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Intracellular delivery strategies using membrane-
interacting peptides and proteins
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Linh D. Mai,+? Sydney C. Wimberley+®® and Julie A. Champion

While the cellular cytosol and organelles contain attractive targets for disease treatments, it remains a
challenge to deliver therapeutic biomacromolecules to these sites. This is due to the selective per-
meability of the plasma and endosomal membranes, especially for large and hydrophilic therapeutic
cargos such as proteins and nucleic acids. In response, many different delivery systems and molecules
have been devised to help therapeutics cross these barriers to reach cytosolic targets. Among them are
peptide and protein-based systems, which have several advantages over other natural and synthetic
materials including their ability to interact with cell membranes. In this review, we will describe recent
advances and current challenges of peptide and protein strategies that leverage cell membrane associ-
ation and modulation to enable cytosolic delivery of biomacromolecule cargo. The approaches covered
here include peptides and proteins derived from or inspired by natural sequences as well as those

rsc.li/nanoscale

1. Introduction

While biomacromolecules, such as proteins and nucleic acids,
have significant potential as intracellular therapeutics, they
require delivery to the cytosol to be effective. As a result, most
biomacromolecule therapeutics require a carrier, due to their
inability to cross the cell membrane directly or be effectively
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designed de novo for delivery function.

internalized by cells. Therapeutics must be transported past
the plasma membrane and, often, endosomal membrane as
well. These membranes comprise amphiphilic phospholipids
containing a negatively charged polar head and a hydrophobic
tail,"”* making them selective to direct translocation of a
limited subset of small and hydrophobic molecules.® If direct
translocation is impossible, cells can internalize macro-
molecules through the energy-dependent processes of endocy-
tosis and receptor-mediated endocytosis." During endocytosis,
the cell membrane forms a vesicle called an endosome, sur-
rounding the material to uptake.*® After the internalization of
the cargo, the endosome begins to acidify due to the proton
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pumps on the endosomal membrane. Due to charge and ion
concentration differences between the cytosol and the endo-
some, osmosis occurs. The increased pressure within the
endosome can cause rupture and delivery of its contents into
the cytosol. However, even if the endosome is damaged, the
release of endosomal contents is not guaranteed. Endosomes
will be trafficked out of the cell or lysosomes containing
enzymes will combine with endosomes and degrade the
contents.””® This is a significant challenge to cytosolic drug
delivery and has spurred the engineering of new generations
of delivery systems.

Different delivery systems have been developed from
various synthetic and natural materials, including polymers,
lipids, and proteins or peptides. Synthetic polymers have
advantages in cost and scale up, but biocompatibility and bio-
degradability can be challenges.'® Lipid nanoparticles have
been approved to deliver different nucleic acids effectively, but
their complex formulations and stability can be limiting."*
Proteins and peptides have advantages as carriers due to their
biocompatibility and ability to be precisely tuned by altering
the amino acid sequence, which dictates structure and func-
tion via hydrophobic, charged, and hydrogen bonding
interactions.>'° Proteins and peptides can be mixed with or
fused to therapeutic cargos or can form nanocarriers that
encapsulate cargos to deliver intracellular therapeutics, includ-
ing small molecules, nucleic acids, and proteins or peptides.®
However, these delivery systems, along with the others listed
above, do not guarantee cytosolic delivery. One way to over-
come this delivery hurdle is by using peptides and proteins
that interact directly with cellular membranes.

Peptides and proteins can interact with membranes in
different ways. Some peptides, particularly those containing
positive and hydrophobic amino acids, can induce direct trans-
location, often in a concentration dependent manner.'>"* The
positive and hydrophobic amino acids interacting with the
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negative amphiphilic cellular membrane cause the peptide to
temporarily or permanently disrupt the plasma membrane,
allowing direct entry into the cytosol. Other peptides and pro-
teins can interact with an amphiphilic membrane similarly,
but require endocytosis to enter the cell before interacting
with the endosomal membrane.'*"* The stiffness of materials
also affects their uptake. In the case of protein delivery
systems, endocytosis increases with increasing stiffness in an
a-lactalbumin nanotube system and phagocytosis/micropino-
cytosis increases with increasing stiffness of lysozyme
microcapsules.'®'” These examples are not membrane-active,
though. Alpha-helices, discussed in section 3.3, do have vari-
ation in stiffness,"® though the effect of their stiffness on
membrane interaction and cytosolic delivery has not been
evaluated.

This review focuses primarily on literature from the last five
years that describes peptides and proteins designed to interact
with plasma or endocytic membranes to promote cytosolic
delivery of biomacromolecule cargos. Many examples are
derived from or inspired by nature, where membrane associ-
ation and disruption proteins are common, especially in
pathogens. Others are the product of de novo design.
Multivalent receptor targeting systems are advantageous for
their ability to increase endocytosis of the carrier to the target
cell type over other cells. However, this review will focus
specifically on membrane-active peptides and proteins, includ-
ing some receptor-specific proteins and others that are not.
Multivalent receptor targeting of drug carriers has been exten-
sively reviewed and we refer the reader to the cited references
to learn more.’®?° Small peptides will be covered first, fol-
lowed by larger proteins.

2. Peptide-based strategies for
intracellular delivery through
membrane association

Peptides are defined as short chains of amino acids that, in
the interest of this review, will be limited to those ~30-amino
acids long or less.’® Due to their size, they are typically simpler
and cheaper to produce using solid state synthesis compared
to a large recombinant protein®® and they do not tend to
greatly increase the size of the carrier-cargo complex. Peptides
are also often less immunogenic, which contributes to their
advantages as therapeutics or as carrier molecules.*” Like pro-
teins, peptides are diverse, and their sequences can be modi-
fied to obtain different chemical properties such as hydropho-
bicity and charge.**** The modulation of these traits is
especially beneficial in facilitating interactions with cell mem-
branes and initiating responses to different biological stimuli
to aid intracellular delivery of chemicals and macro-
molecules.”* Since the discovery of cell penetrating peptide by
Frankel and Pabo in 1988,%° the delivery abilities of peptides
have been widely investigated, resulting in other newly discov-

ered classes of peptides with intracellular delivery

This journal is © The Royal Society of Chemistry 2024
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capacity.>**®*” This section will cover recent advances aimed
at improving existing peptide-based delivery systems, as well as
new peptide strategies created to improve cytosolic delivery
through association with plasma and organelle membranes.

