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Genome editing technologies have been key to unlocking new bioengineering strategies as they enable
the modification of mammalian cells’ genes in a fully user-programmed mode. Despite major advance-
ments, the development of proficient systems for a safer and more efficient delivery of gene editing
machineries into all classes of mammalian cells is still challenging. In this context, new generations of
lipid—polymer hybrid nanoparticles are rapidly emerging as potentially valuable alternatives to upgrade
mainstream gene delivery toolboxes. Building on this, herein we showcase the most recent advances in
designing hybrid nanocarriers for the delivery of genome editing components. Major polymer and lipid
features harnessed for optimal CRISPR/Cas9-based gene editing, along with tissue- and cell-targeting
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strategies are specifically highlighted. Alongside this, key technologies for the formulation of lipid—
polymer conjugates are showcased. Such hybrid vehicles, along with the existing chemical toolsets are
envisioned to unlock progressively more proficient nonviral platforms for maximizing genome editing
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1. Introduction

Currently available genome editing toolboxes can be leveraged
to manipulate the human genome in a permanent mode, ush-
ering a new dawn in biomedical sciences.'™ Despite the
promise of relevant tools, including zinc fingers (ZFNs) and
transcription activator-like effector nucleases (TALENS), their
multiple drawbacks paved the way for the discovery of the clus-
tered regularly interspaced short palindromic repeat (CRISPR)
system.>*° CRISPR-based editors have marked a transforma-
tive breakthrough in the gene editing field, leveraging two
main components: a nuclease, such as Cas9, which generates
double-stranded breaks (DSBs) in the target DNA locus,
directed by a single guide RNA (sgRNA), complementary to the
target sequence.>*''""7 Such DSBs activate native DNA repair
mechanisms, either leading to the knock-in (i.e., insertion), or
the knockout (ie., disruption) of a gene of interest.”
Challenges such as off-target effects and genomic cytotoxicity
have prompted the advancement of next-generation CRISPR
tools.*'® In this line, Base Editors (i.e., adenine and cytosine
base editors) enable precise base conversions (C-to-T or A-to-
G), without introducing DSBs, leveraging a catalytically inactive
or a nickase Cas9 nuclease.” To further achieve even more feas-
ible and safer gene editing interventions, Prime Editors were
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efficacy, especially in the most challenging primary cells or tissues.

developed. This tool enables small insertions, deletions
and all 12 possible base-to-base conversions, extending the
promise to reverse genetic diseases.'® Alongside this, CRISPR
interference (CRISPRi) and activation (CRISPRa) have
expanded the toolset for gene expression regulation at the tran-
scriptional level and epigenome editing, by fusion with tran-
scriptional repressors or activators, respectively.> Such techno-
logies have been extensively harnessed for a myriad of appli-
cations, including for the treatment of genetic diseases,*"®
improvement of cell-based therapeutics,> in vitro disease
modelling,""* synthetic biology,"*'**® drug development,’
molecular sensing® or cellular imaging.'® Importantly, the
world‘s first approved CRISPR-based ex vivo cell therapy - for
sickle cell disease and beta thalassemia - in 2023 - represents
an unprecedented milestone in the field.>°

