helix A) and
BASE-p1 (helix B) polypeptides, respectively. Helix A and helix B were
originally designed by O'Shea et al. to fold into parallel coiled coil het-
erodimers [46,107]. In order to create a drug delivery system targeting
the vascular endothelial growth factor (VEGF) receptor of cancer cells,
helix B was fused with the single-chain VEGF (scVEGF121).When com-
bined with helix A fused to ELP-D nanoparticles with a core diameter of
about 30 nmwere assembled, that enabled encapsulation of the chemo-
therapeutic drug paclitaxel by heat treatment. Paclitaxel-loaded protein
nanoparticles induced cell death in HeLa cells in vitro.

3.5. Coiled coil polymer-hybrids

Coiled coils conjugated to hydrophilic synthetic polymers comprise
versatile hybrid systems for drug delivery and have been investigated



Fig. 6.Coiled coil peptide origami.Multiple de novodesigned parallel and antiparallel hetero- and homodimeric coiled coilswere combined into a single polypeptide sequence for assembly
of a peptide origami tetrahedron. A)Helical wheel diagram of a coiled coil with parallel orientation (top) and antiparallel orientation (bottom) used in the design of the origami structures.
B) The initial step in the design of the origami structure involves decision of the desired geometry. C) Possible topologies resulting in the desired geometry were computed and all of the
circular permutations possible for a topology were examined to identify the one with lowest topological contact order. D) Suitable building modules were determined based on the
developed coiled coil tool kit. These coiled coil modules were mapped to the abstract topology identified by graph theory. E) Different all-atom 3D models were used for calculating
volume, contact order, and solvent accessible surface. F) All designed coiled coils were further evaluated by coarse-grained structure-based folding simulations. G) To investigate
folding of tetrahedrons in vivo, the plasmid encoding TET12Ssplit-fLuc containing subdomains of a split-fluorescent protein that were fused to N- and C-terminus of TET12S, was
delivered to the livers of mice by hydrodynamic delivery. H) The level of bioluminescence in mice that produced TET12Ssplit-fLuc (right) was compared to mice expressing the
scrambled version of the protein (left). Adopted with permission from [93], copyright 2017, Springer Nature.
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in a wide range of configurations to enhance drug uptake or to promote
controlled release. Conjugation of both conventional drugs and
biotherapeutics to synthetic polymer carriers can improve the efficacy
andhalf-life of the therapeutic compounds [108] and increase tumor ac-
cumulation [109]. Klok and co-workers used the de novo designed
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parallel heterodimeric coiled coil E3/K3 [36] as a non-covalent linker
for conjugating drugs to a polymer carrier in order to create a universal
strategy for polymer-drug conjugation [110]. The E3/K3 heterodimer is
stable at physiological pHbut start to unfold at pH 5 as a result of forma-
tion of E3 homotrimers [22], opening up for potential release of the drug



Fig. 7. Self-assembly of ELP-coiled coils hybrid nanoparticles. A) Schematic illustration of the structure of the recombinant diblock copolypeptides used for self-assembly of the
nanocarriers (PDB_ID mCherry: 2H5Q and PDB_ID EGFP: 1EMK). B) Solutions of ZR-ELP and globule-rod-coil (mCherry-ZE/ZR-ELP and EGFP-ZE/ZR-ELP) were prepared at 4 °C and
upon mixing and incubation at 25°C self-assembled into hollow vesicles. The formation of a coacervate phase of EGFP-ZE encapsulated by mCherry -ZE vesicles is possible in some
conditions. Reproduced with permission from [102], copyright 2014 American Chemical Society.
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once the complex has been internalized by endocytosis and enters the
acidic endosomal and lysosomal compartments. The polymer, N-(2-Hy-
droxypropyl)methacrylamide (HPMA), was functionalized with either
of the two peptides. The polymer-peptide hybrid was subsequently ex-
posed to the drug, tethered to the complementary peptide, resulting in a
supramolecular complexation of the drug to the polymer. In vitro exper-
iments indicated cellular uptake and that intracellular unfolding, and
not enzymatic degradation, of E3/K3 was responsible for drug release
[110], and that some of the polymer-drug conjugate was transported
to the lysosomes [111].

Gormley et al. used coiled coil-polymer hybrids for fabrication of
enzyme responsive microcapsules [112]. The helix-loop-helix poly-
peptides JR2EC and JR2KC [113], designed to heterodimerize and
fold into a four-helix bundle, were conjugated to a N-(2-hydroxypro-
pyl)methacrylamide-co-N-(3-aminopropyl)methacrylamide
(HPMA-co-APMA) co-polymer backbone. The sequential deposition
of the JR2EC and JR2KC functionalized polymers on mesoporous sil-
ica particles, driven by peptide heterodimerization and folding, re-
sulted in formation of layer-by-layer (LBL) structures that were
retained when the silica core was dissolved. A macromolecular
model drug was encapsulated in the microcapsules by first loading
it into the mesoporous silica particles prior the assembly of the LBL
film. After the LBL deposition process the silica particles were dis-
solved, resulting in peptide-polymer hybrid capsules encapsulating
the drugs. The sequence of JR2EC contains two cleavage sites recog-
nized by matrix metalloproteinase 7 (MMP-7), an enzyme
overexpressed in many tumors. Cleavage of JR2EC by MMP-7 disrupt
its ability to dimerize with JR2KC, which resulted in destabilization of
the capsules and release of the encapsulated cargo.

Coiled coil-based therapies do not necessarily have to involve drug
molecules but can instead promote a therapeutic effect by modulating
a cellular or physiological response by means of specific biorecognition
events. This strategy has been extensively explored by the group of
Kopeček for development of novel drug-freemacromolecular therapeu-
tics (DFMT), based on coiled coil biorecognition [114–117]. Their work
has primarily focused on the therapeutically relevant biomolecular tar-
get B-lymphocyte antigen CD20, which is a membrane protein
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expressed on the surface of differentiating B-cells and often found in
non-Hodgkin's lymphomas [118]. CD20 remains unchanged on the
cell surface upon antibody binding [119], thus providing a potential
platform for targeted therapeutics. The anti-CD20 antibody drug Ritux-
imab has been approved for treatment of some B-cell originated lym-
phoid malignancies [120]. Binding of Rituximab to the target antigen
triggers a cross-linking of CD20 that can initiate apoptosis of the cells
[120–122]. Kopeček and co-workers have investigated means to
mimic this process by triggering CD20 cross-linking to induce apoptosis
in B-cells using coiled coil heterodimerization (Fig. 8). The two comple-
mentary pentaheptad peptides CCE and CCK are random coil as mono-
mers but fold into an antiparallel coiled coil upon heterodimerization.
CCE was conjugated to the Fab’ fragment of the 1F5 antibody (Fab’-
CCE), a murine anti-CD20 IgG2a, while CCK was conjugated to a
HPMA polymer ((CCK)9-P). Conjugation did not prevent folding into
coiled coils as demonstrated by circular dichroism (CD) and dynamic
light scattering (DLS). Raji cells were used to validate the in vitro func-
tion, showing that Fab’-CCE and pre-mixed Fab’-CCE and (CCK)9-P
could decorate the cell surfacewhereas (CCK)9-P alone could not. Inter-
estingly, the cells underwent apoptosis after consecutive treatment
with Fab’-CCE followed by (CCK)9-P or a pre-mixed solution of both
[114]. Further work by Wu et al. demonstrated the in vivo efficacy,
where three doses of either consecutive or pre-mixed Fab’-CCE and
(CCK)9-P completely removed all traces of malignant B-cells in the
bone marrow of a mouse model bearing human B-lymphoma [115].
Zhang et al. used multiple fluorescence imaging techniques to study
the cell surface assembly of the system, finding that the CD20 cross-
linking initiated lipid raft formation and also discovered that consecu-
tive treatment was more specific and showed less nonspecific toxicity
than pre-mixed peptide-hybrids [116]. This DFMT system has also
been evaluated using human serum albumin (HSA) instead of a syn-
thetic polymer (Fig. 8) [117], in an effort to facilitate translation into
clinical applications [123]. Similar to the peptide-polymer hybrids, pep-
tides conjugated to HSA could induce receptor dimerization resulting in
apoptosis of Raji cells in vitro [117]. Additionally, substitution of the
coiled coil biorecognition element by complementary morpholino oli-
gonucleotides have shown great efficacy as a DFMT system [123].



Fig. 8. Drug-free macromolecular therapeutics based on coiled coil heterodimerization. The random coil peptides CCE and CCK were conjugated to anti-CD20 Fab’ fragments and human
serum albumin (HSA), respectively. Binding of Fab’-CCE to CD20+ Raji cells resulted in accumulation of CCE peptides at the cell surface. Subsequent addition of HSA-CCK resulted in
receptor clustering as a result of CCE/CCK heterodimerization and folding into antiparallel coiled coils. The coiled coil induced CD20 cross-linking triggered apoptosis of the cells.
Reproduced with permission from [117], copyright 2018 WILEY-VCH Verlag GmbH & Co. KgaA, Weinheim.
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3.6. Coiled coil-based hydrogels

Hydrogels are highly hydrated polymer networks that can mimic
both physical and biochemical aspects of tissues, which make them
very attractive for biomedical applications. A number of hydrogel drug
delivery systems are in clinical use or in clinical trials for delivery of
for example growth factors, peptides and antimicrobial compounds
[124]. Coiled coil-polymer hybrids have been extensively investigated
for both functionalization and self-assembly of hydrogels [13,125,126].
Tirell and co-workers pioneered this work by combining two recombi-
nant leucine zipper domains, partly based on the Jun-oncogene product,
separated by a flexible and water-soluble random coil polypeptide seg-
ment [14]. The association folding of the coiled coils resulted in self-
assembly of a hydrated, pH and temperature responsive supramolecular
polymer network. A related approach for self-assembly of hydrogels
was soon thereafter presented by the group of Kopeček using a de
novo designed coiled coil and a coiled coil derived from the motor pro-
tein kinesin tethered to a synthetic co-polymer via Ni2+ chelating
groups [13]. The hydrogels were found to undergo temperature-
induced collapse with a mid-point transition temperature of 39°C as a
result of unfolding of the coiled-coils. Several similar strategies using
different coiled coils conjugated to various synthetic polymer and bio-
polymer backbones have later been investigated for fabrication of re-
sponsive hydrogels. The possibility to tune the interaction involved in
the oligomerization and folding of the coiled coils provides direct mo-
lecular scale control over the properties of the resulting hydrogels.
Along this line, Aronson et al. used a set of de novo designed coiled
coils with different affinities for heterodimerization conjugated to
4-arm PEG for self-assembly of programmable hydrogels where the
stiffness of the hydrogels was found to be dependent on the affinity
for dimerization [15]. The bioorthogonal cross-linking of hydrogels of-
fered by peptide dimerization can facilitate encapsulation and con-
trolled release of protein-based therapeutics and bioactive factors. In
addition, the possibility to encapsulate cells and retain high cell viability,
make coiled coil-based hydrogels an interesting and dynamic scaffold
for 3D cell culture. Because of the supramolecular nature of the interac-
tions the hydrogels tend to be very soft, shear thinning and dissociate
over time, which also make these materials attractive for delivery of
cells and bioactive factors that are either sensitive to shear forces or
benefit fromamore protected environment during, or after, administra-
tion [127].
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Zhang et al. used a heparin-binding coiled coil peptide, PF4ZIP, de-
rived from the heparin-binding domain of human platelet factor 4 for
assembly of hydrogels [128]. PF4ZIP and low-molecular-heparin
(LMWH) were conjugated to star shape poly(ethylene glycol) (PEG)
and hydrogels where formed immediately after mixing the two poly-
mer components. The presence of heparin in the hydrogels allowed
for efficient encapsulation of basic fibroblast growth factor (bFGF). A
stable complexwas formedbetweenheparin andbFGFwith retained bi-
ological activity. After an initial rapid release of bFGF, the release rate
correlated with the erosion of the hydrogel. Roth et al. explored a
slightly different approach to encapsulate and release growth factors
from hydrogels, using a heterodimeric coiled coil to control the release
of growth factor functionalized gold nanoparticles [129]. Epidermal
growth factor (EGF) was fused with a Glu-rich peptide (E-peptide)
and conjugated to gold nanoparticles. The E-peptide was designed to
heterodimerize and fold into heterodimeric coiled coils with a comple-
mentary Lys-rich peptide (K-peptide) immobilized in an alginate hy-
drogel. Alginate hydrogels functionalized with the K-peptides could
bind and retain the EGF-E-peptide functionalized nanoparticles as a re-
sult of peptide dimerization and folding into coiled coils. Interestingly,
the released EGF-modified nanoparticles could bind the EGF receptor
(EGFR) in A431 cells, resulting in higher EGFR phosphorylation than
EGF alone at comparable concentrations. Similar coiled coils were also
explored for presentation and release compounds from two dimen-
sional (2D) substrates. Crescenzo and co-workers used a set of heterodi-
meric coiled coils with the sequences (EVSALEK)5 and (KVSALKE)5,
referred to as the E- and K-peptide, respectively [130–132] for this pur-
pose. The E-peptidewas used for tethering of E-taggedmolecules to dif-
ferent K-decorated surfaces. They also investigated means to tune the
stability and affinity of the E/K coiled coils using Leu to Ala mutations
in the K peptide and by multivalent presentation of the E peptide in
order to control the release rate of tethered biomolecules. By means of
this technique they produced heterodimers with dissociation constants
ranging from 0.1 pM to 270 nM [133].