2.1. Advanced cell-penetrating peptide (CPPs)

Cell penetrating peptides, or CPPs, are peptides, often cationic,
that can translocate across the cellular membrane.***’
Because of this ability, they have been extensively studied as a
tool for intracellular delivery of biomacromolecules and other
hard-to-deliver cargos, with thousands of discovered entities in
the CPPSite 2.0 database.?® CPPs are often linked to cargo co-
valently, using techniques such as chemical conjugation or
genetic fusion.>® Some cargos will, in turn, leverage the CPP
mechanism and cross the membrane through direct transloca-
tion and others will be internalized through an energy-depen-
dent endocytic mechanism in which the CPP may help cargo
escape from the endosome.'” Despite promising in vitro deliv-
ery results, CPPs face an array of challenges in vivo.*° For
example, their positive charges subject them to significant
interactions with primarily negatively charged proteins in
serum, resulting in serum instability.*"*> Furthermore, CPPs
without any targeting or specificity features risk association
with other cells before reaching their intended target, leading
to inefficient delivery and undesired off-target toxicity.*'
Additionally, it should be noted that, contrary to popular
belief, CPPs bound to cargo do not often directly translocate
through the membrane to deliver that cargo.**** Especially at
low concentration or with larger biomacromolecule cargos,
CPPs are more likely to enter cells through endocytosis or
macropinocytosis and as the result, end up trapped in the
endosome.®*>” However, more recently, there have been
alternative strategies to address these challenges, which
include different methods of delivery, engineered stimuli
responsiveness and alternative assembly that allow for safer
and more effective CPP-mediated intracellular delivery
(Table 1). This section will focus on these advanced CPP strat-
egies and will not cover simple conjugation of non-specific,
monomeric CPPs to cargo, as there are several other reviews
that fastidiously covered this topic.'>>*>”

Alternative delivery methods for improved CPP efficiency.
One of the simpler ways that help improve CPP delivery
efficiency is by leveraging different modes of delivery. For

Table 1 Summary of advanced CPP engineering approaches covered
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instance, Hackenberger and colleagues found that cytosolic
delivery of CPP-protein cargo complexes was improved by deli-
vering a small amount of excess soluble CPPs (5-15 pM)
accompanying the therapeutics, also known as additive deliv-
ery.*® They demonstrated the efficiency of the additive method
with TNB-R10, a thio-nitro-benzoic-acid-activated polyarginine
CPP that is thiol-reactive with an added electrophilic disulfide.
Additive delivery of the previously poorly delivered NLS-
mCherry-R10 fusion protein, fluorescent mCherry protein with
nuclear localization signal (NLS) conjugated to TNB-R10,
resulted in a 3-fold increase in the number of cells with
nucleolar fluorescent signal in four different cell lines: A549,
MDCK2, SJSA-1 and SKBR3. The authors showed similar
results delivering Cre recombinase intracellularly, confirmed
by a Cre activity reporter assay, and fluorescently labeled anti-
bodies, through co-localization with their cytosolic targets.
Through an extensive set of experiments, this phenomenon
was attributed to nucleation zones formed through covalent
anchoring of excess CPP on the cellular membrane via di-
sulfide bridge formation, as seen in Fig. 1. This membrane
association enabled direct translocation of biomacromolecules
across the membrane, resulting in non-endosomal uptake as
observed at 4 °C and under various endocytosis inhibitors.*®
Surprisingly, the additive approach works better with linear
CPP compared to cyclic, despite the latter being generally
thought to have better internalization capability.>® In a more
recent study, it was found that adding a hydrophobic anchor-
ing motif, ILFF, onto the previously modified R10 increased
and sustained cellular membrane engagement and, therefore,
the translocation effect.”> Nonetheless, the delivery efficiency
of this method in both cases is compromised in media with
more than 10% serum, which might limit its ability to be used
in vivo.

In addition to direct translocation, additive use of CPPs can
also help with endosomal escape in energy-dependent uptake
pathways. Allen et al. designed a dimeric peptide based on
dfTAT (dimeric version of TAT, a CPP derived from human
immunodeficiency virus (HIV) trans-activator of transcription),
d(X)TAT, that can be co-delivered with an enzyme payload,
without the need for pre-complexion or coincubation prior to
injection.*® It was observed that, with this method, d(X)TAT
associates with the membrane of late endosomes to allow the
protein payload to escape and diffuse in the cytosol, where

Category Approach Ref.
Additive use Adding excess linear CPPs for plasma membrane permeation 33
Adding dimerized TAT for endosomal escape 35
Stimuli-responsive pH-responsive helical polypeptide 36
pH low insertion peptide (pHLIP) 37
Fusion peptide with pH-sensitive charge shielding sequence 38
UV-Vis-triggered stapled peptide 41
Alternative assembly and fusion TAT trimeric cluster 44
with functional moieties TAT-based multifunctional chimeric peptide with PAMP 31
Fusion of CPP with mitochondrial-penetrating peptide 48
Fusion with nucleus-transporting peptide for nucleus delivery 31, 33 and 50
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Fig. 1 Hypothesized mechanism of action for additive use of a modified CPP. “Cellular uptake of large biomolecules enabled by cell-surface-reac-
tive cell-penetrating peptide additives.” A. F. L. Schneider, M. Kithil, M. C. Cardoso, M. Lehmann and C. P. R. Hackenberger, Nature Chemistry, 13,

2021 reproduced with permission from SNCSC.38

some cargo reaches the nucleus. In vitro and in vivo data
showed that this delivery method was able to effectively deliver
Cre recombinase intracellularly to neurons and astrocytes in
the central nervous system through stereotactic injection, with
comparable efficiency to the gold standard adeno-associated
viruses (AAV).*® Remarkably, the addition of d(X)TAT did not
change the amount of Cre that entered the cells, but signifi-
cantly increased the amount of protein that reached the
nucleus, as examined through Cre-activated expression of a
reporter gene. Additionally, sequential delivery of Cre and d(X)
TAT also improved cytosolic delivery, albeit to a lesser degree
compared to co-delivery.*® Altogether, the additive approaches
to CPP delivery have the advantage of being quite simple, in
that they do not require complex chemical conjugation or
genetic fusions. Nevertheless, the toxicity of soluble CPPs at
off-target sites needs to be carefully evaluated, especially at the
dose relevant to their end-point application.

Engineered stimuli-responsive CPPs. As described above,
strongly positive charge in CPPs can help with membrane
association, but it also attracts negatively charged serum com-
ponents, which can bind and render CPPs ineffective or
prevent them from arriving at the desired target.*'
Additionally, through interaction with healthy cells, drug-
loaded CPPs can lead to unintended off-target toxicity.>” Using
directed evolution and rational protein engineering, several
strategies have been devised to avoid nonspecific interactions
with systemic components, including the design of a class of
stimuli-responsive, or “stealth CPPs”. When these CPPs are
administered, they remain in an inactivated state until reach-
ing their target, at which point a stimulus, either innate or
externally administered, induces activation through a change
in structure or charge to allow them to associate with phospho-
lipid membrane.