The promise of editing machineries is, however, highly
dependent on the efficacy and safety of the nanosized delivery
systems designed for their transport, protection, and release at
the target site where they can exert their effect, especially for
in vivo settings."®*'">* Notably, contrary to the delivery of clas-
sical gene therapies, e.g., with small interfering RNA (siRNA),
messenger RNA (mRNA), or antisense oligonucleotides (ASOs),
gene editing tools generally have larger cargo sizes that require
optimization for an effective packaging into the delivery
system and that potentially impact adequate cytosolic traffick-
ing to the nucleus.”’***® Moreover, different delivery chal-
lenges arise depending on the chosen gene editing format.®
For instance, the large size of the plasmid DNA (pDNA) encod-
ing Cas9 and sgRNA may hinder the encapsulation efficiency,
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while requiring entry to the nucleus for transcription and
translation.”” On the other hand, Cas9 mRNA and sgRNA
formats have a shorter half-life and reduced off-target effects,
solely requiring to be delivered into the cytoplasm.>® Finally,
the Cas9/sgRNA ribonucleoprotein (RNP) format significantly
enhances the editing efficiency and specificity, with a rapid
action.”” Nevertheless, the potential immunogenicity and large
size of Cas9, along with the denaturation risk during formu-
lation of delivery systems can limit the delivery of RNPs.”®
Going forward, although viral vectors, i.e., adenoviruses, retro-
viruses, and adeno-associated viruses, are clinically relevant
gene delivery platforms, shortcomings such as adverse
immune responses, off-target effects, and limited payload
capacity are still to be fully addressed.>"***”*® Hence, alterna-
tive nonviral nanosized delivery systems have attracted much
attention in the field, such as polymeric, lipid, silica, and gold
nanoparticles (NPs).>'7'%?2:2829 guch nanocarriers must profi-
ciently traverse multiple extracellular and intracellular physio-
logical barriers to reach the target cells, being required to
possess specific features, including: (i) robust stability in the
bloodstream,*** (ii) effective cellular internalization,*"*” and
(iif) endo/lysosomal escape ability for intracellular release of
the genetic payload, which is then required to translocate into
the nucleus for genome editing.>"*”*° Moreover, strategies
such as surface functionalization, fine-tuning of the physico-
chemical features of NPs (e.g., size, surface charge, shape), and
stimuli-responsiveness have been widely explored to augment
the delivery specificity for lower off-target gene editing
repercussions.'®?*?'*3 From all systems, lipid nanoparticles
(LNPs) currently represent the most clinically established
class, given their relatively low immunogenicity and high
release of the editing machinery in the intracellular
milieu.’”*****! Notably, the FDA approval of a siRNA lipid
gene therapy (Patisiran™) in 2018 and two mRNA COVID-19
lipid vaccines (BNT162b/COMIRNATY® from Pfizer-BioNTech
and mRNA-1273/SPIKEVAX® from Moderna™), in 2021 and
2022, has prompted major developments. In fact, clinical trials
with the first CRISPR-based medicine (NTLA-2001), that is to
be systemically administered leveraging lipid carriers, are cur-
rently ongoing."”*®**™* On the other hand, polymeric nano-
particles have been widely explored for gene therapy, given
their exquisite tunability, reproducibility and relatively high
transfection capabilities.'”?"*>*">1 Nonetheless, several para-
meters have hindered their preclinical advancement, particu-
larly the trade-offs between a highly efficient gene transfection
associated with a higher cytotoxic profile and immunogenicity
concerns.*®*”>>74 In particular, such challenges hinder the
translational potential of nonviral-based gene-edited hard-to-
transfect cells, such as primary, immune, and stem cells to
address clinical needs.>>*® Seeking an alternative to standa-
lone systems, lipid-polymer hybrid nanoparticles (LPHNSs)
have recently emerged as a novel class of delivery platforms,
combining the most valuable features of both lipids and poly-
mers, with the aim to ultimately display an enhanced cargo
encapsulation, biological stability, transfection efficacy, and
biocompatibility.>*:>*>7761
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In the last decade, such hybrid multifaceted carriers have
been mainly leveraged for the delivery of hydrophobic drugs,
cancer therapies and biomedical imaging.’**”*® Focusing on
the gene delivery domain, LPHNs have been widely explored as
platforms for transporting and delivering transient nucleic
acid therapeutics (e.g., siRNA, mRNA), including in a recently
developed COVID-19 mRNA vaccine candidate
(SW0123).**%>7* Considering their unique capabilities, inno-
vative LPHNs have also begun to be explored for the delivery of
gene editing machineries, with specific formulations showing
highly promising therapeutical outcomes.”>””®

Gathering this potential, herein we aim to review emerging
lipid-polymer hybrid nanosystems for the delivery of CRISPR/
Cas9-based genome editing components to address the current
challenges faced by standalone polymer- and lipid-based
vehicles. Major polymer and lipid design blueprints and their
influence on the transport efficiency, cellular uptake, intracellu-
lar cargo release, biocompatibility and overall gene editing per-
formance are discussed in light of recent advancements.
Moreover, major targeting moieties exploited for cell- and
organ-specific delivery, including surface-attached targeting
ligands and spatiotemporal stimuli-responsiveness, are also
highlighted in an attempt to open discussion on their relevance
in enhancing the specificity of such carriers. As lipid-polymer
hybrid systems are still in their infancy, major challenges and
potential future directions are critically addressed aiming at
fueling discussion and bringing novel insights to expand the
potential of such nanovehicles. Hopefully, future developments
on these hybrid systems will pave the way for a new generation
of nonviral gene editing platforms with increased efficacy, safety
and rapid translation to a clinical setting.