Kobatake and co-workers used coiled coils for integrating different
growth factors [134,135] and transcription factors [136] in an artificial
extracellular matrix (ECM) to enable localized release to direct cell
behavior. The artificial ECMwas produced recombinantly andwas com-
prised of two repeats of an elastin-derived sequence (APGVGV)12, the
cell adhesion sequences RGD and IKVAV, and a collagen-binding-
domain (CBD). Moreover, the heterodimeric coiled coil forming peptide
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helix Bwas fused to the artificial ECMwhereas the complementary pep-
tide, helix A, was fused to three different types of growth factors; bFGF,
EGF and scVEGF121. The heterodimerization of helix A and helix B was
used for the tethering the growth factors to the artificial ECM. The disso-
ciation of the heterodimers resulted in controlled release of growth fac-
tors from the hydrogel, which promoted capillary-like formation and
stimulated growth-promoting activity of human umbilical vein endo-
thelial cells (HUVECs) cultured in the gels [134]. A similar strategy
was investigated for the controlled release of the transcription factor
Olig2, which was evaluated using mouse embryonic carcinoma P19
cells. The release of the tethered transcription factors resulted in inter-
nalization by the P19 cells as confirmed by immunostaining [136]. The
possibility to introduce and release bioactive factors dynamically to
cells cultured in these hydrogel scaffold enabled receptor internaliza-
tion in a similar manner as in the native ECM [137].

Ding et al. used coiled coil heterodimers for supramolecular cross-
linking of pH responsive hyaluronan (HA) based hydrogel nanoparticles
formed by nanoprecipitation (Fig. 9) [138]. The resulting nanogels had a
diameter of about 180 nm. The peptides, GY(EIAALEK)3GC (E3) and GY
(KIAALKE)3GC (K3), were conjugated individually to HA as random coil
monomers but folded into coiled coils upon mixing of the two peptide-
HA components at pH 7.4. Lowering the pH value of the buffer to pH<6
resulted in unfolding of the peptides and a substantial swelling of the
nanogels. Cytochrome C (CC) could be efficiently loaded into the
nanogels. Over 90% of the CC was released at pH 5 after 24 h whereas
less than 20% was released at pH 7.4 over the same time period. MCF-
7 human breast cancer cells overexpressing the HA-binding CD44 re-
ceptor showed a receptor mediated endocytic uptake of the CC loaded
nanogels. The pH-mediated disruption and disassembly of the nanogels
in the endosomes and subsequent release of free HA-E3 and HA-K3was
hypothesized to promote fusion with endosomal membranes and
endosomal escape of the cargo (Fig. 9B). The possibility to deliver
drugs was evaluated by loading the highly potent protein toxin saporin
(SAP) in the nanogels, resulting in a significant decrease in viability of
MCF-7 cells.

The possibility to combine the coiled coil domain of COMP and
elastin into block-copolymers have been further investigated by
Olsen et al. for self-assembly of thermoresponsive hydrogels
and particles capable of binding curcumin [99,139]. By further mod-
ifying the elastin-like polypeptide motif domain in a COMP-elastin
block-copolymer with the photocrosslinker diazirine, Montclare
and co-workers were able to fabricate photopatterned free-
standing hydrogels. The patterned hydrogel outperformed the
non-photopatterned hydrogel both with respect to stability and ad-
sorption and release of curcumin [140].
Fig. 9. Coiled coil polymer-hybrid nanogels. A) Strategy for preparing pH-sensitive hyaluronic a
delivery of drugs into cells by endocytosis mediated internalization. Reproduced with permiss
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3.7. Coiled coil inorganic nanoparticle hybrids

Coiled coils conjugated to various types of inorganic nanoparticles
have been widely explored for biomedical applications, primarily for
imaging, diagnostics and other bioanalytical applications [141–143].
Yang et al. developed a combined imagining and drug delivery system
by conjugating coiled coils to CdSe-ZnS core-shell quantum dots
(QDs) [144]. The polypeptide, comprising of a coiled coil domain
(P) and a leucine zipper domain (A) separated by a random coil
midblock, was conjugated to the QDs trough specific metal-affinity in-
teractions between an N-terminal polyhistidine sequence and the QD
surface. The polypeptide both reduced the toxicity of the QDs and
incorporated a drug delivery function to the nanoparticle. The resulting
QD-polypeptide hybrids retained their QD-imaging properties while
showing a pH and temperature responsive release of fluorescent
model drugs. Both nonpolar and polar drugs could be loaded into the
immobilized polypeptide matrix. In vitro experiments showed an en-
hanced cell uptake and delivery of a model drug when incorporating
an RGD sequence at the C-terminal of the polypeptide.

Martelli et al. investigated the possibility to use heterodimeric coiled
coils as thermoresponsive valves to control the release of drugs encap-
sulated in mesoporous silica nanoparticles (MSNs) [145]. The E-
peptide, C(EIAALEK)3, was conjugated to the MSNs via the N-terminal
Cys residue. Heterodimerization with the complementary K-peptide,
(KIAALKE)3, resulted in formation of coiled coils on the surface of the
nanoparticles that blocked the pores and prevented the release of an en-
capsulated model drug. The drug was released when increasing the
temperature of the suspensions above the melting temperature (Tm)
of the coiled coils as a result of peptide unfolding. Although the Tm of
the particular peptide used here (80 °C) was higher than temperatures
relevant for biomedical applications, the results indicate the possibility
to tune release through defined coiled coil interactions. For drug deliv-
ery applications peptides with lower melting temperatures must be
explored.

3.8. Coiled coils combined with cell penetrating peptides

Cell penetrating peptides (CPP) can traverse cell membranes and fa-
cilitate delivery of bioactive cargo into cells [146]. CPPs were discovered
as result of an unexpected finding that transactivating transcriptional
activator (TAT) from human immunodeficiency virus 1 (HIV-1) could
traverse cell membranes and localize in the nuclei of the cells
[147,148]. It was later found that a short sequence of the full-length pro-
tein, rich in Lys and Arg residues, was responsible for the cell penetrat-
ing properties of TAT [149]. Conjugation or fusion of TAT-derived
cid nanogels cross-linked by heterodimeric coiled coil peptides. B)Mechanism for nanogel
ion from [138], copyright 2018 American Chemical Society.
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peptides and many other CPPs, such as Arg-oligopeptides, to drugs and
other bioactive factors have been extensively explored for drug delivery
[150]. Coiled coils have been used to both improve the bioactivity of the
conjugated drug and to control the activity of CPPs. To avoid interfer-
ence between the positively charged CPP R11, a peptide comprised of
eleven Arg residues, and a therapeutic peptide cargo, Kitamatsu and
co-workers suggested to link the CPP and the cargo non-covalently
using coiled coils [151]. The bioactive peptide was conjugated to the
positively charged monomer Lz(K), whereas R11 was conjugated to
the complementary Glu rich leucine zipper peptide Lz(E). Using this
method, they successfully delivered the autophagy-inducing Beclin 1
peptide into U-251 MG cells without compromising the activity of the
cargo. The same group also demonstrated possibilities to use this tech-
nology for delivery of larger cargos, such as the homebox protein
Nanog, into cells [152]. After internalization of the cargo, Nanog was
successfully transported into the nucleus of the cells and remained bio-
active. To avoid possible steric hinderance between the CPP and Nanog
the position of the CPP was altered from the N-terminus to the C-
terminus. In later work, peptide nucleic acids were used instead of
leucin zipper motifs to reduce the risk of non-specific interactions be-
tween the R11 modified coiled coils and the bioactive peptides [153].
To circumvent such problems, Bode et al. [154] explored alternatives
to using a full length CPP. The CPP was divided in two tetra-Arg frag-
ments that were anchored to the N-termini of two separate coiled-coil
forming leucine-zipper peptides. Upon dimerization of the peptides in
a parallel arrangement, the two CPP fragments were aligned in a geom-
etry mimicking a longer oligo-Arg peptide, leading to activation of the
CPP function. The affinities for heterodimerization had a considerable
influence on the activation of the CPP. Whereas low affinity dimers
needed to be covalently connected to function, coiled coils with a suffi-
ciently high association constant (Ka > 1011M−1) efficiently penetrated
cells.

3.9. Coiled coils for improved targeting

Therapeutic monoclonal antibodies (mAbs) can display high target
specificity and affinity [155] and long circulation half-lives [156]. Ther-
apeutic mAbs have improved the treatment of a wide range of diseases
Fig. 10. Improved targeting bymAbmasking and activatable protein nanoparticles. A) Schemat
fused to the mAb via cleavable linkers. B) Binding of mAbs to CD19+ Raji cells with the unm
IPVSLRSG-hBU12 by MMP-2. Adopted with permission from [161], copyright 2019, Springer N
mechanism for triggering of cargo release by disease-specific enzymes. Adopted with permissi
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including cancer, autoimmune diseases and prevention of transplant re-
jections [157]. Despite the many benefits of mAbs, adverse side effects
associated with the target antigen being expressed on non-target cells
can result in for example cardiotoxicity and dermatitis [156,158]. One
potential approach to reduce these problems is bymasking the antibody
throughblocking of its antigen binding sitewith a peptide attached via a
cleavable linker that can be cleaved by enzymes overexpressed in the
target tissue, which will restore antibody activity [159,160]. Trang
et al. generalized this strategy in order to be able to use the same
mask for several different antibodies [161]. The mask consisted of a
coiled coil domain genetically fused with the antibody N-termini
through a MMP cleavable sequence, enabling activation in e.g. a tumor
microenvironment. The coiled coil masking domain was first evaluated
by testing different peptides with low- and high inter-coil affinity
forming heterodimers with different relative orientations, and peptides
covalently linked by disulphide bridges as well as helix-turn-helix
homodimers (Fig. 10A). A coiled coil referred to as CC2B, forming paral-
lel heterodimers with high affinity for dimerization, was found suitable
for further testing. All four N-termini of the antibody were fused with
CC2B peptides to ensure maximum inhibition of antigen binding. The
concept was evaluated on different therapeutic mAbs including hBU12
rituximab, trastuzumab, h15H3, and 145-2C11. When masked using
the CC2B domain, a decrease in binding affinity to the target antigen
of about 1–3 orders of magnitude was observed for all mAbs using
flow cytometry of antigen-positive cells. Antibody activity could be re-
stored relatively close to the original affinities for all antibodies after
being exposed to MMP-2 (Fig. 10B). In vivo experiments in a human
CD19+ Ramos non-Hodgkin lymphoma xenograft tumor model
showed that unmasked and CC2Bmasked hBU12 antibodies had similar
activities while a masked antibody containing a non-cleavable MMP
linker was less active, confirming the roles of both MMP and the cleav-
able linker in regulating the mAb antigen binding.

Conjugation of antibody fragments to drug carriers offers otherways
to improve drug targeting. Pola et al. used a recombinant single-chain
fragment (scFv) to improve the localization of aHPMApolymer carrying
cytostatic drugs [162]. To prevent both loss of biological activity and the
formation of non-well-defined products after scFv conjugation to the
polymer, a supramolecular linker in the form of a heterodimeric coiled
ic illustration ofmasking of mAb antigen binding sites using different classes of coiled coils
asked antibody hBU12, masked antibody CC2B-IPVSLRSG-hBU12 and pre-cleaved CC2B-
ature. C) Schematic illustration of self-assembling activatable protein nanoparticles and
on from [167], copyright 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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coil was used. One of the peptides was conjugated to the scFv while the
other peptide was conjugated to the polymer backbone [163]. In initial
work, the peptides (VAALEKE)4 and (VAALKEK)4 were used [162,163]
but since the two peptides can heterodimerize in both a parallel and
an antiparallel orientation they were later exchanged for a heterodi-
meric coiled coil designed to specifically adopt an antiparallel orienta-
tion. This improvement enhanced cell binding efficiency of the
polymer therapeutic, likely because of minimized steric hindrance
[25,164]. The binding of the scFv to this peptide-polymer hybrid thera-
peutic resulted in about 100 times higher toxicity to cancer cells com-
pared to the non-targeting polymer conjugates [162]. A similar effect
was also observed in vivo, where an increased efficacy was obtained
for the scFvmodified polymers compared to the non-targeting polymer
conjugate [164].