One such system was created by Lee et al., where poly-L-
lysine was engineered to have pH-dependent helical propen-

15468 | Nanoscale, 2024, 16, 15465-15480

sity.*" At physiological pH, the electrostatic attraction between
the side chains compromises the helical structure of the
peptide. At lower pH, such as in tumor environments (~pH 6),
the carboxylate group is protonated and induces rearrange-
ment of the side chains to promote a cationic helical structure,
which increases the membrane interaction ability of these pep-
tides. Through a set of in vitro experiments, the authors found
that the cell penetrating ability of this peptide is inactive at pH
7.4 and cellular uptake is a result of endocytosis. At pH 6, the
peptide increased uptake efficiency two-fold, and demon-
strated direct translocation across cell membrane instead of
endocytosis, as demonstrated by cold incubation and chlorpro-
mazine inhibition studies. They also reported unusual selecti-
vity towards cancer cells compared to normal lung fibroblast,
even at lower pH, though more study is needed to verify and
explain this observation.* Another example of this phenom-
ena is pH low insertion peptide, or pHLIP, derived from a
helical peptide of bacteriorhodopsin. pHLIPs fold in the acidic
tumor environment, directly penetrate the cellular membrane
and deliver their cargo to the cytosol. When covalently bound
to a STING agonist cargo with a self-immolating moiety and
administered  intraperitoneally, = pHLIPs demonstrated
reduction of murine colorectal (CT26) tumor size and develop-
ment of immune memory, which was not seen with the cargo
alone.*

Another system utilizing pH as a stimulus is a multi-com-
ponent carrier engineered by Yang et al. to only expose the
membrane active supercharged polypeptide sequence in a low
pH environment in order to deliver proteins, peptides, small
molecules, and nucleic acid therapeutics in vitro and in vivo.*?
The fusion peptide contains the supercharged polypeptide
(SCP) made “activatable” (ASCP) by a pH-sensitive charge
shielding sequence (CSS). The supercharged polypeptide (SCP)
composed of 40 amino acids, 20 of which are arginine,
increases endocytic uptake and cytosolic delivery of attached

This journal is © The Royal Society of Chemistry 2024
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protein cargo with minimal toxicity.** Due to the positive
charge of the SCP, in vivo use was not explored because of
potential negative off-target effects associated with positive
charge. With addition of the CSS sequence, comprising gluta-
mic acid and histidine, the authors hypothesized that at
neutral pH the negatively charged glutamic acid binds argi-
nine in the SCP and shields it, but at low pH, histidine is pro-
tonated and disrupts the electrostatic interaction between the
CSS and the SCP."*** However, no experiments confirmed the
change of charge under different pH conditions. While the
route of SCP uptake was still endocytosis, the mechanism of
cytosolic delivery was not presented. ASCP delivered cytotoxic
beclin-1 protein to breast cancer cells (MDA-MB-231) in vitro at
pH 6, detected by reduced metabolic activity. In a xenograft
tumor model of MD-MB-231 cells in nude mice, ASCP deli-
vered cytotoxic peptide KLA to tumors and caused a decrease
of tumor volume compared to the peptide delivered with the
non-activable SCP. There was also more accumulation of
ASCP-KLA in the tumor and less accumulation in kidneys and
liver compared to SCP-KLA.

In addition to pH as a stimulus, the abundance of certain
enzymes in specific extracellular environments is also another
attractive trigger for delivery systems. One such class of
enzymes is matrix metalloproteinases (MMPs), which are over
expressed in the extracellular matrix of tumors and wounds. As
MMPs were found to be abundant at the site of traumatic
brain injury due to intracellular calcium imbalance after
impact, Chen et al. created a lipoprotein nanoparticle display-
ing MMP9-activatable CPP that includes a MMP9 substrate
peptide that shields the positively-charged CPP.** At the injury
site, local MMP9 cleaves the peptides and exposes CPPs, allow-
ing for membrane interaction. This system was able to deliver
cyclosporin A (CsA) peptide in vivo, resulting in lesion site
accumulation and intracellular delivery confirmed through
mitochondrial localization and protective effect of delivered
CsA on mitochrondrial function.*> The authors also showed
that this system was able to conserve neuropathological integ-
rity and memory function in injured mice.

While biological stimuli, such as pH or enzymes, are con-
venient for triggering delivery because they are present in the
body, in order to gain more precise control of the delivery,
external stimuli are sometimes preferred.*® Kim and col-
leagues devised an amphipathic peptide with an azobenzene
staple for photo-switching ability through cis—trans isomeriza-
tion.*” Under UV-Vis light, azobenzene reversibly switched
from its trans to cis conformation, stabilizing the alpha helix
structure of the stapled peptide and, thus, enabling cell pene-
trating effect at the desired site of action. The mechanism was
demonstrated in vitro in various cell lines such as HeLa and
HEK-293 at sub-micromolar peptide concentration, where after
5 minutes of exposure to light, cellular uptake of the stapled
peptides was significantly improved compared to the non-
stapled version. However, it was unclear from the confocal
images if the peptides ended up in the cytosol or the endo-
some, raising the need for additional studies to investigate
mechanism of uptake and fate of the peptides. Furthermore,

This journal is © The Royal Society of Chemistry 2024
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UV-triggered uptake was minimal in certain cell lines, like
CHO-K1, so there is a need identify appropriate targets and
usage for this technology. Potential drawbacks of UV delivery
systems, such as phototoxicity or poor tissue penetration,
should be considered to evaluate their application
practicality.*®

While stimuli-responsive CPPs present an elegant solution
for selective delivery and limiting off-target toxicity of the
cargo and delivery system, there is still room for improvement.
For instance, some of these peptides behave differently with
each cell line, which begs the question of the reproducibility
and versatility of these systems. Selectivity and sensitivity of
stimuli responsiveness should also be examined in the pres-
ence of other physiological factors, such as serum or off-target
stimuli, which could be done in more representative in vitro
models or in vivo. Lastly, care must be taken to elucidate the
mechanism and efficiency of these systems for cytosolic deliv-
ery to enable further optimization. For external stimuli, feasi-
bility of treatment should also be considered, such as accessi-
bility of equipment for stimuli application, or duration and fre-
quency of the treatment.

Alternative assembly of CPPs and functional moieties.
Instead of engineering or discovering entirely new CPP
species,”® they can also be rationally designed into fusion
assemblies with themselves or other moieties to achieve
unique features and functions. For instance, Tietz et al. found
that by arranging multiple TAT monomers on a scaffold to
form multimeric clusters, they can significantly improve the
intracellular uptake of TAT and its cytosolic delivery of target-
ing antibodies and antibody fragments in HeLa and CHO
cells. The authors hypothesized that charge-charge interaction
between the cationic CPP trimer and its macromolecule cargos
is crucial to co-locate in the same endosome, allowing for
endosomal escape. By changing the design of the trimer, such
as its synthetic core structure or cyclization, uptake efficiency
and entry mechanism can be modulated.>® For example, by
changing from cyclic to linear TAT peptide, the peptide uses
direct translocation entry mechanism instead of endocytosis,
though the cellular toxicity of the linear CPP trimer was more
prominent.