2. Lipid—polymer hybrids: design
blueprints

The design of emerging lipid—-polymer hybrids for gene editing
mainly leverages the strategic combination of lipid and poly-
meric materials that are conventionally explored as standalone
components of nanoparticles. To date, a broad scope of poly-
meric and lipid components has been harnessed to augment:
(i) biocompatibility, (ii) biological stability, (iii) genetic payload
encapsulation and protection, (iv) transport and targeting
specificity, (v) cellular uptake, and (vi) intracellular trafficking
(e.g., endo/lysosomal escape) into the cytoplasmatic milieu or
nuclear compartment. Considering the diversity of such tool-
sets, the major polymer and lipid building blocks that have
been exploited to date so as to achieve optimal gene editing
via CRISPR/Cas9 machinery are discussed in the following sec-
tions, along with major approaches for targeted delivery into
the desired tissues or cells (Fig. 1).

2.1. Polymer components for optimal CRISPR genome
editing

Avast toolset of synthetic and natural polymeric materials has
been explored in the gene editing avenue to date. Additionally,
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Fig. 1 Schematic illustration of major design blueprints harnessed for design of lipid and polymer-based nanoparticles for gene editing. Major gene
editing tools include CRISPR, base editing, prime editing, along with CRISPRa and CRISPRi for epigenome editing.>*>*87° Polymer components har-
nessed in delivery systems: (i) backbone: linear and branched PEI (poly(ethylenimine)),2%8* PEG-b-PLGA (poly(ethylene glycol)-block-poly(lactide-
co-glycolide)),®*82 polylysine,®38% PBAE (poly(beta-amino ester)),8485 PAMAM (poly(amidoamine)),25®” chitosan,®® protamine sulfate;®°~>! pendant
groups: imidazole,®>°* boronic acid,®®°* adamantane,®°>°¢ cyclodextrin.8”°>%7 Lipid components:28394298:99 cationic lipids DOTAP (1,2-dioleoyl-
3-trimethylammonium-propane), BHEM-Chol (N,N-bis(2-hydroxyethyl)-N-methyl-N-(2-cholesteryloxycarbonyl aminoethyl) ammonium bromide);
neutral lipids DSPC (1,2-distearoyl-sn-glycero-3-phosphocholine), and DOPE (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine); ionizable lipids
ALC-0315 ((4-hydroxybutyl)azanediyl)bis(hexane-6,1-diyl)bis(2-hexyldecanoate), SM-102 (heptadecan-9-yl 8-((2-hydroxyethyl)(6-oxo-6-(undecy-
loxy)hexyl)amino) octanoate); non-fouling components DSPE-PEG (1,2-distearoyl-sn-glycero-3-phosphoethanolamine-poly(ethylene glycol)) lipids,
and DSPE-PEOz (1,2-distearoyl-sn-glycero-3-phosphoethanolamine-poly(2-ethyl-2-oxazoline))  lipids;  cholesterol;  biomimetic  cell
membranes.'°°1°2 Major moieties harnessed to enhance the specificity of gene editing delivery systems: (i) active targeting approaches with target-
ing ligands, including aptamers,®>°° antibodies,'31%* N-acetylgalactosamine,°> hyaluronic acid,°%%7 phenylboronic acid,®® iRGD peptide,’®1°®
biotin,’°® and biomimetic cell membranes;'°° (i) passive approaches relying on the fine-tuning of the nanoparticle composition and surface
charge, 1% SORT lipids,'*2*® and protein-corona mechanisms.2*33112 Major moieties explored for smart vehicles include pH-,%3* enzyme-, 115116
redox-,*® light-,"*®1° and ultrasound*?°-stimuli strategies. Created with Biorender.com.
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new moieties can be further incorporated in the backbone of
polymers for augmenting their performance, specifically either
to enhance genetic cargo encapsulation (e.g., RNPs versus
plasmid/mRNA format), biodegradability, intracellular cargo
release, and overall gene editing efficiency.?"*”*%*%*° geveral
aspects can influence the overall performance of polymer com-
ponents, such as charge density, chemical and topological
structure, molecular weight, degree of polymerization, and the
presence of different functional groups. The fine-tuning of
such properties is crucial to maximize the applicability of poly-
meric building blocks, with extensive efforts being put into
finding a fine balance between cell-selective features, an
enhanced gene transfection efficiency and a low cytotoxicity
profile.®® Moreover, the selection criteria for harnessing such
polymeric components in hybrid designs may include factors
such as the: (i) type of gene editing cargo, (ii) cyto/biocompat-
ibility and (iii) overall genome editing performance.