Therapeutic mAbs are primarily developed for binding extracellular
targets. To improve the versatility of mAbs, Lim et al. developed a coiled
coil-based strategy to deliver sufficient amounts of functional mAbs in-
side cells for targeting intracellular epitopes [165]. A de novo designed
coiled coil peptide that self-assembled into a hexamer bundle [166]
was used and fused with domain B of Protein A via a glycine-serine
linker. The Protein A domain can bind to the Fc region of IgG with
nanomolar affinities and each hexamer could hence be loaded with up
to 6 antibodies. In vitro experiments using HeLA cells showed that func-
tional antibodies could be delivered to cytosolic targets.

Coiled coil peptide structures can both improve targeting and reduce
adverse effects caused by highly potent therapeutics. Yu et al. embed-
ded therapeutic peptides that on their own demonstrated severe side
effects in a rather sophisticated construct referred to as designed
activatable protein nanoparticles (APNPs) [167]. The APNS consist of
three polypeptide sequences where each polypeptide consists of at
least one therapeutic peptide flanked by two coiled coil formingmotifs.
The polypeptides were further modified with a “self” peptide, i.e. a se-
quence designed to minimize phagocytic uptake of the nanoparticles
in order to enhance delivery of the APNSs [168]. A Cys residue was in-
cluded in each sequence for conjugation of PEG to improve stability
and circulation time. Targeting peptides and enzyme-cleavable linkers
were also inserted on both sides of the therapeutic peptide to promote
drug release by endogenous proteases in the target tissue (Fig. 10C). The
in vivo efficacy of the APNP system was demonstrated using two differ-
ent therapeutic peptides, NR2B9c fused with a CPP and melittin for
treatment of stroke and cancer, respectively.

4. Conclusions and future perspectives

The current transformation of the pharma industry towards develop-
ment of precisionmedicines andbiopharmaceuticals, includingmAbs and
gene- and cell-therapies, highlights the need offlexible andmodular drug
delivery platforms and improved targeting strategies as well as newma-
terials that can facilitate efficient use of these new therapeutics. As
outlined in this review, the structural and functional diversity of coiled
coils have enabled development of a plethora of innovative and versatile
drug delivery systems and novel therapeutic strategies. The use and func-
tion of coiled coils range from purely structural components, such as par-
ticles or hydrogels, to providing defined therapeutic actions by facilitating
specific interactionswith drug targets. All these systems have in common
that they leverage on the modularity and programmability of the coiled
coils for generating functional entities through the defined interactions
involved in coiled coil oligomerization and folding.

The possibilities to use coiled coils that self-assemble into highly
defined nanoparticles are attractive for generating bioresponsive and
biodegradable drug carriers. The potential to use these particles for
antigen presentation also comprise an interesting and highly modular
vaccine development platform. The modularity and means to tune
oligomerization state can be utilized for controlling both the number
and multivalency of relevant antigens in order to tailor the immune
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responses. As highlighted by the SARS-CoV-19 pandemic, possibilities
to facilitate rapid development of new vaccines are key for handling
and preventing viral outbreaks.

Exploiting the modularity of coiled coils is also a reoccurring theme
in development of strategies to improve drug targeting. Development of
generic drug targeting strategies can be facilitated by attaching the ac-
tive compound, e.g. a small molecular drug or a biologics, and the
targeting moieties to separate peptides that can be combined by coiled
coil formation. Coiled coils also offer means to combinemultiple identi-
cal or complementary targetingmoieties as larger supramolecular enti-
ties to achieve avidity effects that can improve drug accumulation and
target specificity in comparison to the corresponding single individual
target recognition motifs. Coiled coil oligomerization has also been ex-
plored as means to bring non-therapeutically active components into
close contact, resulting in assembly of functional and bioactive com-
plexes. By combining such strategies with targeting, unwanted side ef-
fects could potentially be drastically reduced.

The strategies developed to use coiled coils for triggered release le-
verages on the numerous ways to tailor the response of the peptides
by differing relevant stimuli, such as pH, temperature and enzymatic
cleavage. The response of the peptides when subject to stimuli must
then be linked to a response in the delivery system used, for example
a liposomeor a hydrogel, which clearly can be challenging froma design
perspective. Coiled coil formation is also often used as a means to retain
the drug in a dynamic delivery system for prolonged time. Disruption of
the oligomer and subsequent unfolding have been used to increase lipid
membrane permeability, to dissociate a hydrogel or to release drugs
that are conjugated to one of the peptides. Tethering of drugs to macro-
molecules or particle carriers using coiled coils provides flexibility and
prevent steric hindrance that can occur between the delivery vehicle
and the drug target when using covalent linkers. In addition, the drug
release rate will be directly related to the affinities for dimerization
which can be tailored over a quite large range. However, the activity
of the drug can be influenced by the conjugated peptide and the need
to modify the drug can also be complicated from a regulatory
perspective.

Despite much promising research, there is currently to our knowl-
edge only one designed coiled coil based drug/vaccine candidate under-
going clinical trials [169], highlighting the need to also increase efforts
and work towards clinical translation. In addition, large scale peptide
synthesis and recombinant protein and peptide production can be
expensive and complex. However, the increasing interest in biophar-
maceuticals, including peptide-based drugs, generates know-how and
spurs development of infrastructure and facilities for large scale GMP-
peptide production as well as increasing awareness of regulatory as-
pects. In comparison to other techniques for generating defined and
programmable molecular materials and nanostructures, such as DNA
origami, methods for industrial polypeptide production are mature
and relatively cost-effective.

Considering the biological importance of coiled coil motifs, themod-
ularity of the systems that can be developed, and our rapidly increasing
understanding of coiled coil design rules and improvements in tech-
niques for synthesis and bioproduction of advanced coiled coil-based
structures, we expect that the field will continue to thrive and contrib-
ute to development of better treatments in the future.

Acknowledgements

The author gratefully acknowledge the support from the Swedish
Foundation for Strategic Research (SFF) (grant no. FFL15-0026 and
RMX18-0039), the Swedish Government Strategic Research Area in Ma-
terials Science on Functional Materials at Linköping University (Faculty
Grant SFO-Mat-LiU no. 2009-00971), the Knut and Alice Wallenberg
Foundation (grant no. KAW 2016.0231), the Swedish Research Council
(grant No. 2017-04475), and the Cancer Foundation (grant No. 17 0534).



J. Utterström, S. Naeimipour, R. Selegård et al. Advanced Drug Delivery Reviews 170 (2021) 26–43
References

[1] A. Lupas, Coiled coils: new structures and new functions, Trends Biochem. Sci. 21
(1996) 375–382, https://doi.org/10.1016/S0968-0004(96)10052-9.

[2] P. Burkhard, J. Stetefeld, S.V. Strelkov, Coiled coils: a highly versatile protein folding
motif, Trends Cell Biol. 11 (2001) 82–88, https://doi.org/10.1016/S0962-8924(00)
01898-5.

[3] D.N. Woolfson, The design of coiled-coil structures and assemblies, Fibrous Pro-
teins: Coiled-Coils, Collagen and Elastomers, Academic Press 2005, pp. 79–112,
https://doi.org/10.1016/S0065-3233(05)70004-8.

[4] P.B. Harbury, T. Zhang, P.S. Kim, T. Alber, A switch between two-, three-, and four-
stranded coiled coils in GCN4 leucine zipper mutants, Science 262 (1993)
1401–1407, https://doi.org/10.1126/science.8248779.

[5] D.A. Parry, Coiled-coils in alpha-helix-containing proteins: analysis of the residue
types within the heptad repeat and the use of these data in the prediction of
coiled-coils in other proteins, Biosci. Rep. 2 (1982) 1017–1024, https://doi.org/
10.1007/BF01122170.

[6] D.N. Woolfson, Coiled-coil design: updated and upgraded, in: D.A.D. Parry, J.M.
Squire (Eds.), Fibrous Proteins: Structures and Mechanisms, Springer International
Publishing, Cham 2017, pp. 35–61, https://doi.org/10.1007/978-3-319-49674-0_2.

[7] J.R. Moll, Designed heterodimerizing leucine zipperswith a ranger of pIs and stabil-
ities up to 10-15 M, Protein Sci. 10 (2001) 649–655, https://doi.org/10.1110/ps.
39401.

[8] R.S. Hodges, A.K. Saund, P.C. Chong, S.A. St-Pierre, R.E. Reid, Synthetic model for
two-stranded alpha-helical coiled-coils. Design, synthesis, and characterization of
an 86-residue analog of tropomyosin, J. Biol. Chem. 256 (1981) 1214–1224.

[9] M.J. Pandya, G.M. Spooner, M. Sunde, J.R. Thorpe, A. Rodger, D.N. Woolfson, Sticky-
end assembly of a designed peptide fiber provides insight into protein
fibrillogenesis, Biochemistry. 39 (2000) 8728–8734, https://doi.org/10.1021/
bi000246g.

[10] S.K. Gunasekar, L. Anjia, H. Matsui, J.K. Montclare, Effects of divalent metals on
Nanoscopic fiber formation and small molecule recognition of helical proteins,
Adv. Funct. Mater. 22 (2012) 2154–2159, https://doi.org/10.1002/adfm.
201101627.

[11] J. Hume, J. Sun, R. Jacquet, P.D. Renfrew, J.A. Martin, R. Bonneau, M.L. Gilchrist, J.K.
Montclare, Engineered coiled-coil protein microfibers, Biomacromolecules. 15
(2014) 3503–3510, https://doi.org/10.1021/bm5004948.

[12] I. Schwaiger, C. Sattler, D.R. Hostetter, M. Rief, Themyosin coiled-coil is a truly elas-
tic protein structure, Nat. Mater. 1 (2002) 232–235, https://doi.org/10.1038/
nmat776.

[13] C.Wang, R.J. Stewart, J. KopeČek, Hybrid hydrogels assembled from synthetic poly-
mers and coiled-coil protein domains, Nature. 397 (1999) 417–420, https://doi.
org/10.1038/17092.

[14] W.A. Petka, J.L. Harden, K.P. McGrath, D. Wirtz, D.A. Tirrell, Reversible hydrogels
from self-assembling artificial proteins, Science 281 (1998) 389–392, https://doi.
org/10.1126/science.281.5375.389.

[15] S. Dånmark, C. Aronsson, D. Aili, Tailoring supramolecular peptide-poly(ethylene
glycol) hydrogels by coiled coil self-assembly and self-sorting, Biomacromolecules.
17 (2016) 2260–2267, https://doi.org/10.1021/acs.biomac.6b00528.

[16] A. Tang, C. Wang, R.J. Stewart, J. Kopecek, The coiled coils in the design of protein-
based constructs: hybrid hydrogels and epitope displays, J. Control. Release 72
(2001) 57–70, https://doi.org/10.1016/s0168-3659(01)00262-0.

[17] C. Wang, J. Kopeček, R.J. Stewart, Hybrid hydrogels cross-linked by genetically
engineered coiled-coil block proteins, Biomacromolecules. 2 (2001) 912–920,
https://doi.org/10.1021/bm0155322.

[18] L.K. Hill, M. Meleties, P. Katyal, X. Xie, E. Delgado-Fukushima, T. Jihad, C.-F. Liu, S.
O’Neill, R.S. Tu, P.D. Renfrew, R. Bonneau, Y.Z. Wadghiri, J.K. Montclare,
Thermoresponsive protein-engineered coiled-coil hydrogel for sustained small
molecule release, Biomacromolecules. 20 (2019) 3340–3351, https://doi.org/10.
1021/acs.biomac.9b00107.

[19] J.M. Fletcher, R.L. Harniman, F.R.H. Barnes, A.L. Boyle, A. Collins, J. Mantell, T.H.
Sharp, M. Antognozzi, P.J. Booth, N. Linden, M.J. Miles, R.B. Sessions, P. Verkade,
D.N. Woolfson, Self-assembling cages from coiled-coil peptide modules, Science
340 (2013) 595–599, https://doi.org/10.1126/science.1233936.