As previously mentioned, even when CPPs induce cellular
uptake of their cargo, they are often trapped in the endosome
and are unable to escape to the cytosol where the cargo exerts
its function. To circumvent this challenge, multiple moieties
have been conjugated to CPPs to improve escape from the
endosome. Among these is a class of peptides called pH-
dependent membrane active peptides (PMAP), which activate
at the low pH condition in the late endosome and lyse the
endosomal membrane to release cargo to the cytosol.’’* To
further improve this system, Yu et al. introduced a TAT-based
multifunctional chimeric peptide (eTAT) consisting of three
additional modules: a PMAP, a dimeric leucine zipper scaffold
and a proteolytic cleavage site between the CPP-PAMP system
and the cargo.*® They hypothesized that the multimeric
display enabled by dimerization of the leucine zipper will help
with serum stability and improved endocytosis, while the pro-
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teolytic cleavage site will help separate the TAT-PMAP from its
cargo, allowing for better escape. Indeed, the authors sequen-
tially proved the effectiveness of each component and demon-
strated cytosolic protein delivery both in vivo and in vitro.*® In
vitro, they saw 70% retention of fluorescence in the nucleus
when delivering GFP;_;,-NLS in HEK-293T cells in 100% FBS
compared to serum-free control. In vivo, eTAT-phosphatase 1B
was administered to mice intravenously, which completely pre-
vented death from necroptosis induced by tumor necrosis
factor alpha. One drawback to this method, however, is that
there is reported evidence of cytotoxicity of CPP-PMAP
fusions,>** so care must be taken in selecting combinations
of CPP, PMAP and cargo, as well as conjugation strategies for
the drug delivery complex.>*

Once the drug reaches cytosol, intracellular targeting pep-
tides can enable targeted delivery and localization towards a
desired organelle for better therapeutic effect. A difficult target
is mitochondria, which possess a bilayer membrane that thera-
peutics need to cross. To overcome this challenge, Cerrato and
colleagues covalently fused two penetrating peptides:
PepFect14 to help with cytosolic delivery and mtCPP1, a mito-
chondrial-penetrating peptide. They demonstrated that this
fusion peptide was able to form nanoparticles with antisense
oligonucleotides through simple mixing and deliver them to
silence mitochondrial mRNA in HeLa cells.* Another attrac-
tive intracellular target is the nucleus since it contains the
genetic information of the cell.>> One common strategy to gain
nucleus-targeting function for CPP systems is by fusion with a
nuclear localization sequence (NLS), which allows cargo to
leverage nuclear transport to gain direct access to the nucleus,
as has been demonstrated in several papers mentioned in this
review.*®>® Another peptide, NrTP, derived from rattlesnake
toxin, has been genetically fused to a truncated peptide, sC18
with antimicrobial origin, to demonstrate subnuclear localiz-
ation in the nucleolus of HeLa and MCF7 cell lines.>®

Overall, there have been many innovative approaches to
tackle the challenges in using CPPs as effective intracellular
delivery carriers. That said, there are still questions that
remain unanswered. For instance, serum proteins significantly
influence the performance of engineered peptides in some
studies, without inclusion of ideas for resolution.
Furthermore, the relative lack of in vivo studies raises the ques-
tion of how translatable these technologies are to be used as
therapeutics in complex biological systems. Lastly, it is still
unclear as to how some peptides associate with the membrane
to promote cytosolic delivery, which is crucial knowledge for
future improvement of these systems.

2.2. Peptide coacervates

Liquid-liquid phase separation (LLPS) is a multi-step supra-
molecule formation process driven simultaneously by entropy
and enthalpy, where a homogenous mixture is separated into
two liquid phases with different compositions.”’>° Often
leveraged in the natural formation process of membrane-less
organelles, this mechanism is also utilized in peptide solu-
tions to form highly concentrated peptide coacervates or
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droplets.®®® These peptide droplets are liquid-like and enable
rapid recruitment of small and macromolecules to be loaded
into the droplet during phase separation.®” Remarkably, while
it is commonly held that nano-sized dimensions are required
for molecules to cross the cellular membrane, it was found
that micron-sized LLPS peptide droplets were able to cross the
cellular membrane in an energy-independent fashion, making
them a promising intracellular delivery vessel.*® One challenge
with this method, however, is that once in the cytosol, the dro-
plets may remain in an organelle-like state for up to 7 days
without releasing their cargo.®® To circumvent this, Sun et al.
included a redox-sensitive self-immolative moiety to a droplet-
forming, histidine-rich peptide from squid beak.** In the
cytosol, the presence of glutathione triggered reduction and
disassembly of the droplet (Fig. 2). Through experiments with
endocytosis inhibitors, the coacervate was shown to bypass
energy-dependent uptake pathways and efficiently deliver a
range of functional biomolecules, including proteins, small
peptides and mRNAs, intracellularly to liver cancer cells
(HEPG2) in vitro. Delivery was hypothesized to be the result of
cholesterol-dependent lipid rafting due to the liquid-like state
of the droplets.®*®> Importantly, this complexion method can
protect more unstable cargos, such as mRNA, from premature
degradation by RNAses.

In another LLPS delivery study, Futaki et al. created a liquid
droplet by attaching a Fc-binding domain on the trimeric
version of a lytic peptide, L17E, to enable complexation of IgG.
However, they found that the liquid droplets were only formed
when IgG is labeled with negatively charged dyes, such as
AF488.°° These droplets were able to effectively deliver 1gG
intracellularly to 60% of treated HeLa cells, proposed to be
cytosolic by the diffuse, non-punctate, signal of the fluorescent
dyes. Experiments with HeLa cells with labeled actin showed
rapid actin alterations at the cellular membrane, followed by
rapid increase in cellular fluorescent signal of labeled IgG
inside. This observation led to the hypothesized mechanism of
action for this delivery system, in which, upon contact with cel-
lular membrane, L17E quickly induced actin polymerization
and membrane ruffling, leading to transient perturbation of
the cellular membrane, allowing for rapid direct influx of IgG
into the cytosol.

These recent developments and positive results of LLPS
peptide coacervates suggest the diversity and feasibility of
using these droplets as intracellular delivery platforms, whose
potential should be further explored.®” For instance, other fea-
tures could be added to these LLPS coacervates for better intra-
cellular delivery, as they have been previously engineered for
extracellular delivery. This includes adding stimuli-responsive
moieties into peptide droplets for selective release of cargo,
such as in the case of magnetic-responsive peptide coacervates
designed by Lim et al.,*® or attaching targeting ligands that
enables site specific delivery.®*

2.3. Selective lytic peptides for improved endosomal escape

Often derived from pathogenic bacteria, viruses and venomous
animals, lytic peptides are able to target and destabilize cellu-

This journal is © The Royal Society of Chemistry 2024
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lar membranes. Compared to CPPs in the previous section,
these peptides are more likely to lyse and damage phospholi-
pid plasma membranes, which might compromise cellular via-
bility.®® However, they are also considered to be more efficient
at enabling endosomal escape compared to other membrane-
associating peptides, such as CPPs, through complete lysis of
endosomal membranes.®® This section will discuss recent
efforts in engineering lytic peptides to harness their potential
for intracellular delivery, while mitigating their toxicity to cells.