2.1.1. Synthetic polymers. The generation of gene delivery
systems has historically resorted to positively charged poly-
mers to constitute polyplexes, by complexing anionic payloads
such as gene editing elements, via electrostatic interactions.
Polyethyleneimine (PEI) is one of the most investigated syn-
thetic cationic polymers in the overall gene delivery field, given
its high charge density caused by the protonation of amine
groups at physiological pH. These enable a strong electrostatic
complexation with negatively charged nucleic acids and the
subsequent formation of polyplexes.*®*7:63:80,81,115,121,122
Moreover, upon intracellular delivery, inside acidic endo/lyso-
somes, PEI also acts as a “proton sponge”, in which: (i) its
amino groups absorb protons naturally present in the endo/
lysosomes, (ii) leading to an increased influx of chloride ions
and water that promotes high osmotic pressures and swelling,
(iif) ultimately triggering the rupture of the endosomal mem-
brane for intracellular cargo release, and making this polymer
highly attractive.?”#963123:124 1t jg important to highlight that
the topology of PEIs has major biological influences.
Specifically, branched PEIs contain a higher positive charge
density, leading to a higher toxicity, compared with linear
PEIs; however, the former results in superior nucleic acid
binding and buffering capabilities.*® Moreover, although PEI
with lower molecular weights (<2 kDa) generally possess lower
gene transfection efficiencies, these are usually preferred,
owing to their lower cytotoxicity.*>®* Other interesting cationic
polymers have been harnessed, including biocompatible poly
(amino acid)s and polypeptides, such as the FDA-approved
poly(i-lysine)*>®****> "and helical poly(y-4-((2-(piperidin-1-yl)
ethyl)Jamino-methyl)benzyl-i-glutamate) (PPABLG), respect-
ively, which can also act as cell-membrane-penetrating agents
for enhanced cellular internalization."*® It is relevant to
emphasize that the field has moved toward the inclusion of
additional moieties in the polymer backbone, for instance
through labile chemical linkages, e.g., ester, amide, carbonate,
as well as glycolide, or thiols, that can potentiate their activity
and/or lower cytotoxicity.””*® Such biocompatibility issues
with PEI have also prompted wider research on alternative bio-
degradable and biocompatible amine-bearing polyesters, such
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as poly(p-amino esters) (PBAEs), and poly(amine-co-ester)
(PACE).42'1Z7

Owing to their cationic nature, PBAEs have been widely har-
nessed to formulate gene editing polyplexes, bearing amine
groups and degradable ester bonds.®*#>'?$7130 Thege are
widely known for their facile synthesis, commonly via Michael
Addition polymerization by reacting amine monomers with
diacrylates, enabling researchers to generate combinatorial
libraries of PBAEs for structure-activity relationship
experiments.*”"*" Interestingly, such polycation has been
widely explored in lipid—polymer conjugates for mRNA
delivery.®*'3*7'3* Moreover, hyperbranched PBAEs have shown
an excellent performance for cargo complexation and endo-
somal escape, owing to their superior amine content.'®>'3®
Also, combinatorial screening of thio-ester hyperbranched
PBAEs revealed that the incorporation of thiols dramatically
increased the utility of the lead candidate P76 polymer for the
delivery of CRISPR-based therapies.®* Nonetheless, as Michael
Addition polymerizations may lead to a wide polydispersity,
e.g., due to elongation of reaction times, the clinical appli-
cation of PBAEs can be compromised; thus, the implemen-
tation of more controllable methodologies could be
beneficial.'?”