[20] H. Gradišar, S. Božič, T. Doles, D. Vengust, I. Hafner-Bratkovič, A. Mertelj, B. Webb,
A. Šali, S. Klavžar, R. Jerala, Design of a single-chain polypeptide tetrahedron as-
sembled from coiled-coil segments, Nat. Chem. Biol. 9 (2013) 362–366, https://
doi.org/10.1038/nchembio.1248.

[21] I. Tunn, A.S. De Léon, K.G. Blank, M.J. Harrington, Tuning coiled coil stability with
histidine-metal coordination, Nanoscale. 10 (2018) 22725–22729, https://doi.
org/10.1039/c8nr07259k.

[22] B. Apostolovic, H.A. Klok, pH-sensitivity of the E3/K3 heterodimeric coiled coil,
Biomacromolecules. 9 (2008) 3173–3180, https://doi.org/10.1021/bm800746e.

[23] H. Wendt, L. Leder, H. Härmä, I. Jelesarov, A. Baici, H.R. Bosshard, Very rapid, ionic
strength-dependent association and folding of a heterodimeric leucine zipper, Bio-
chemistry. 36 (1997) 204–213, https://doi.org/10.1021/bi961672y.

[24] M. Pechar, R. Pola, The coiled coil motif in polymer drug delivery systems,
Biotechnol. Adv. 31 (2013) 90–96, https://doi.org/10.1016/j.biotechadv.2012.01.
003.

[25] M. Pechar, R. Pola, R. Laga, A. Braunová, S.K. Filippov, A. Bogomolova, L. Bednárová,
B. Bednárová, O. Ej Vaně, K. Ulbrich, Coiled coil peptides and polymer−peptide
conjugates: synthesis, self-assembly, characterization and potential in drug deliv-
ery systems, Biomacromolecules 15 (7) (2014) 2590–2599, https://doi.org/10.
1021/bm500436p.

[26] J. Yang, Y. Shimada, R.C.L. Olsthoorn, B.E. Snaar-Jagalska, H.P. Spaink, A. Kros, Appli-
cation of coiled coil peptides in liposomal anticancer drug delivery using a
40
zebrafish xenograft model, ACS Nano 10 (2016) 7428–7435, https://doi.org/10.
1021/acsnano.6b01410.

[27] A.N. Lupas, M. Gruber, The structure of α-helical coiled coils, Fibrous Proteins:
Coiled-Coils, Collagen and Elastomers, Academic Press 2005, pp. 37–38, https://
doi.org/10.1016/S0065-3233(05)70003-6.

[28] L. Pauling, R.B. Corey, Two hydrogen-bonded spiral configurations of the polypep-
tide chain, J. Am. Chem. Soc. 72 (1950) 5349, https://doi.org/10.1021/ja01167a545.

[29] F.H.C. Crick, Isα-keratin a coiled coil? Nature. 170 (1952) 882–883, https://doi.org/
10.1038/170882b0.

[30] E. Moutevelis, D.N. Woolfson, A periodic table of coiled-coil protein structures, J.
Mol. Biol. 385 (2009) 726–732, https://doi.org/10.1016/j.jmb.2008.11.028.

[31] J. Walshaw, D.N. Woolfson, SOCKET: a program for identifying and analysing
coiled-coil motifs within protein structures, J. Mol. Biol. 307 (2001) 1427–1450,
https://doi.org/10.1006/jmbi.2001.4545.

[32] A.N. Lupas, J. Bassler, S. Dunin-Horkawicz, The structure and topology of α-helical
coiled coils, in: D.A.D. Parry, J.M. Squire (Eds.), Fibrous Proteins: Structures and
Mechanisms, Springer International Publishing, Cham 2017, pp. 95–129, https://
doi.org/10.1007/978-3-319-49674-0_4.

[33] J.M. Fletcher, A.L. Boyle, M. Bruning, S.G.J. Bartlett, T.L. Vincent, N.R. Zaccai, C.T.
Armstrong, E.H.C. Bromley, P.J. Booth, R.L. Brady, A.R. Thomson, D.N. Woolfson, A
basis set of de novo coiled-coil peptide oligomers for rational protein design and
synthetic biology, ACS Synth. Biol. 1 (2012) 240–250, https://doi.org/10.1021/
sb300028q.

[34] S. Nautiyal, D.N.Woolfson, D.S. King, T. Alber, A designed heterotrimeric coiled coil,
Biochemistry. 34 (1995) 11645–11651, https://doi.org/10.1021/bi00037a001.

[35] E.K. O’Shea, J.D. Klemm, P.S. Kim, T. Alber, X-ray structure of the GCN4 leucine zip-
per, a two-stranded, parallel coiled coil, Science 254 (1991) 539–544, https://doi.
org/10.1126/science.1948029.

[36] J.R. Litowski, R.S. Hodges, Designing heterodimeric two-stranded α-helical coiled-
coils. Effects of hydrophobicity and α-helical propensity on protein folding, stabil-
ity, and specificity, J. Biol. Chem. 277 (2002) 37272–37279, https://doi.org/10.
1074/jbc.M204257200.

[37] H. Gradišar, R. Jerala, De novo design of orthogonal peptide pairs forming parallel
coiled-coil heterodimers, J. Pept. Sci. 17 (2011) 100–106, https://doi.org/10.1002/
psc.1331.

[38] K.M. Gernert, M.C. Surles, T.H. Labean, J.S. Richardson, D.C. Richardson, The Alacoil:
a very tight, antiparallel coiled-coil of helices, Protein Sci. 4 (1995) 2252–2260,
https://doi.org/10.1002/pro.5560041102.

[39] F. Thomas, A. Niitsu, A. Oregioni, G.J. Bartlett, D.N. Woolfson, Conformational dy-
namics of asparagine at coiled-coil interfaces, Biochemistry. 56 (2017)
6544–6554, https://doi.org/10.1021/acs.biochem.7b00848.

[40] B. Tripet, L. Yu, D.L. Bautista, W.Y. Wong, R.T. Irvin, R.S. Hodges, Engineering a de
novo-designed coiled-coil heterodimerization domain for the rapid detection, pu-
rification and characterization of recombinantly expressed peptides and proteins,
Protein Eng. Des. Sel. 9 (1996) 1029–1042, https://doi.org/10.1093/protein/9.11.
1029.

[41] C. Aronsson, S. Dånmark, F. Zhou, P. Öberg, K. Enander, H. Su, D. Aili, Self-sorting
heterodimeric coiled coil peptides with defined and tuneable self-assembly prop-
erties, Sci. Rep. 5 (2015), 14063. https://doi.org/10.1038/srep14063.

[42] L. Truebestein, T.A. Leonard, Coiled-coils: the long and short of it, BioEssays. 38
(2016) 903–916, https://doi.org/10.1002/bies.201600062.

[43] D.A.D. Parry, J.M. Squire, Fibrous Proteins: Coiled-Coils, Collagen and Elastomers,
Gulf Professional Publishing, 2005.

[44] P.B. Harbury, P.S. Kim, T. Alber, Crystal structure of an isoleucine-zipper trimer, Na-
ture. 371 (1994) 80–83, https://doi.org/10.1038/371080a0.

[45] F. Thomas, A.L. Boyle, A.J. Burton, D.N. Woolfson, A set of de novo designed parallel
heterodimeric coiled coils with quantified dissociation constants in themicromolar
to sub-nanomolar regime, J. Am. Chem. Soc. 135 (2013) 5161–5166, https://doi.
org/10.1021/ja312310g.

[46] E.K. O’Shea, K.J. Lumb, P.S. Kim, Peptide ‘Velcro’: design of a heterodimeric coiled
coil, Curr. Biol. 3 (1993) 658–667, https://doi.org/10.1016/0960-9822(93)90063-T.

[47] J.M. Fletcher, G.J. Bartlett, A.L. Boyle, J.J. Danon, L.E. Rush, A.N. Lupas, D.N. Woolfson,
N@a and N@d: oligomer and partner specification by asparagine in coiled-coil in-
terfaces, ACS Chem. Biol. 12 (2017) 528–538, https://doi.org/10.1021/
acschembio.6b00935.

[48] R. Lizatović, O. Aurelius, O. Stenström, T. Drakenberg, M. Akke, D.T. Logan, I. André,
A de novo designed coiled-coil peptide with a reversible pH-induced oligomeriza-
tion switch, Structure. 24 (2016) 946–955, https://doi.org/10.1016/j.str.2016.03.
027.

[49] I. Drobnak, H. Gradišar, A. Ljubetič, E. Merljak, R. Jerala, Modulation of doiled-doil
dimer stability through surface residues while preserving pairing specificity, J.
Am. Chem. Soc. 139 (2017) 8229–8236, https://doi.org/10.1021/jacs.7b01690.

[50] J. Walshaw, D.N. Woolfson, Extended knobs-into-holes packing in classical and
complex coiled-coil assemblies, J. Struct. Biol. 144 (2003) 349–361, https://doi.
org/10.1016/j.jsb.2003.10.014.

[51] J. Liu, Q. Zheng, Y. Deng, C.-S. Cheng, N.R. Kallenbach, M. Lu, A seven-helix coiled
coil, Proc. Natl. Acad. Sci. 103 (2006) 15457–15462, https://doi.org/10.1073/pnas.
0604871103.

[52] D.N. Woolfson, G.J. Bartlett, M. Bruning, A.R. Thomson, New currency for old rope:
from coiled-coil assemblies to α-helical barrels, Curr. Opin. Struct. Biol. 22 (2012)
432–441, https://doi.org/10.1016/j.sbi.2012.03.002.

[53] G.G. Rhys, C.W. Wood, E.J.M. Lang, A.J. Mulholland, R.L. Brady, A.R. Thomson, D.N.
Woolfson, Maintaining and breaking symmetry in homomeric coiled-coil assem-
blies, Nat. Commun. 9 (2018) 1–12, https://doi.org/10.1038/s41467-018-06391-y.

https://doi.org/10.1016/S0968-0004(96)10052-9
https://doi.org/10.1016/S0962-8924(00)01898-5
https://doi.org/10.1016/S0962-8924(00)01898-5
https://doi.org/10.1016/S0065-3233(05)70004-8
https://doi.org/10.1126/science.8248779
https://doi.org/10.1007/BF01122170
https://doi.org/10.1007/BF01122170
https://doi.org/10.1007/978-3-319-49674-0_2
https://doi.org/10.1110/ps.39401
https://doi.org/10.1110/ps.39401
http://refhub.elsevier.com/S0169-409X(20)30283-0/rf0040
http://refhub.elsevier.com/S0169-409X(20)30283-0/rf0040
http://refhub.elsevier.com/S0169-409X(20)30283-0/rf0040
https://doi.org/10.1021/bi000246g
https://doi.org/10.1021/bi000246g
https://doi.org/10.1002/adfm.201101627
https://doi.org/10.1002/adfm.201101627
https://doi.org/10.1021/bm5004948
https://doi.org/10.1038/nmat776
https://doi.org/10.1038/nmat776
https://doi.org/10.1038/17092
https://doi.org/10.1038/17092
https://doi.org/10.1126/science.281.5375.389
https://doi.org/10.1126/science.281.5375.389
https://doi.org/10.1021/acs.biomac.6b00528
https://doi.org/10.1016/s0168-3659(01)00262-0
https://doi.org/10.1021/bm0155322
https://doi.org/10.1021/acs.biomac.9b00107
https://doi.org/10.1021/acs.biomac.9b00107
https://doi.org/10.1126/science.1233936
https://doi.org/10.1038/nchembio.1248
https://doi.org/10.1038/nchembio.1248
https://doi.org/10.1039/c8nr07259k
https://doi.org/10.1039/c8nr07259k
https://doi.org/10.1021/bm800746e
https://doi.org/10.1021/bi961672y
https://doi.org/10.1016/j.biotechadv.2012.01.003
https://doi.org/10.1016/j.biotechadv.2012.01.003
https://doi.org/10.1021/bm500436p
https://doi.org/10.1021/bm500436p
https://doi.org/10.1021/acsnano.6b01410
https://doi.org/10.1021/acsnano.6b01410
https://doi.org/10.1016/S0065-3233(05)70003-6
https://doi.org/10.1016/S0065-3233(05)70003-6
https://doi.org/10.1021/ja01167a545
https://doi.org/10.1038/170882b0
https://doi.org/10.1038/170882b0
https://doi.org/10.1016/j.jmb.2008.11.028
https://doi.org/10.1006/jmbi.2001.4545
https://doi.org/10.1007/978-3-319-49674-0_4
https://doi.org/10.1007/978-3-319-49674-0_4
https://doi.org/10.1021/sb300028q
https://doi.org/10.1021/sb300028q
https://doi.org/10.1021/bi00037a001
https://doi.org/10.1126/science.1948029
https://doi.org/10.1126/science.1948029
https://doi.org/10.1074/jbc.M204257200
https://doi.org/10.1074/jbc.M204257200
https://doi.org/10.1002/psc.1331
https://doi.org/10.1002/psc.1331
https://doi.org/10.1002/pro.5560041102
https://doi.org/10.1021/acs.biochem.7b00848
https://doi.org/10.1093/protein/9.11.1029
https://doi.org/10.1093/protein/9.11.1029
https://doi.org/10.1038/srep14063
https://doi.org/10.1002/bies.201600062
http://refhub.elsevier.com/S0169-409X(20)30283-0/rf0215
http://refhub.elsevier.com/S0169-409X(20)30283-0/rf0215
https://doi.org/10.1038/371080a0
https://doi.org/10.1021/ja312310g
https://doi.org/10.1021/ja312310g
https://doi.org/10.1016/0960-9822(93)90063-T
https://doi.org/10.1021/acschembio.6b00935
https://doi.org/10.1021/acschembio.6b00935
https://doi.org/10.1016/j.str.2016.03.027
https://doi.org/10.1016/j.str.2016.03.027
https://doi.org/10.1021/jacs.7b01690
https://doi.org/10.1016/j.jsb.2003.10.014
https://doi.org/10.1016/j.jsb.2003.10.014
https://doi.org/10.1073/pnas.0604871103
https://doi.org/10.1073/pnas.0604871103
https://doi.org/10.1016/j.sbi.2012.03.002
https://doi.org/10.1038/s41467-018-06391-y


J. Utterström, S. Naeimipour, R. Selegård et al. Advanced Drug Delivery Reviews 170 (2021) 26–43
[54] T. Olusanya, R. Haj Ahmad, D. Ibegbu, J. Smith, A. Elkordy, Liposomal drug delivery
systems and anticancer drugs, Molecules. 23 (2018) 907, https://doi.org/10.3390/
molecules23040907.