One approach to help mask the Iytic activity of these pep-
tides until they reach the endosome is through amphiphilicity
reduction, to reduce association with the plasma membrane.”®
Akishiba et al. substituted leucine with glutamic acid on the
hydrophobic region of the amphiphilic spider venom lytic
peptide, M-lycotoxin (L17E), which reduced plasma-membrane
perturbation activity and cytotoxicity 30-fold (ECso = 40 uM).*°
They then demonstrated that the lytic function is active in the
endosome, allowing cytosolic delivery of functional proteins
and antibodies in HeLa cells in the presence of serum. This
phenomenon was hypothesized to be the result of stronger
association of net-positively charged L17E with more negatively
charged endosomal membrane, compared to plasma mem-
brane, which is composed of more neutral lipid (Fig. 3).°
Interestingly, this charge difference seems to be the main
driving force for the selective lytic activity of this peptide, as
protonation of Glu in acidic conditions does not significantly
affect the perturbation degree, as often seen otherwise in other
peptide-based endosomal escape strategies.”"’> Similarly,
Chen et al. demonstrated that modulating selectivity of mem-
brane perturbation could also be achieved through iterative
balancing of hydrophobicity between the two termini of an
engineered lytic peptide, KL1, that was derived from the apop-
totic peptide KLA.”*”*7* Through this process, LP6, a moder-
ately hydrophobic variant of KL1 was identified to have

This journal is © The Royal Society of Chemistry 2024

efficient delivery and reduced toxicity (ECso = 31.1 pM). Once
in contact with anionic lipids, such as those in endosomal
membranes, LP6 switched to a defined alpha-helix confor-
mation.”* This alpha helix conformation provides stronger
membrane association with the endosomal membrane, com-
pared to its non-helical state when arriving at the plasma
membrane.”*”> It was demonstrated that LP6 delivered poly-
saccharide (dextran) and protein (saporin, IgG) cargos intra-
cellularly to the cytosol, through clathrin-dependent endocyto-
sis and subsequent LP6-faciliated endosomolysis.

To further improve delivery efficiency of lytic peptides,
especially for bigger cargoes such as antibodies, different
assembly configurations of lytic peptides have been designed.
For instance, multimeric assemblies of attenuated lytic pep-
tides were found to enhance cytosolic delivery of macro-
molecules, such as in the case of L17E/Q21E homodimer.”®””
L17E/Q21E is a less hydrophobic and cytotoxic, though less
effective, variant of L17E that was dimerized using a disulfide
bridge at the N-terminal. Dimeric L17E/Q21E was able to
better deliver functional anti-nuclear pore complex (NPC) anti-
bodies in HeLa cells, compared to using 8X higher dose of
monomeric L17E.”” Another approach to alter lytic peptide
assembly for better intracellular delivery is through fusion
with other functional peptides to grant them additional fea-
tures. One such attempt attached a macropinocytosis-inducing
peptide (SN21) to a highly toxic membrane-lytic peptide,
LK15.”® This assembly configuration facilitated macropinocy-
tosis in HeLa cells by triggering dynamic actin reorganization
at the cellular membrane and subsequent release of functional
antibody cargo from macropinosomes, and also reduced the
cytotoxicity of LK15.

Altogether, lytic peptides have been demonstrated to
possess promising intracellular delivery capabilities. However,
the feasibility of their application for therapeutics could only
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be realized once their lytic activity and thus, toxicity, be
thoroughly evaluated and controlled. Notably, safety concerns
still remain after attenuation of the lytic activity, since dimeric
assembly of the attenuated L17E is still highly toxic.”” Thus,
any attempt, either in using a new lytic peptide or in engineer-
ing attenuated lytic peptides must address cytotoxicity or
potential immunogenicity when tested in vivo.”®

3. Membrane interacting proteins for
cytosolic delivery of therapeutic cargo

Protein sequence and structural diversity can be leveraged to
solve specific delivery challenges.®*”®! This section will focus
on proteins engineered to deliver therapeutics to the cytosol.
Proteins are larger than peptides and display secondary and
tertiary structures that dictate their specific functions. They are
typically produced recombinantly in bacterial or eukaryotic
cells, depending on the origin of the protein and the need for
post-translational modifications. Both whole proteins and

15472 | Nanoscale, 2024, 16, 15465-15480

selected domains of proteins, frequently derived from those
found in nature, have been used to deliver cytosolically active
drugs.

3.1 Bacterial toxins

Some bacterial toxins can access the host cytosol, primarily for
infection. Use of these for delivery has focused on AB bacterial
toxins, named for their toxic enzymatic A-domain and a
B-domain with membrane penetrating ability.*> AB toxins are
endocytosed via receptor-mediated endocytosis and are unique
because they traffic directly to the Golgi and avoid degradation
in the late endosome. After the toxins are transported to the
Golgi, they are trafficked to the endoplasmic reticulum, then
directly into the cytoplasm.®® Current research is focused on
utilizing the B-domains of these toxic proteins to aid in the
delivery of drugs. To use these proteins, AB toxins are recombi-
nantly truncated to only the B-domain or point mutations are
made to the active site of the A-domain to diminish toxicity.
Then, the modified proteins are conjugated to drug carriers or
fusion proteins to deliver the drug of interest.

This journal is © The Royal Society of Chemistry 2024
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Cholera toxin B (CtxB) can aid in delivering proteins and
other attached molecules to the cytosol while avoiding entrap-
ment in the endo-lysosomal system. Once bound to ganglio-
side GM1 on the surface of neural cells, CtxB gains entry via
receptor-mediated endocytosis.®* Jia et al. used the B-subunit
from Cholera toxin to deliver GFP and toxic protein apoptin as
a proof of concept for intracellular and cytosolic delivery,
respectively.®> GFP and CTxB cannot be expressed as fusion
proteins due to the requirement for different purification
methods to yield and maintain functionality. To address this
problem, authors utilized the intein subunits of Cfa on the
termini of the respective proteins to conjugate post-translation.
As seen in Fig. 4, intein CfaN is fused to the C-terminus of
CTxB, and intein CfaC was attached to the N-terminus of GFP
or apoptin. When proteins with CfaN and CfaC subunits were
mixed in a 1:1 ratio, the intein excises itself and the proteins
GFP or saponin are linked to CTxB via peptide bonds. GFP
delivered with CtxB via intein splicing induced higher uptake
in vitro in mouse glioblastoma cells (Neuro2A), compared to
soluble GFP in media with and without serum. Researchers
also deleted a key cysteine from CfaC fused to GFP and
showed there is still uptake in Neruo2A cells, indicating there
may be a noncovalent interaction between CfaN and CfaC.
Lower cell viability was reported when human and mouse glio-
blastoma cells (U87, and Neuro2A, respectively) were treated
with the CTxB intein spliced apoptin, a toxic protein, com-
pared to soluble apoptin indicating functional cytosolic deliv-
ery. Toxicity did not occur when CTxB intein spliced GFP was
delivered. Lower cell viability and uptake were not observed in
HepG2 (human liver cancer line) or HeLa (human cervical
cancer line) cells, confirming the specificity of CTxB.*’
Another bacterial toxin specific to GM1 is the Escherichia coli
heat-labile enterotoxin (LT).%° Its B-domain is a pentamer con-
taining a protease cleavage site. Liu et al. formed a self-assem-
bling pentameric protein delivery vehicle, LEB5, a self-releas-
ing protein carrier capable of trafficking via the trans-Golgi
network. LEB5 comprises 5 repeating subunits of the LT

CxB ClaN + ChaC POI

CbB CeN + Cuc POI ﬂ
%
CN ClC + CB POI cac POl

Extracellular

7 W

1
J \\_4/,: > w ﬁ Intracellular
Fig. 4 Cholera toxin subunit B attached to protein of interest (POI) via
intein splicing or non-covalent interactions. Reprinted with permission
from Jia, X. F., et al. "Highly efficient method for intracellular delivery of
proteins mediated by cholera toxin-induced protein internalization.”
Molecular Pharmaceutics, 18(11): 4067-4078. Copyright 2021 American
Chemical Society.®®
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B-domain attached to GFP as a model cargo protein. A loop
portion of the LT protein was included to provide proteolytic
cleavage sites, allowing for the release of GFP once in the
cytosol via cytosolic proteases. This study found that proteins
transported via the LEB5 carrier were transported to the Golgi
apparatus in vitro using A549 (human alveolar epithelial cells).
Also, there was no significant change in cellular viability
associated with this carrier. However, no evidence was given as
to whether this carrier finally results in cytosolic delivery.
Another bacterial toxin that promotes intracellular delivery
is the Shiga toxin B-subunit (STxB). This protein is endo-
cytosed via receptor-mediated endocytosis by glycosphingoli-
pid globotriaosylceramide (Gb3), commonly found on many
cancer cell surfaces.”’” Gb3-mediated endocytosis allows STxB
to be trafficked to the cytosol via the trans-Golgi network to
avoid endosomal entrapment. Hadjerci et al. identified and
replaced residues on STxB to incorporate a non-natural amino
acid, allowing the conjugation of synthetic hydrophobic moi-
eties to increase cytosolic delivery in vitro without affecting the
key binding site of the protein.®® Also, a biotin-based reporter
moiety was conjugated to STxB to interact with a modified
Hela (Gb3 positive) cell line to prove cytosolic delivery.®’
Incorporating a hydrophobic moiety increased cytosolic deliv-
ery in HeLa cells while maintaining specificity for Gb3. Similar
results were reported by Danielewicz et al. for a modified STxB
toxin in which an anti-neoplastic cancer drug was conjugated
to STxB by incorporating an azide via an unnatural amino
acid.”® The protein conjugate showed specificity for highly
Gb3-expressing HT-29 cells in vitro and no significant delivery
to a low Gb3-expressing colon cancer cell line (LS-174), when
evaluated via a cytotoxicity assay. Overall, STxB protein drug
carriers open an opportunity for a Gb3-targeted protein deliv-
ery system with efficient delivery to the cytosol via the trans-
Golgi network, though in vivo efficacy remains to be assessed.
Both diphtheria toxin (DT) and botulinum toxin (BoNT)
have been used as carriers for large Cas proteins. Tian et al.
created a fusion protein comprised of the receptor binding
domain of DT (DTR) and BoNT/X components.”® BoNT/X is a
homolog of BoNT that does not induce residual toxicity due to
modification of its A domain.’> The fusion protein used to
deliver the Cas13a protein is called Cas13a-XLCHy-DTR. To
reduce the toxicity of the BoONT/X point mutations were added
to the light chain of BoNT/X, called BoNT/X-LC (XLCHy in the
fusion protein). The translocation domain of BoNT/X under-
goes conformational changes in the acidic late endosome,
allowing it to transverse the endosomal membrane with the
therapeutic protein still attached. The mechanism of this
process is still unknown.”' Cas13a delivered by the fusion
protein demonstrated function by degrading mRNA associated
with GFP fluorescence in GFP producing HeLa cells in vitro. A
limitation of this system is that it cannot deliver ribonucleo-
protein (RNP) complex comprising Cas9 protein and single-
guide RNA, meaning the guiding crRNA needs to be delivered
separately, via lentivirus in this case. The targeting ability of
the fusion protein, Cas13a-XLCHy-DTR, is due to DTR speci-
ficity to heparin-binding epidermal growth factor precursor,
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which is commonly found on the surface of many cell types
including lung, muscle, heart, and brain.”"** This system com-
bines the targeting ability of one protein (DT) and membrane
disruption ability of another (BoNT). However, there are some
efficacy concerns with respect to this system, since many
people are vaccinated against diphtheria.

3.2 Viral proteins

Just as bacterial pathogens have evolved proteins to aid in
intracellular entry, so have viruses. Hemagglutinin (HA) is a tri-
meric protein on the surface of influenza viruses that exhibits
significant sequence diversity to evade host immune
responses.”® HA facilitates intracellular entry of influenza via
binding to the terminal sialic acid residue of cell surface glyco-
proteins and endocytosis. After endocytosis, a change in pH
alters the conformation of HA, which then initiates the HA ter-
minus to engage with the vesicle membrane, causing fusion
between the viral and endosomal membranes. This fusion
event can force viral contents to be released into the cytosol.
Park et al. used virus-mimicking cell membrane-coated
nanoparticles to deliver messenger RNA (mRNA).”> They
employed an engineered cellular membrane displaying HA
subtype 7 (HA7) as the outer layer of the nanoparticle, with a
poly(lactic-co-glycolic acid) (PGLA) core containing mRNA
cargo and lipid-like G0-C14 to help with loading, as seen in
Fig. 5. HA7 on the nanoparticle surface was reported to be a
driver of membrane fusion. A lysosomal dye was used to deter-
mine a decrease in colocalization between the HA7 coated

mRNA

PLGA

Assembly

4
HA-mRNA-NP *

Target cell

Fig. 5 Fabrication of HA coated nanoparticles comprised of an engin-
eered cellular membrane encasing a PGLA core containing cationic GO-
C14 and mRNA (top). The process in which HA associates with sialic acid
on glycoproteins on cells and fuses with the endosomal membrane in
mammalian cells (bottom). Used with permission of John Wiley & Sons-
Books from Virus-mimicking cell membrane-coated nanoparticles for
cytosolic delivery of mRNA, J. H. Park et al, volume 6, issue 2, 2022;
permission conveyed through Copyright Clearance Center, Inc.%®
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nanoparticles and lysosomes, indicating less endosomal
entrapment of the nanoparticles. HA7-coated nanoparticles
delivered more mRNA coding for GFP than uncoated nano-
particles to murine melanoma cells (B16F10) in vitro, with
increased fluorescence indicating cytosolic delivery of mRNA.
HA7 coated nanoparticles containing luciferase coding mRNA
were delivered in vivo to CD-1 mice via intranasal and intrave-
nous routes. Increased luminescence in the nasal cavity and
serum were evidence of successful delivery and mRNA trans-
lation by intranasal and intravenous routes, respectively.

HA can also be fused directly to cargo for intracellular deliv-
ery by recombinant or chemical conjugation, like the bacterial
toxins. HA is a trimeric protein and each monomer contains
glycoprotein subunits HA1 and HA2. The HA2 domain con-
tains the region that associates with membranes.”® More
specifically, the N-terminus of the HA2 domain is pH sensitive
and is has been proven to interact with lipid membranes at
low pH (pH ~ 5) due to a change in its conformation.®” Tang
et al. conjugated the HA2 N-terminus peptide to a DNA
origami carrier via click chemistry to deliver sgRNA/Cas9 com-
plexes to edit the tumor-associated gene PLK1 causing death
of MCF7 tumor cells in vitro and in vivo.”® A DNA aptamer
specific for glycoprotein Mucin 1, abundant in breast cancer
cells, was used as a targeting motif. HA decreased colocaliza-
tion of the DNA complexes with lysosomes in MCF7 cells as
compared to the carrier without HA, though statistical analysis
was lacking. In a mouse tumor model, tail vein injection of the
HA-modified DNA complexes showed an increase in gene
editing within the tumor cells compared to the sgRNA/Cas9
complex alone. However, there was no comparison to DNA
complex without HA.