[55] D. Papahadjopoulos, T.M. Allen, A. Gabizon, E. Mayhew, K. Matthay, S.K. Huang, K.
Lee, M.C. Woodle, D.D. Lasic, C. Redemann, F.J. Martin, Sterically stabilized lipo-
somes: improvements in pharmacokinetics and antitumor therapeutic efficacy,
Proc. Natl. Acad. Sci. U. S. A. 88 (24) (1991) 11460–11464.

[56] J.O. Eloy, R. Petrilli, L.N.F. Trevizan, M. Chorilli, Immunoliposomes: a review on
functionalization strategies and targets for drug delivery, Colloids Surf. B: Biointerf.
159 (2017) 454–467, https://doi.org/10.1016/j.colsurfb.2017.07.085.

[57] P.S. Kulkarni, M.K. Haldar, R.R. Nahire, P. Katti, A.H. Ambre, W.W. Muhonen, J.B.
Shabb, S.K.R. Padi, R.K. Singh, P.P. Borowicz, D.K. Shrivastava, K.S. Katti, K. Reindl,
B. Guo, S. Mallik, MMP-9 responsive PEG cleavable nanovesicles for efficient deliv-
ery of chemotherapeutics to pancreatic cancer, Mol. Pharm. 11 (2014) 2390–2399,
https://doi.org/10.1021/mp500108p.

[58] V.P. Torchilin, Multifunctional, stimuli-sensitive nanoparticulate systems for drug
delivery, Nat. Rev. Drug Discov. 13 (2014) 813–827, https://doi.org/10.1038/
nrd4333.

[59] E.E. Oude Blenke, J. Van Den Dikkenberg, B. Van Kolck, A. Kros, E. Mastrobattista,
Coiled coil interactions for the targeting of liposomes for nucleic acid delivery,
Nanoscale 8 (2016) 8955, https://doi.org/10.1039/c6nr00711b.

[60] J. Yang, J. Tu, G.E.M. Lamers, R.C.L. Olsthoorn, A. Kros, Membrane fusion mediated
intracellular delivery of lipid bilayer coated mesoporous silica nanoparticles, Adv.
Healthc. Mater. 6 (2017), 1700759. https://doi.org/10.1002/adhm.201700759.

[61] J. Rizo, T.C. Südhof, Snares and munc18 in synaptic vesicle fusion, Nat. Rev.
Neurosci. 3 (2002) 641–653, https://doi.org/10.1038/nrn898.

[62] H. RobsonMarsden, N.A. Elbers, P.H.H. Bomans, N.A.J.M. Sommerdijk, A. Kros, A re-
duced SNARE model for membrane fusion, Angew. Chem. Int. Ed. 48 (2009)
2330–2333, https://doi.org/10.1002/anie.200804493.

[63] H. Robson Marsden, A.V. Korobko, T. Zheng, J. Voskuhl, A. Kros, Controlled lipo-
some fusion mediated by SNARE protein mimics, Biomater. Sci. 1 (10) (2013)
1046, https://doi.org/10.1039/c3bm60040h.

[64] G.A. Daudey, H.R. Zope, J. Voskuhl, A. Kros, A.L. Boyle, Membrane-fusogen distance
is critical for efficient coiled-coil-peptide-mediated liposome fusion, Langmuir. 33
(2017) 28, https://doi.org/10.1021/acs.langmuir.7b02931.

[65] H.R. Zope, F. Versluis, A. Ordas, J. Voskuhl, H.P. Spaink, A. Kros, In vitro and in vivo
supramolecular modification of biomembranes using a lipidated coiled-coil motif,
Angew. Chem. Int. Ed. 52 (2013) 14247–14251, https://doi.org/10.1002/anie.
201306033.

[66] J. Yang, A. Bahreman, G. Daudey, J. Bussmann, C.L. Olsthoorn, A. Kros, Drug delivery
via cell membrane fusion using lipopeptide modified liposomes, ACS Cent. Sci. 2
(9) (2016) 621–630, https://doi.org/10.1021/acscentsci.6b00172.

[67] B.C. Root, L.D. Pellegrino, E.D. Crawford, B. Kokona, R. Fairman, Design of a
heterotetrameric coiled coil, Protein Sci. 18 (2009) 329–336, https://doi.org/10.
1002/pro.30.

[68] R.M. Reja, M. Khan, S.K. Singh, R. Misra, A. Shiras, H.N. Gopi, pH sensitive coiled
coils: a strategy for enhanced liposomal drug delivery, Nanoscale. 8 (2016) 5139,
https://doi.org/10.1039/c5nr07734f.

[69] L. Feng, Z. Dong, D. Tao, Y. Zhang, Z. Liu, The acidic tumormicroenvironment: a tar-
get for smart cancer nano-theranostics, Natl. Sci. Rev. 5 (2018) 269–286, https://
doi.org/10.1093/nsr/nwx062.

[70] S.V. Jadhav, S.K. Singh, R.M. Reja, H.N. Gopi, γ-Amino acid mutated a-coiled coils as
mild thermal triggers for liposome delivery, Chem. Commun. 49 (2013), 11065.
https://doi.org/10.1039/c3cc46652c.

[71] Z.S. Al-Ahmady, T. Al-Jamal, J.V. Bossche, T.T. Bui, A.F. Drake, A. James Mason, K.
Kostarelos, Lipid-peptide vesicle nanoscale hybrids for triggered drug release by
mild hyperthermia in vitro and in vivo, ACS Nano 6 (10) (2012) 9335–9346,
https://doi.org/10.1021/nn302148p.

[72] S.K. Lim, C. Sandén, R. Selegård, B. Liedberg, D. Aili, Tuning liposome membrane
permeability by competitive peptide dimerization and partitioning-folding inter-
actions regulated by proteolytic activity, Sci. Rep. 6 (2016) 1–9, https://doi.org/
10.1038/srep21123.

[73] E.I. Deryugina, J.P. Quigley, E.I. Deryugina, J.P. Quigley, Matrix metalloproteinases
and tumor metastasis, Cancer Metastasis Rev. 25 (2006) 9–34, https://doi.org/10.
1007/s10555-006-7886-9.

[74] C. Skyttner, K. Enander, C. Aronsson, D. Aili, Tuning liposome membrane perme-
ability by competitive coiled coil heterodimerization and heterodimer exchange,
Langmuir. (2018) 6529–6537, https://doi.org/10.1021/acs.langmuir.8b00592.

[75] C. Skyttner, R. Selegård, J. Larsson, C. Aronsson, K. Enander, D. Aili, Sequence and
length optimization ofmembrane active coiled coils for triggered liposome release,
Biochim. Biophys. Acta Biomembr. 1861 (2019) 449–456, https://doi.org/10.1016/
j.bbamem.2018.11.005.

[76] A. Roldão, M.M. Candida Mellado, L.R. Castilho, M.J. Carrondo, P.M. Alves, Virus-like
particles in vaccine development, Expert Rev. Vaccines. (2014) https://doi.org/10.
1586/erv.10.115.

[77] P.M. Moyle, I. Toth, Modern subunit vaccines: development, components, and re-
search opportunities, ChemMedChem. 8 (2013) 360–376, https://doi.org/10.
1002/cmdc.201200487.

[78] C.P. Karch, P. Burkhard, Vaccine technologies: from whole organisms to rationally
designed protein assemblies, Biochem. Pharmacol. 120 (2016) 1–14, https://doi.
org/10.1016/j.bcp.2016.05.001.

[79] F. Boato, R.M. Thomas, A. Ghasparian, A. Freund-Renard, K. Moehle, J.A. Robinson,
Synthetic virus-like particles from self-assembling coiled-coil lipopeptides and
their use in antigen display to the immune system, Angew. Chem. Int. Ed. 46
(2007) 9015–9018, https://doi.org/10.1002/anie.200702805.
41
[80] A. Ghasparian, T. Riedel, J. Koomullil, K. Moehle, C. Gorba, D.I. Svergun, A.W.
Perriman, S. Mann, M. Tamborrini, G. Pluschke, J.A. Robinson, Engineered synthetic
virus-like particles and their use in vaccine delivery, ChemBioChem. 12 (2011)
100–109, https://doi.org/10.1002/cbic.201000536.

[81] M. Tamborrini, N. Geib, A. Marrero-Nodarse, M. Jud, J. Hauser, C. Aho, A. Lamelas, A.
Zuniga, G. Pluschke, A. Ghasparian, J. Robinson, A synthetic virus-like particle
streptococcal vaccine candidate using B-cell epitopes from the proline-rich region
of pneumococcal surface protein a, Vaccines. 3 (2015) 850–874, https://doi.org/10.
3390/vaccines3040850.

[82] J. Ang, D. Ma, B.T. Jung, S. Keten, T. Xu, Sub-20 nm stable micelles based on a mix-
ture of coiled-coils: a platform for controlled ligand presentation,
Biomacromolecules 18 (11) (2017) 3572–3580, https://doi.org/10.1021/acs.
biomac.7b00917.

[83] W.M. Park, Coiled-coils: the molecular zippers that self-assemble protein nano-
structures, Int. J. Mol. Sci. 21 (2020) https://doi.org/10.3390/ijms21103584.

[84] S. Raman, G. Machaidze, A. Lustig, U. Aebi, P. Burkhard, Structure-based design of
peptides that self-assemble into regular polyhedral nanoparticles, nanomedicine
nanotechnology, Biol. Med. 2 (2006) 95–102, https://doi.org/10.1016/j.nano.
2006.04.007.

[85] A.L. Boyle, E.H.C. Bromley, G.J. Bartlett, R.B. Sessions, T.H. Sharp, C.L. Williams,
P.M.G. Curmi, N.R. Forde, H. Linke, D.N. Woolfson, Squaring the circle in peptide as-
sembly: from fibers to discrete nanostructures by de novo design, J. Am. Chem. Soc.
134 (2012) 15457–15467, https://doi.org/10.1021/ja3053943.

[86] J.L. Beesley, H.E. Baum, L.R. Hodgson, P. Verkade, G.S. Banting, D.N. Woolfson, Mod-
ifying self-assembled peptide cages to control internalization into mammalian
cells, Nano Lett. 18 (2018) 5933–5937, https://doi.org/10.1021/acs.nanolett.
8b02633.

[87] J.F. Ross, A. Bridges, J.M. Fletcher, D. Shoemark, D. Alibhai, H.E.V. Bray, J.L. Beesley,
W.M. Dawson, L.R. Hodgson, J. Mantell, P. Verkade, C.M. Edge, R.B. Sessions, D.
Tew, D.N. Woolfson, Decorating self-assembled peptide cages with proteins, ACS
Nano 11 (2017) 7901–7914, https://doi.org/10.1021/acsnano.7b02368.

[88] C. Morris, S.J. Glennie, H.S. Lam, H.E. Baum, D. Kandage, N.A. Williams, D.J. Morgan,
D.N. Woolfson, A.D. Davidson, A modular vaccine platform combining self-
assembled peptide cages and immunogenic peptides, Adv. Funct. Mater. 29
(2019), 1807357. https://doi.org/10.1002/adfm.201807357.

[89] H. Dorosti, M. Eslami, N. Nezafat, F. Fadaei, Y. Ghasemi, Designing self-assembled
peptide nanovaccine against Streptococcus pneumoniae: an in silico strategy, Mol.
Cell. Probes 48 (2019), 101446. https://doi.org/10.1016/j.mcp.2019.101446.

[90] C.P. Karch, T.A.P.F. Doll, S.M. Paulillo, I. Nebie, D.E. Lanar, G. Corradin, P. Burkhard,
The use of a P. falciparum specific coiled-coil domain to construct a self-
assembling protein nanoparticle vaccine to prevent malaria, J. Nanobiotechnol.
15 (2017) 62, https://doi.org/10.1186/s12951-017-0295-0.

[91] C.P. Karch, H. Bai, O.B. Torres, C.A. Tucker, N.L. Michael, G.R. Matyas, M. Rolland, P.
Burkhard, Z. Beck, Design and characterization of a self-assembling protein nano-
particle displaying HIV-1 Env V1V2 loop in a native-like trimeric conformation as
vaccine antigen, nanomedicine nanotechnology, Biol. Med. 16 (2019) 206–216,
https://doi.org/10.1016/j.nano.2018.12.001.

[92] C.P. Karch, J. Li, C. Kulangara, S.M. Paulillo, S.K. Raman, S. Emadi, A. Tan, Z.H. Helal,
Q. Fan, M.I. Khan, P. Burkhard, Vaccination with self-adjuvanted protein nanopar-
ticles provides protection against lethal influenza challenge, nanomedicine nano-
technology, Biol. Med. 13 (2017) 241–251, https://doi.org/10.1016/j.nano.2016.
08.030.

[93] A. Ljubetič, F. Lapenta, H. Gradišar, I. Drobnak, J. Aupič, Ž. Strmšek, D. Lainšček, I.
Hafner-Bratkovič, A. Majerle, N. Krivec, M. Benčina, T. Pisanski, T.Ć. Veličković, A.
Round, J.M. Carazo, R. Melero, R. Jerala, Design of coiled-coil protein-origami
cages that self-assemble in vitro and in vivo, Nat. Biotechnol. 35 (2017)
1094–1101, https://doi.org/10.1038/nbt.3994.

[94] W.M. Park, M. Bedewy, K.K. Berggren, A.E. Keating, Modular assembly of a protein
nanotriangle using orthogonally interacting coiled coils, Sci. Rep. 7 (2017) 1–10,
https://doi.org/10.1038/s41598-017-10918-6.

[95] Y. Guo, D. Bozic, V.N. Malashkevich, R.A. Kammerer, T. Schulthess, J. Engel, All-trans
retinol, vitamin D and other hydrophobic compounds bind in the axial pore of the
five-stranded coiled-coil domain of cartilage oligomeric matrix protein, EMBO J. 17
(1998) 5265–5272, https://doi.org/10.1093/emboj/17.18.5265.

[96] A.A. McFarlane, G.L. Orriss, J. Stetefeld, The use of coiled-coil proteins in drug deliv-
ery systems, Eur. J. Pharmacol. 625 (2009) 101–107, https://doi.org/10.1016/j.
ejphar.2009.05.034.

[97] A.A. MacFarlane, G. Orriss, N. Okun, M. Meier, T. Klonisch, M. Khajehpour, J.
Stetefeld, The pentameric channel of COMPcc in complex with different fatty
acids, PLoS One 7 (2012), e48130.

[98] L. Yin, A.S. Agustinus, C. Yuvienco, T. Minashima, N.L. Schnabel, T. Kirsch, J.K.
Montclare, Engineered coiled-coil protein for delivery of inverse agonist for osteo-
arthritis, Biomacromolecules. 19 (2018) 1614–1624, https://doi.org/10.1021/acs.
biomac.8b00158.

[99] M. Dai, J. Haghpanah, N. Singh, E.W. Roth, A. Liang, R.S. Tu, J.K. Montclare, Artificial
protein block polymer libraries bearing two SADs: effects of elastin domain re-
peats, Biomacromolecules. 12 (2011) 4240–4246, https://doi.org/10.1021/
bm201083d.

[100] L.K. Hill, J.A. Frezzo, P. Katyal, D.M. Hoang, Z. Ben Youss Gironda, C. Xu, X. Xie, E.
Delgado-Fukushima, Y.Z. Wadghiri, J.K. Montclare, Protein-engineered nanoscale
micelles for dynamic 19F magnetic resonance and therapeutic drug delivery, ACS
Nano 13 (2019) 2969–2985, https://doi.org/10.1021/acsnano.8b07481.

[101] M. Eriksson, S. Hassan, R. Larsson, S. Linder, T. Ramqvist, H. Lövborg, T. Vikinge, E.
Figgemeier, J. Müller, J. Stetefeld, T. Dalianis, S. Özbek, Utilization of a right-
handed coiled-coil protein from archaebacterium Staphylothermus marinus as a
carrier for cisplatin, Anticancer Res. 29 (2009) 11–18.

https://doi.org/10.3390/molecules23040907
https://doi.org/10.3390/molecules23040907
http://refhub.elsevier.com/S0169-409X(20)30283-0/rf0275
http://refhub.elsevier.com/S0169-409X(20)30283-0/rf0275
http://refhub.elsevier.com/S0169-409X(20)30283-0/rf0275
http://refhub.elsevier.com/S0169-409X(20)30283-0/rf0275
https://doi.org/10.1016/j.colsurfb.2017.07.085
https://doi.org/10.1021/mp500108p
https://doi.org/10.1038/nrd4333
https://doi.org/10.1038/nrd4333
https://doi.org/10.1039/c6nr00711b
https://doi.org/10.1002/adhm.201700759
https://doi.org/10.1038/nrn898
https://doi.org/10.1002/anie.200804493
https://doi.org/10.1039/c3bm60040h
https://doi.org/10.1021/acs.langmuir.7b02931
https://doi.org/10.1002/anie.201306033
https://doi.org/10.1002/anie.201306033
https://doi.org/10.1021/acscentsci.6b00172
https://doi.org/10.1002/pro.30
https://doi.org/10.1002/pro.30
https://doi.org/10.1039/c5nr07734f
https://doi.org/10.1093/nsr/nwx062
https://doi.org/10.1093/nsr/nwx062
https://doi.org/10.1039/c3cc46652c
https://doi.org/10.1021/nn302148p
https://doi.org/10.1038/srep21123
https://doi.org/10.1038/srep21123
https://doi.org/10.1007/s10555-006-7886-9
https://doi.org/10.1007/s10555-006-7886-9
https://doi.org/10.1021/acs.langmuir.8b00592
https://doi.org/10.1016/j.bbamem.2018.11.005
https://doi.org/10.1016/j.bbamem.2018.11.005
https://doi.org/10.1586/erv.10.115
https://doi.org/10.1586/erv.10.115
https://doi.org/10.1002/cmdc.201200487
https://doi.org/10.1002/cmdc.201200487
https://doi.org/10.1016/j.bcp.2016.05.001
https://doi.org/10.1016/j.bcp.2016.05.001
https://doi.org/10.1002/anie.200702805
https://doi.org/10.1002/cbic.201000536
https://doi.org/10.3390/vaccines3040850
https://doi.org/10.3390/vaccines3040850
https://doi.org/10.1021/acs.biomac.7b00917
https://doi.org/10.1021/acs.biomac.7b00917
https://doi.org/10.3390/ijms21103584
https://doi.org/10.1016/j.nano.2006.04.007
https://doi.org/10.1016/j.nano.2006.04.007
https://doi.org/10.1021/ja3053943
https://doi.org/10.1021/acs.nanolett.8b02633
https://doi.org/10.1021/acs.nanolett.8b02633
https://doi.org/10.1021/acsnano.7b02368
https://doi.org/10.1002/adfm.201807357
https://doi.org/10.1016/j.mcp.2019.101446
https://doi.org/10.1186/s12951-017-0295-0
https://doi.org/10.1016/j.nano.2018.12.001
https://doi.org/10.1016/j.nano.2016.08.030
https://doi.org/10.1016/j.nano.2016.08.030
https://doi.org/10.1038/nbt.3994
https://doi.org/10.1038/s41598-017-10918-6
https://doi.org/10.1093/emboj/17.18.5265
https://doi.org/10.1016/j.ejphar.2009.05.034
https://doi.org/10.1016/j.ejphar.2009.05.034
http://refhub.elsevier.com/S0169-409X(20)30283-0/rf0485
http://refhub.elsevier.com/S0169-409X(20)30283-0/rf0485
http://refhub.elsevier.com/S0169-409X(20)30283-0/rf0485
https://doi.org/10.1021/acs.biomac.8b00158
https://doi.org/10.1021/acs.biomac.8b00158
https://doi.org/10.1021/bm201083d
https://doi.org/10.1021/bm201083d
https://doi.org/10.1021/acsnano.8b07481
http://refhub.elsevier.com/S0169-409X(20)30283-0/rf0505
http://refhub.elsevier.com/S0169-409X(20)30283-0/rf0505
http://refhub.elsevier.com/S0169-409X(20)30283-0/rf0505
http://refhub.elsevier.com/S0169-409X(20)30283-0/rf0505


J. Utterström, S. Naeimipour, R. Selegård et al. Advanced Drug Delivery Reviews 170 (2021) 26–43
[102] T. Thanasupawat, H. Bergen, S. Hombach-Klonisch, J. Krcek, S. Ghavami, M.R. Del
Bigio, S. Krawitz, G. Stelmack, A. Halayko, M. McDougall, M. Meier, J. Stetefeld, T.
Klonisch, Platinum (IV) coiled coil nanotubes selectively kill human glioblastoma
cells, nanomedicine nanotechnology, Biol. Med. 11 (2015) 913–925, https://doi.
org/10.1016/j.nano.2015.01.014.

[103] W.M. Park, J.A. Champion, Thermally triggered self-assembly of folded proteins
into vesicles, J. Am. Chem. Soc. 136 (2014) 17906–17909, https://doi.org/10.
1021/ja5090157.

[104] Y. Jang, W.T. Choi, W.T. Heller, Z. Ke, E.R. Wright, J.A. Champion, Engineering glob-
ular protein vesicles through tunable self-assembly of recombinant fusion proteins,
Small. 13 (2017), 1700399. https://doi.org/10.1002/smll.201700399.

[105] D.R. Dautel, J.A. Champion, Protein vesicles self-assembled from functional globular
proteins with different charge and size, Biomacromolecules (2020) https://doi.org/
10.1021/acs.biomac.0c00671.

[106] Y. Assal, Y. Mizuguchi, M. Mie, E. Kobatake, Growth factor tethering to protein
nanoparticles via coiled-coil formation for targeted drug delivery, Bioconjug.
Chem. 26 (2015) 1672–1677, https://doi.org/10.1021/acs.bioconjchem.5b00266.

[107] E.K. O’Shea, R. Rutkowski, W.F. Stafford 3rd, P.S. Kim, Preferential heterodimer for-
mation by isolated leucine zippers from fos and jun, Science 245 (1989) 646–648,
https://doi.org/10.1126/science.2503872.

[108] T.M. Allen, P.R. Cullis, Drug delivery systems: entering themainstream, Science 303
(2004) 1818–1822.

[109] N. Larson, H. Ghandehari, Polymeric conjugates for drug delivery, Chem. Mater. 24
(2012) 840–853, https://doi.org/10.1021/cm2031569.

[110] B. Apostolovic, S.P.E. Deacon, R. Duncan, A. Klok, Hybrid polymer therapeutics in-
corporating bioresponsive coiled coil peptide linkers, Biomacromol. 11 (2010)
1187–1195, https://doi.org/10.1021/bm901313c.

[111] B. Apostolovic, S.P.E. Deacon, R. Duncan, H.-A. Klok, Cell uptake and trafficking be-
havior of non-covalent, coiled-coil based polymer-drug conjugates, Macromol.
Rapid Commun. 32 (2011) 11–18, https://doi.org/10.1002/marc.201000434.

[112] A.J. Gormley, R. Chandrawati, A.J. Christofferson, C. Loynachan, C. Jumeaux, A.
Artzy-Schnirman, D. Aili, I. Yarovsky, M.M. Stevens, Layer-by-layer self-assembly
of polymer films and capsules through coiled-coil peptides, Chem. Mater. 27
(2015) 5820–5824, https://doi.org/10.1021/acs.chemmater.5b02514.