Many other viruses, besides influenza, have membrane
interactive proteins. While the bulk of SARS-CoV-2 research
has focused on disease treatment and prevention, Zheng et al.
were the first to examine if SARS-CoV-2 non-structural protein
2 (NSP2) could be used as a drug delivery tool.”” NSP2 is a
secretory protein associated with multiple coronaviruses and
membrane translocation activity; however, the mechanism is
unknown.'®® When NSP2 was genetically fused to a cytosoli-
cally active toxic protein cargo Birkholderia Lethal Factor 1
(BLF1) and delivered to Huh7 cells, it caused significantly
more cell death than soluble BLF1, proving cytosolic delivery.
NSP2 genetically fused to GFP was also delivered with no sig-
nificant toxicity. Because these experiments were performed in
serum-free media, it is not clear if NSP2 fusions will exhibit
effective delivery in complex, protein-rich environments more
representative of in vivo conditions. A limitation of the
described viral delivery systems is the potential for an immune
response or neutralization by existing antibodies, depending
on the protein selected. HA is an antigen that elicits strong
antibody responses from infection or vaccination, but signifi-
cant NSP2 titers have not been detected in SARS-CoV-2
infected patients, and most COVID-19 vaccines do not include
this antigen.'®*™'% Unlike bacterial toxins, many viral proteins
must be expressed in eukaryotic cells for proper folding or gly-
cosylation, which could challenge cost-effective scale-up.

This journal is © The Royal Society of Chemistry 2024
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3.3 Coiled coils and other alpha-helical structures

Coiled coils are characterized by two or more a-helices wound
together in a super-helix.'"® Coiled coils comprise seven
repeating subunits that create a knob-and-hole structure with
alternating hydrophobic and charged residues in a parallel or
anti-parallel orientation. Coiled coils have been shown to
associate and, in some cases, fuse with membranes.'®*"1%
They have been used in diverse applications, including
forming self-assembled materials for drug delivery.'**

Our lab has used hexameric coiled coils (Hex) to deliver
fused cargo in vitro. When Hex was affinity bound to IgG or
recombinantly fused to GFP, it induced higher endocytic
uptake and cytosolic localization of cargo in SKBr3 and HeLa
cells."®”'% While Hex did not interact with the plasma mem-
brane, it did induce greater endosomal disruption events and
this effect was enhanced when the cargo location was moved
to one end of the coiled coil to make Hex more solvent
exposed.'®® There was also a benefit of 6x-histidine tags, used
for purification of Hex, on endosomal disruption. While the
mechanism of Hex intracellular delivery was not clear, a gluta-
mic acid-rich weakly dimeric leucine zipper coiled-coil fused
to GFP did not induce delivery, suggesting the number of
helices in the coiled coil does impact delivery.

Li et al fused cationic arginine-rich alpha helix K5 to
promote the delivery of Cas9 ribonuclease protein.'®® The K5
alpha helix forms a coiled coil with glutamic acid-rich E5,
though in this work K5 was used alone and the membrane
activity is due to the alternating positive charge and hydro-
phobic residues that also drive coiled coil formation.''®*!!
Mediated by K5 interaction with cell membranes, the fusion
protein Cas9-K5 increased cytosolic delivery of Cas9 and tem-
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plate to HEK293 cells in vitro in reduced serum media, proven
by using a DNA template to delete the stop codon before
TdTomato that results in TdTomato expression (Cre-dependent
system).'*® Also, in an Ai9 mouse model, researchers delivered
Cas9-K5 with DNA coding for the Cre-dependent tdTomato
expression via stereotaxic injection. Researchers reported that
tdTomato protein was expressed in the hippocampus and stria-
tum of treated mice. No data was presented on Cas9 delivery
without K5, so it is difficult to determine the specific effect of
K5 on intracellular brain delivery.

Dimeric coiled coils can also make drug carriers that are
more analogous to nanoparticles. Takahashi et al. employed
anti-parallel heterodimeric coiled coils to fuse to a portion of
the hydrophobic protein oleosin to create a bilayer drug
carrier.''? As seen in Fig. 6, the bilayer nanocapsule is formed
by a water-in-oil emulsion and can hold cargo such as the cyto-
toxic protein, RNAse. Thioredoxin A (Trx) was added to
increase the hydrophobicity of the protein, and the Fc domain
binding protein Streptococcal protein G (ProG) was added to
enable targeting antibody attachment to the capsules.
Cetuximab-coated capsules delivered RNAse to the cytosol of
human fibroblasts (NHDF) in vitro. The release of RNAse in
the cytosol is thought to be a result of first the degradation of
the capsule driven by the low pH environment of the late endo-
some and then the coiled-coil associating with the endosomal
membrane. Both theories are supported via a decrease in ellip-
ticity of circular dichroism at lower pH, and a rhodamine
quenching experiment performed on liposomes at pH 7.4 and
pH 5.5. To evaluate alpha-helix interactions with cellular mem-
branes, synthetic phospholipid liposomes containing self-
quenching rhodamine dye are often used to model the cellular
membrane.'**'"* When the membrane is perturbed by a drug
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Fig. 6 Combination of oleosin protein (Ole), thioredoxin (Trx) and coiled coils (NZ and CZ) facilitate the self-assembly of cargo-loaded nanocap-
sules. Used with permission of Royal Society of Chemistry, from Delivery of external proteins into the cytoplasm using protein capsules modified
with IgG on the surface, created from the amphiphilic two helix-bundle protein OLE-ZIP, K. Takahashi et al., volume 60, issue 8, 2024; permission
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Table 2 Summary of membrane-interacting peptide and protein based approaches for intracellular delivery presented in this review

Delivery

approach Advantages Disadvantages Potential applications

Additive usage  Ease of use Potential toxicity due to added soluble Target that is immediately accessible from the

of CPPs CPPs; serum interference site of drug administration; intratumoral drug
delivery

Stimuli- Specificity and limit off-target ~ Stimuli might not be specific to target Toxic cargos with targets that provide specific

responsive toxicity and distinct stimuli

CPPs

Functional Added functional features for Some assemblies demonstrate increased ~ Therapeutic cargos with specific intracellular

assembly of
CPPs

LLPS peptide
coacervates

Lytic peptides

Bacterial toxins

Viral proteins

Coiled coils

targeting or gaining entry to
intracellular organelles
Micron-sized drug depot

Potent, high membrane lytic
activity

Targeting ability, access to
alternative endosome
trafficking paths

Direct interaction with
membrane, variety of means to
disrupt the membrane

toxicity

Might need modification of drug cargo
for coacervate formation; coacervate
might not release drug upon cellular
entry

Cellular membrane lysis and cytotoxicity

Limitations on cell types due to necessity
of specific surface receptor

May require expression in eukaryotic
host; potential for neutralization by
antibodies from prior vaccination/
infection

Not all coiled coils are membrane active

targets

Cargos with suitable properties for forming
coacervate through LLPS, which could be
identified through prediction tools or LLPS
database®"

Larger cargos that might need endosomal
membrane lysis to escape

Specific targeting for various cancers, and
delivery of protein and nucleic acid cargo

General use to deliver proteins and nucleic acid
cargo

Variety of coiled coils able to
interact with membranes, pH
responsive

carrier, it will release the dye, increasing the fluorescence.
Typically, this experiment is carried out at different pH values
to simulate the lowering of endosomal pH and verify the con-
formational change of membrane active pH-sensitive alpha-
helices. Overall, coiled coils can deliver drugs to the cytosol
with varying degrees and have been applied in a number of
different formats. In all cases, pH appears to play some role in
membrane perturbation activity of these proteins.