[113] K. Enander, D. Aili, L. Baltzer, I. Lundstrom, B. Liedberg, Alpha-helix-inducing di-
merization of synthetic polypeptide scaffolds on gold, Langmuir 21 (2005)
2480–2487, https://doi.org/10.1021/la048029u.

[114] K.Wu, J. Liu, R.N. Johnson, J. Yang, J. Kopeček, Drug-free macromolecular therapeu-
tics: induction of apoptosis by coiled-coil-mediated cross-linking of antigens on
the cell surface, Angew. Chem. Int. Ed. 49 (2010) 1451–1455, https://doi.org/10.
1002/anie.200906232.

[115] K. Wu, J. Yang, J. Liu, J. Kopeček, Coiled-coil based drug-free macromolecular ther-
apeutics: in vivo efficacy, J. Control. Release 157 (2012) 126–131, https://doi.org/
10.1016/j.jconrel.2011.08.002.

[116] R. Zhang, J. Yang, T.-W. Chu, J.M. Hartley, J. Kopeček, Multimodality imaging of
coiled-coil mediated self-assembly in a “drug-free” therapeutic system, Adv.
Healthc. Mater. 4 (2015) 1054–1065, https://doi.org/10.1002/adhm.201400679.

[117] L. Zhang, Y. Fang, L. Li, J. Yang, D.C. Radford, J. Kopeček, Human serum
albuminbased drug-free macromolecular therapeutics: apoptosis induction by
coiled-coil-mediated cross-linking of CD20 antigens on lymphoma B cell surface,
Macromol. Biosci. 18 (2018), 1800224. https://doi.org/10.1002/mabi.201800224.

[118] D.G. Maloney, Anti-CD20 antibody therapy for B-cell lymphomas, N. Engl. J. Med.
366 (2012) 2008–2016, https://doi.org/10.1056/NEJMct1114348.

[119] O.W. Press, F. Appelbaum, J.A. Ledbetter, P.J. Martin, J. Zarling, P. Kidd, E. Donnall
Thomas, Monoclonal Antibody 1F5 (Anti-CD2O) Serotherapy of Human B Cell
Lymphomas, 1987.

[120] G.L. Plosker, D.P. Figgitt, S.M. Ansell, Rituximab: a review of its use in non-
Hodgkin’s lymphoma and chronic lymphocytic leukaemia, Drugs 63 (2003)
803–843.

[121] D. Shan, J.A. Ledbetter, O.W. Press, Apoptosis of malignant human B cells by ligation
of CD20 with monoclonal antibodies, Blood 91 (1998) 1644–1652.

[122] I.M. Pedersen, A.M. Buhl, P. Klausen, C.H. Geisler, J. Jurlander, The chimeric anti-
CD20 antibody rituximab induces apoptosis in B-cell chronic lymphocytic leuke-
mia cells through a p38 mitogen activated protein-kinase-dependent mechanism,
Blood. 99 (2002) 1314–1319, https://doi.org/10.1182/blood.V99.4.1314.

[123] J. Yang, L. Li, J. Kopeček, Biorecognition: a key to drug-free macromolecular thera-
peutics, Biomaterials. 190–191 (2019) 11–23, https://doi.org/10.1016/j.
biomaterials.2018.10.007.

[124] J. Li, D.J. Mooney, Designing hydrogels for controlled drug delivery, Nat. Rev. Mater.
1 (2016), 16071. https://doi.org/10.1038/natrevmats.2016.71.

[125] C. Xu, J. Kopeček, Genetically engineered block copolymers: influence of the length
and structure of the coiled-coil blocks on hydrogel self-assembly, Pharm. Res. 25
(2008) 674–682, https://doi.org/10.1007/s11095-007-9343-z.

[126] J. Kopeček, A. Tang, C. Wang, R.J. Stewart, De novo design of biomedical polymers:
hybrids from synthetic macromolecules and genetically engineered protein do-
mains, Macromol. Symp. 174 (2001) 31–42, https://doi.org/10.1002/1521-3900
(200109)174:1<31::AID-MASY31>3.0.CO;2-6.

[127] B.D. Olsen, J.A. Kornfield, D.A. Tirrell, Yielding behavior in injectable hydrogels from
telechelic proteins, Macromolecules. 43 (2010) 9094–9099, https://doi.org/10.
1021/ma101434a.

[128] L. Zhang, E.M. Furst, K.L. Kiick, Manipulation of hydrogel assembly and growth fac-
tor delivery via the use of peptide–polysaccharide interactions, J. Control. Release
114 (2006) 130–142, https://doi.org/10.1016/j.jconrel.2006.06.005.

[129] A. Roth, F. Murschel, P.-L. Latreille, V.A. Martinez, B. Liberelle, X. Banquy, G. De
Crescenzo, Coiled coil affinity-based systems for the controlled release of
42
biofunctionalized gold nanoparticles from alginate hydrogels, Biomacromolecules.
20 (2019) 1926–1936, https://doi.org/10.1021/acs.biomac.9b00137.

[130] F. Murschel, B. Liberelle, G. St-Laurent, M. Jolicoeur, Y. Durocher, G. De Crescenzo,
Coiled-coil-mediated grafting of bioactive vascular endothelial growth factor,
Acta Biomater. 9 (2013) 6806–6813, https://doi.org/10.1016/j.actbio.2013.02.032.

[131] C. Fortier, G. De Crescenzo, Y. Durocher, A versatile coiled-coil tethering system for
the oriented display of ligands on nanocarriers for targeted gene delivery, Bioma-
terials. 34 (2013) 1344–1353, https://doi.org/10.1016/j.biomaterials.2012.10.047.

[132] S. Noel, C. Fortier, F. Murschel, A. Belzil, G. Gaudet, M. Jolicoeur, G. De Crescenzo,
Co-immobilization of adhesive peptides and VEGF within a dextran-based coating
for vascular applications, Acta Biomater. 37 (2016) 69–82, https://doi.org/10.1016/
j.actbio.2016.03.043.

[133] F. Murschel, C. Fortier, M. Jolicoeur, R.S. Hodges, G. De Crescenzo, Two complemen-
tary approaches for the controlled release of biomolecules immobilized via coiled-
coil interactions: peptide core mutations and multivalent presentation,
Biomacromolecules. 18 (2017) 965–975, https://doi.org/10.1021/acs.biomac.
6b01830.

[134] Y. Assal, M. Mie, E. Kobatake, The promotion of angiogenesis by growth factors in-
tegrated with ECM proteins through coiled-coil structures, Biomaterials. 34 (2013)
3315–3323, https://doi.org/10.1016/j.biomaterials.2013.01.067.

[135] Y. Mizuguchi, Y. Mashimo, M. Mie, E. Kobatake, Design of bFGF-tethered self-
assembling extracellular matrix proteins via coiled-coil triple-helix formation,
Biomed. Mater. 12 (2017), 45021. https://doi.org/10.1088/1748-605x/aa7616.

[136] S. Siew, M. Kaneko, M. Mie, E. Kobatake, Construction of a tissue-specific transcrip-
tion factor-tethered extracellular matrix protein via coiled-coil helix formation, J.
Mater. Chem. B 4 (2016) 2512–2518, https://doi.org/10.1039/C5TB01579K.

[137] E. Kobatake, R. Takahashi, M. Mie, Construction of a bFGF-tethered extracellular
matrix using a coiled-coil helical interaction, Bioconjug. Chem. 22 (2011)
2038–2042, https://doi.org/10.1021/bc200249u.

[138] L. Ding, Y. Jiang, J. Zhang, H.-A. Klok, Z. Zhong, pH-sensitive coiled-coil peptide-
cross-linked hyaluronic acid nanogels: synthesis and targeted intracellular protein
delivery to CD44 positive cancer cells, Biomacromolecules. 19 (2018) 555–562,
https://doi.org/10.1021/acs.biomac.7b01664.

[139] A.J. Olsen, P. Katyal, J.S. Haghpanah, M.B. Kubilius, R. Li, N.L. Schnabel, S.C. O’Neill, Y.
Wang, M. Dai, N. Singh, R.S. Tu, J.K. Montclare, Protein engineered triblock poly-
mers composed of two SADs: enhanced mechanical properties and binding abili-
ties, Biomacromolecules. 19 (2018) 1552–1561, https://doi.org/10.1021/acs.
biomac.7b01259.

[140] Y. Wang, E. Delgado-Fukushima, R.X. Fu, G.S. Doerk, J.K. Monclare, Controlling drug
absorption, release, and erosion of photopatterned protein engineered hydrogels,
Biomacromolecules. 21 (2020) 3608–3619, https://doi.org/10.1021/acs.biomac.
0c00616.

[141] J. Borglin, R. Selegård, D. Aili, M.B. Ericson, Peptide functionalized gold nanoparti-
cles as a stimuli responsive contrast medium in multiphoton microscopy, Nano
Lett. 17 (2017) 2102–2108, https://doi.org/10.1021/acs.nanolett.7b00611.

[142] R. de la Rica, D. Aili, M.M. Stevens, Enzyme-responsive nanoparticles for drug re-
lease and diagnostics, Adv. Drug Deliv. Rev. 64 (2012) 967–978, https://doi.org/
10.1016/j.addr.2012.01.002.

[143] D. Aili, M.M. Stevens, Bioresponsive peptide-inorganic hybrid nanomaterials,
Chem. Soc. Rev. 39 (2010) 3358–3370, https://doi.org/10.1039/b919461b.

[144] J. Yang, M.H. Yao, L. Wen, J.T. Song, M.Z. Zhang, Y. Di Zhao, B. Liu, Multifunctional
quantum dot-polypeptide hybrid nanogel for targeted imaging and drug delivery,
Nanoscale. 6 (2014) 11282–11292, https://doi.org/10.1039/c4nr03058c.

[145] G. Martelli, H.R. Zope, M. Bròvia Capell, A. Kros, Coiled-coil peptide motifs as
thermoresponsive valves for mesoporous silica nanoparticles, Chem. Commun.
49 (2013) 9932–9934, https://doi.org/10.1039/c3cc45790g.

[146] M. Lindgren, M. Hällbrink, A. Prochiantz, Ü. Langel, Cell-penetrating peptides,
Trends Pharmacol. Sci. 21 (2000) 99–103, https://doi.org/10.1016/S0165-6147
(00)01447-4.

[147] M. Green, P.M. Loewenstein, Autonomous functional domains of chemically syn-
thesized human immunodeficiency virus tat trans-activator protein, Cell. 55
(1988) 1179–1188, https://doi.org/10.1016/0092-8674(88)90262-0.

[148] A.D. Frankel, C.O. Pabo, Cellular uptake of the tat protein from human immunode-
ficiency virus, Cell. 55 (1988) 1189–1193, https://doi.org/10.1016/0092-8674(88)
90263-2.

[149] A.D. Frankel, S. Biancalana, D. Hudson, Activity of synthetic peptides from the Tat
protein of human immunodeficiency virus type 1, Proc. Natl. Acad. Sci. 86 (1989)
7397–7401, https://doi.org/10.1073/pnas.86.19.7397.

[150] J. Habault, J.-L. Poyet, Recent advances in cell penetrating peptide-based anticancer
therapies, Molecules. 24 (2019) 927, https://doi.org/10.3390/molecules24050927.

[151] Y. Hakata, S. Tsuchiya, H. Michiue, T. Ohtsuki, H. Matsui, M. Miyazawa, M.
Kitamatsu, A novel leucine zipper motif-based hybrid peptide delivers a functional
peptide cargo inside cells, Chem. Commun. 51 (2015) 413–416, https://doi.org/10.
1039/C4CC07459A.

[152] Y. Hakata, H. Michiue, T. Ohtsuki, M. Miyazawa, M. Kitamatsu, A leucine zipper-
based peptide hybrid delivers functional Nanog protein inside the cell nucleus,
Bioorg. Med. Chem. Lett. 29 (2019) 878–881, https://doi.org/10.1016/j.bmcl.
2019.02.004.

[153] Y. Hakata, S. Ishikawa, T. Ohtsuki, M. Miyazawa, M. Kitamatsu, Intracellular deliv-
ery of a peptide nucleic acid-based hybrid of an autophagy inducing peptide
with a cell-penetrating peptide, Org. Biomol. Chem. 18 (2020) 1978–1986,
https://doi.org/10.1039/C9OB02559F.

[154] S.A. Bode, I.C. Kruis, H.P.J.H.M. Adams, W.C. Boelens, G.J.M. Pruijn, J.C.M. van Hest,
D.W.P.M. Löwik, Coiled-coil-mediated activation of oligoarginine cell-penetrating
peptides, ChemBioChem. 18 (2017) 185–188, https://doi.org/10.1002/cbic.
201600614.

https://doi.org/10.1016/j.nano.2015.01.014
https://doi.org/10.1016/j.nano.2015.01.014
https://doi.org/10.1021/ja5090157
https://doi.org/10.1021/ja5090157
https://doi.org/10.1002/smll.201700399
https://doi.org/10.1021/acs.biomac.0c00671
https://doi.org/10.1021/acs.biomac.0c00671
https://doi.org/10.1021/acs.bioconjchem.5b00266
https://doi.org/10.1126/science.2503872
http://refhub.elsevier.com/S0169-409X(20)30283-0/rf0540
http://refhub.elsevier.com/S0169-409X(20)30283-0/rf0540
https://doi.org/10.1021/cm2031569
https://doi.org/10.1021/bm901313c
https://doi.org/10.1002/marc.201000434
https://doi.org/10.1021/acs.chemmater.5b02514
https://doi.org/10.1021/la048029u
https://doi.org/10.1002/anie.200906232
https://doi.org/10.1002/anie.200906232
https://doi.org/10.1016/j.jconrel.2011.08.002
https://doi.org/10.1016/j.jconrel.2011.08.002
https://doi.org/10.1002/adhm.201400679
https://doi.org/10.1002/mabi.201800224
https://doi.org/10.1056/NEJMct1114348
http://refhub.elsevier.com/S0169-409X(20)30283-0/rf0595
http://refhub.elsevier.com/S0169-409X(20)30283-0/rf0595
http://refhub.elsevier.com/S0169-409X(20)30283-0/rf0595
http://refhub.elsevier.com/S0169-409X(20)30283-0/rf0600
http://refhub.elsevier.com/S0169-409X(20)30283-0/rf0600
http://refhub.elsevier.com/S0169-409X(20)30283-0/rf0600
http://refhub.elsevier.com/S0169-409X(20)30283-0/rf0605
http://refhub.elsevier.com/S0169-409X(20)30283-0/rf0605
https://doi.org/10.1182/blood.V99.4.1314
https://doi.org/10.1016/j.biomaterials.2018.10.007
https://doi.org/10.1016/j.biomaterials.2018.10.007
https://doi.org/10.1038/natrevmats.2016.71
https://doi.org/10.1007/s11095-007-9343-z
https://doi.org/10.1002/1521-3900(200109)174:1&lt;31::AID-MASY31&gt/;3.0.CO;2-6
https://doi.org/10.1002/1521-3900(200109)174:1&lt;31::AID-MASY31&gt/;3.0.CO;2-6
https://doi.org/10.1021/ma101434a
https://doi.org/10.1021/ma101434a
https://doi.org/10.1016/j.jconrel.2006.06.005
https://doi.org/10.1021/acs.biomac.9b00137
https://doi.org/10.1016/j.actbio.2013.02.032
https://doi.org/10.1016/j.biomaterials.2012.10.047
https://doi.org/10.1016/j.actbio.2016.03.043
https://doi.org/10.1016/j.actbio.2016.03.043
https://doi.org/10.1021/acs.biomac.6b01830
https://doi.org/10.1021/acs.biomac.6b01830
https://doi.org/10.1016/j.biomaterials.2013.01.067
https://doi.org/10.1088/1748-605x/aa7616
https://doi.org/10.1039/C5TB01579K
https://doi.org/10.1021/bc200249u
https://doi.org/10.1021/acs.biomac.7b01664
https://doi.org/10.1021/acs.biomac.7b01259
https://doi.org/10.1021/acs.biomac.7b01259
https://doi.org/10.1021/acs.biomac.0c00616
https://doi.org/10.1021/acs.biomac.0c00616
https://doi.org/10.1021/acs.nanolett.7b00611
https://doi.org/10.1016/j.addr.2012.01.002
https://doi.org/10.1016/j.addr.2012.01.002
https://doi.org/10.1039/b919461b
https://doi.org/10.1039/c4nr03058c
https://doi.org/10.1039/c3cc45790g
https://doi.org/10.1016/S0165-6147(00)01447-4
https://doi.org/10.1016/S0165-6147(00)01447-4
https://doi.org/10.1016/0092-8674(88)90262-0
https://doi.org/10.1016/0092-8674(88)90263-2
https://doi.org/10.1016/0092-8674(88)90263-2
https://doi.org/10.1073/pnas.86.19.7397
https://doi.org/10.3390/molecules24050927
https://doi.org/10.1039/C4CC07459A
https://doi.org/10.1039/C4CC07459A
https://doi.org/10.1016/j.bmcl.2019.02.004
https://doi.org/10.1016/j.bmcl.2019.02.004
https://doi.org/10.1039/C9OB02559F
https://doi.org/10.1002/cbic.201600614
https://doi.org/10.1002/cbic.201600614


J. Utterström, S. Naeimipour, R. Selegård et al. Advanced Drug Delivery Reviews 170 (2021) 26–43
[155] A. Bensalem, David Ternant, Pharmacokinetic variability of therapeutic antibodies
in humans: a comprehensive review of population pharmacokinetic modeling
publications, Clin. Pharmacokinet. 59 (10) (2020) 857–874, https://doi.org/10.
1007/s40262-020-00874-2.

[156] T.T. Hansel, H. Kropshofer, T. Singer, J.A. Mitchell, A.J.T. George, The safety and side
effects of monoclonal antibodies, Nat. Publ. Gr. 9 (2010) https://doi.org/10.1038/
nrd3003.

[157] K.R. Rodgers, R.C. Chou, Therapeutic monoclonal antibodies and derivatives: his-
torical perspectives and future directions, Biotechnol. Adv. 34 (2016) 1149–1158,
https://doi.org/10.1016/j.biotechadv.2016.07.004.

[158] P.J. Bugelski, P.L. Martin, Concordance of preclinical and clinical pharmacology and
toxicology of therapeutic monoclonal antibodies and fusion proteins: cell surface
targets, Br. J. Pharmacol. 166 (2012) 823–846, https://doi.org/10.1111/j.1476-
5381.2011.01811.x.

[159] K.R. Polu, H.B. Lowman, Probody therapeutics for targeting antibodies to diseased
tissue, Expert. Opin. Biol. Ther. (2014) 1049–1053, https://doi.org/10.1517/
14712598.2014.920814.

[160] I.J. Chen, C.H. Chuang, Y.C. Hsieh, Y.C. Lu, W.W. Lin, C.C. Huang, T.C. Cheng, Y.A.
Cheng, K.W. Cheng, Y.T. Wang, F.M. Chen, T.L. Cheng, S.C. Tzou, Selective antibody
activation through protease-activated pro-antibodies that mask binding sites with
inhibitory domains, Sci. Rep. 7 (2017) 1–12, https://doi.org/10.1038/s41598-017-
11886-7.

[161] V.H. Trang, X. Zhang, R.C. Yumul, W. Zeng, I.J. Stone, S.W.Wo, M.M. Dominguez, J.H.
Cochran, J.K. Simmons, M.C. Ryan, R.P. Lyon, P.D. Senter, M.R. Levengood, A coiled-
coil masking domain for selective activation of therapeutic antibodies, Nat.
Biotechnol. 37 (2019) 761–765, https://doi.org/10.1038/s41587-019-0135-x.

[162] R. Pola, R. Laga, K. Ulbrich, I. Sieglová, V. Král, M. Fábry, M. Kabešová, M. Kovář, M.
Pechar, Polymer therapeutics with a coiled coil motif targeted against murine BCL1
leukemia, Biomacromolecules. 14 (2013) 881–889, https://doi.org/10.1021/
bm3019592.
43
[163] M. Pechar, R. Pola, R. Laga, K. Ulbrich, L. Bednárová, B. Bednárová, P. Maloň, I.S.
Sieglová, V. Kraí, M. Fábry, O. Ej Vaně, Coiled coil peptides as universal linkers for
the attachment of recombinant proteins to polymer therapeutics,
Biomacromolecules 12 (10) (2011) 3645–3655, https://doi.org/10.1021/
bm200897b.

[164] M. Pechar, R. Pola, O. Janoušková, I. Sieglová, V. Král, M. Fábry, B. Tomalová, M.
Kovář, Polymer cancerostatics targeted with an antibody fragment bound via a
coiled coil motif: in vivo therapeutic efficacy against murine BCL1 leukemia,
Macromol. Biosci. 18 (2018), 1700173. https://doi.org/10.1002/mabi.201700173.

[165] S.I. Lim, C.I. Lukianov, J.A. Champion, Self-assembled protein nanocarrier for intra-
cellular delivery of antibody, J. Control. Release 249 (2017) 1–10, https://doi.org/
10.1016/j.jconrel.2017.01.007.

[166] N.R. Zaccai, B. Chi, A.R. Thomson, A.L. Boyle, G.J. Bartlett, M. Bruning, N. Linden, R.B.
Sessions, P.J. Booth, R.L. Brady, D.N. Woolfson, A de novo peptide hexamer with a
mutable channel, Nat. Chem. Biol. 7 (2011) 935–941, https://doi.org/10.1038/
nchembio.692.

[167] X. Yu, X. Gou, P.Wu, L. Han, D. Tian, F. Du, Z. Chen, F. Liu, G. Deng, A.T. Chen, C.Ma, J.
Liu, S.M. Hashmi, X. Guo, X.Wang, H. Zhao, X. Liu, X. Zhu, K. Sheth, Q. Chen, L. Fan, J.
Zhou, Activatable protein nanoparticles for targeted delivery of therapeutic pep-
tides, Adv. Mater. 30 (2018), 1705383. https://doi.org/10.1002/adma.201705383.

[168] P.L. Rodriguez, T. Harada, D.A. Christian, D.A. Pantano, R.K. Tsai, D.E. Discher, Min-
imal “self” peptides that inhibit phagocytic clearance and enhance delivery of
nanoparticles, Science 339 (2013) 971–975, https://doi.org/10.1126/science.
1229568.

[169] B. Virometix, (CEVAC) Center of Vaccinology, Ghent, B. (ECSOR Expert Clinical Ser-
vices Organization), Brussels, Phase 1 Study to Evaluate the Safety and Immunoge-
nicity of a Candidate Vaccine Against Respiratory Syncytial Virus, Clin. Identifier
NCT04519073, 2020.

https://doi.org/10.1007/s40262-020-00874-2
https://doi.org/10.1007/s40262-020-00874-2
https://doi.org/10.1038/nrd3003
https://doi.org/10.1038/nrd3003
https://doi.org/10.1016/j.biotechadv.2016.07.004
https://doi.org/10.1111/j.1476-5381.2011.01811.x
https://doi.org/10.1111/j.1476-5381.2011.01811.x
https://doi.org/10.1517/14712598.2014.920814
https://doi.org/10.1517/14712598.2014.920814
https://doi.org/10.1038/s41598-017-11886-7
https://doi.org/10.1038/s41598-017-11886-7
https://doi.org/10.1038/s41587-019-0135-x
https://doi.org/10.1021/bm3019592
https://doi.org/10.1021/bm3019592
https://doi.org/10.1021/bm200897b
https://doi.org/10.1021/bm200897b
https://doi.org/10.1002/mabi.201700173
https://doi.org/10.1016/j.jconrel.2017.01.007
https://doi.org/10.1016/j.jconrel.2017.01.007
https://doi.org/10.1038/nchembio.692
https://doi.org/10.1038/nchembio.692
https://doi.org/10.1002/adma.201705383
https://doi.org/10.1126/science.1229568
https://doi.org/10.1126/science.1229568
http://refhub.elsevier.com/S0169-409X(20)30283-0/rf0845
http://refhub.elsevier.com/S0169-409X(20)30283-0/rf0845
http://refhub.elsevier.com/S0169-409X(20)30283-0/rf0845
http://refhub.elsevier.com/S0169-409X(20)30283-0/rf0845

	Coiled coil-�based therapeutics and drug delivery systems
	1. Introduction
	2. The coiled coil motif
	3. Coiled coils and coiled coil-hybrids for drug delivery and therapeutics
	3.1. Coiled coils in liposome drug delivery systems
	3.2. Lipidated coiled coils for assembly of virus-like particles
	3.3. Coiled coil nanoparticles
	3.4. Coiled coil nanocarriers
	3.5. Coiled coil polymer-hybrids
	3.6. Coiled coil-based hydrogels
	3.7. Coiled coil inorganic nanoparticle hybrids
	3.8. Coiled coils combined with cell penetrating peptides
	3.9. Coiled coils for improved targeting

	4. Conclusions and future perspectives
	Acknowledgements
	References