4. Conclusions and outlook

The cytosol and organelles of mammalian cells are attractive
targets for the delivery of molecules, both for fundamental
studies and therapeutic purposes. However, since knowledge
of the factors that influence the degree of uptake and fate of
the cargos once they enter cells is still limited, it remains a
challenge to ensure that these molecules can reach their intra-
cellular targets.'’® Arguably, the biggest challenge in intra-
cellular delivery is the bilayer phospholipid membrane that
surrounds the cell and endosomes. These membranes prevent
passive diffusion of most macromolecules, stopping them
from entering the cell or escaping the endosome to reach the
cytosol.'™ To circumvent these barriers, biomacromolecular
cargoes are often delivered by materials or molecules that can
modulate the membranes in ways that allow their cargo to
pass. Among these systems, proteins and peptides have the
advantages of relatively compact size, good biocompatibility
and being easily modifiable, enabling fusion or conjugation
with macromolecular cargos or other materials like polysac-
charides and lipids for added functions.***1¢117

15476 | Nanoscale, 2024, 16, 15465-15480

General use to deliver proteins and nucleic acid
cargo

This review paper summarized recent advances in using
proteins and peptides to improve intracellular delivery of
therapeutics through membrane interaction (Table 2). We
noted the ever-expanding library of newly discovered protein
and peptide entities with some degree of membrane associ-
ation or disruption abilities. The proteins and peptides
reported were derived from diverse sources, from spiders to
microorganisms, then improved through directed evolution or
rational design. We also covered recent efforts spent on advan-
cing and finding different ways to utilize the currently available
proteins and peptides. The efficacy of these systems was
improved by employing different modes of delivery or rational
assembly configurations. Specificity and enhanced safety were
achieved through engineered stimuli-responsiveness, as well
as attenuation of off-target activities. Aided with increasingly
better fundamental understanding of the membrane associ-
ation processes utilized by these macromolecules,® we expect
that future efforts in improving these systems will be more
focused on fine-tuning these molecules in order to harness
their unique characteristics for more efficient and precise
intracellular delivery.

One major challenge in the field is how to reliably, easily
and quantitatively measure and differentiate between cellular
uptake and actual cytosolic delivery. Flow cytometry data with
fluorescent-tagged cargos is not sufficient, since one cannot
differentiate between the molecules entrapped in endosomes
or the plasma membrane, from those that functionally deli-
vered to the cytosol. Confocal microscopy provides spatial
information, where diffuse signal within the cell boundary is
interpreted as cytosolic delivery, and punctate are associated
with endosomal entrapment. However, when both punctate

This journal is © The Royal Society of Chemistry 2024
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and diffuse signal are present, it is quite difficult to evaluate
the effectiveness of the delivery given the difference in inten-
sity of the two features. Moreover, it has been observed that
even mild fixation can allow membrane-associated peptides to
artifactually get into the cytosol."*® Microscopy is frequently
used qualitatively, not quantitatively, and thus, moderate
improvements are not often captured. Another approach is to
use lysosome specific dyes and track co-localization of cargo
and lysosomes. However, there can be a large effect of imaging
settings like oversaturation or slide thickness on correlation
calculation, leading to post-processing bias, and the absence
of co-localization does not prove cytosolic location - it only
proves the cargo is not in the lysosomes."*® Even more convin-
cing methods to assess cytosolic delivery, such as delivering
functional proteins such as split GFP or split luciferase, or
antibodies with cytosolic targets and measuring the output of
the cargo function, still have drawbacks.'**'*! These methods
are indirect, heavily relying on downstream processes and reac-
tions to happen properly for accurate interpretation of the
data. A more recent analytical method that allows direct
measurement of cytosolic concentration of delivered cargos is
fluorescent correlation spectroscopy (FCS). This method cap-
tures fluctuations in fluorescent intensity of single molecule
and uses them to identify its cellular location and concen-
tration."** Although FCS is direct and quantitative of the mole-
cule of interest, it is quite complicated and might not be suit-
able for high-throughput experiments or available to all
researchers. Thus, the need remains for better, easier and
faster assays to analyze and quantify cytosolic delivery.

Prior to uptake, it is also important to characterize the
initial steps of membrane interaction and binding. Adhesion
of peptides and proteins primarily depends on their amino
composition, which dictates charge, hydrophobicity, and struc-
ture, though the process of adhesion is not fully under-
stood.'®® Experiments to gain insight into the initial steps of
membrane adhesion between peptides or proteins and mem-
branes were established mainly using CPPs and viral peptides.
Methods include circular dichroism, Fourier transform infra-
red spectroscopy, and nuclear magnetic resonance to show the
structural changes between peptides/proteins and cell or
model membranes throughout binding and membrane
interaction.'**"** To identify disruption or fusion with cellular
membranes, synthetic phospholipid liposomes containing
self-quenching dye are wused to model the cellular
membrane.'"'"* Similarly, hemolysis of red blood cells incu-
bated with peptides/proteins can be used as a measure of
membrane interaction since the cells are not endocytic.'** The
methods presented, while extensive, can be limited by equip-
ment and a broad area of expertise needed to perform a com-
plete analysis of adhesion and membrane perturbation.
Further, these methods do not reveal if or which specific mem-
brane proteins are involved in binding events.

Another limitation in the field is the lack of in vivo experi-
ments in the majority of studies mentioned. In some cases,
experiments are done strictly in serum-free media, which is
not reflective of the complex environments that these peptides

This journal is © The Royal Society of Chemistry 2024
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would be used. Eventually, it may be revealed that promising
candidates in vitro are poor delivery carriers in animal models
and, ultimately, humans. Studies from the lipid nanoparticle
delivery field have identified the lack of correlation between
in vitro and in vivo results,"*®'*” which could similarly exist for
protein and peptide delivery systems. Additionally, many
studies that utilized animal or bacterial-derived proteins and
peptides lack toxicity and immunogenicity evaluation, which is
crucial in assessing the feasibility of their therapeutic appli-
cation and can only be reliably evaluated in vivo. Therefore,
going forward, future studies with delivery peptide and pro-
teins should be tested in conditions that best mimic the
in vivo environment and interrogate in vivo function as much
as possible, to identify the most translatable candidates.
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