Other systems based on positively charged dendrimers,
such as polyamidoamine (PAMAM), and poly( propylene imine)
(PPI) constitute well-defined synthetic polymeric materials
with low polydispersity and high uniformity, given their syn-
thesis in a stepwise manner with iterative generation of
branching structures.?>*%8¢:87:138139 1 particular, PAMAM
dendrimers have been shown to form highly stable polyplexes
through electrostatic interactions between their primary
amines and negatively charged nucleic acids. Moreover, the
tertiary amines of PAMAM additionally aid in the endosomal
escape step.®>®® Higher generations of dendrimers show an
enhanced gene transfection efficiency, yet at the expense of
higher cytotoxic profiles due to the excess cationic charges
given the higher density of amine groups.*’

Finally, despite not possessing cationic amine groups, the
polyester poly(lactic-co-glycolic acid) (PLGA) is widely used in
the drug delivery field, being one of the few polymers currently
approved by the for human administration by the Food and
Drug Administration (FDA), given its biodegradability via
hydrolysable ester linkages, structural integrity, biocompatibil-
ity, and ease of functionalization.*®>*81:14%141 Nonetheless, in
the gene delivery space, its hydrophobic nature and the sub-
sequent inefficient encapsulation of the hydrophilic nucleic
acids have hindered its application to formulate standalone
PLGA polymeric nanoparticles.”> Conversely, in LPHNs, the
combination of PLGA, or the block copolymer poly(ethylene
glycol)-block-poly(lactide-co-glycolide) (PEG-b-PLGA) with lipid
moieties can promote highly efficient encapsulation, while
ensuring more rigid, biocompatible and biodegradable cores,
all of which are highly attractive characteristics for the trans-
lation of gene editing delivery systems.?®>%6381:82:142
addition, other amphiphilic copolymers have been harnessed
for the delivery of CRISPR payloads, including the biocompati-
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ble, FDA-approved, Pluronic F127, which aids in promoting
stable DNA/polycation complexes.'**4*

2.1.2. Natural polymers. In contrast to synthetic polymeric-
based nanocarriers, natural polymers, such as protamine, chit-
osan, hyaluronic acid, and p-cyclodextrins, possess intrinsic
biodegradable and biocompatible features, potentially
enabling the design of safer carriers.>®””°"'*> For instance,
the FDA-approved arginine-rich polypeptide protamine and its
derivative protamine sulfate (PS) have been widely explored for
gene-based vaccines. Such compounds are known to improve
the condensation of DNA plasmids and enhance lipid-
mediated gene transfers.*®%%°%1% Notably, protamine has a
spontaneous ability to interact with the nucleic acid-phos-
phate backbone, by electrostatic interactions, hydrogen bonds
or van der Waals forces.'>!*® Moreover, it increases the
nuclei-targeted transport of the payload, owing to its inherent
nuclear localization sequences (NLS).'** Protamine has been
used in many preclinical and clinical studies for the delivery of
mRNA vaccines in different animal models.*® Another widely
known semi-natural cationic polymer is chitosan, which
derives from the deacetylation of naturally ocurring chitin,
having been gaining wide attention in the gene delivery
field."® This polymer has been shown to be less cytotoxic
than the widely available commercial transfection reagent
Lipofectamine™ 2000 (Lip02000).*® Furthermore, the FDA-
approved - GRAS status - alginate is an unbranched, non-
repeating polysaccharide copolymer that consists of p-p-man-
nuronic acid and o-r-guluronic acid, being well-known in the
drug delivery field.>*'** Despite not possessing cationic
charges, and not being widely explored for gene delivery, its
biodegradable and biocompatible profile, along with its stabi-
lizing effects and gel-forming capabilities, can promote the
development of innovative nanogel-based LPHNs.>*'%
Nevertheless, natural polymers may have a lower transfection
efficiency, along with low specificity toward target cells.*”

2.1.3. Additional polymeric moieties for optimal genome
editing. Focusing more closely on polymer chemistry and
additional functionalization approaches, in addition to
ammonium-based cationic moieties for nucleic acid conden-
sation, imidazolium, guanidium, phosphonium, and degrad-
able sulfonium moieties can further aid in nucleic acid
binding.>”*” Moreover, the additional inclusion of hydro-
phobic moieties (e.g., linear/cyclic alkyl, cholesteryl, aryl, or
aromatic groups) can further promote highly packaged poly-
plexes and optimize the transfection efficiency via hydro-
phobic-hydrophobic interactions with nucleic acids.*”"*® Also,
by decreasing the overall charge density, such moieties can
help minimize polymer cytotoxicity and destabilization.>***
For instance, a lipophilic and hydrophobic fluorinated PEI,
or polylysine’”” have been shown to promote significantly
more stable complexes with CRISPR payloads, promoting
endosomal escape and augmented transfection efficiencies.
Nevertheless, the optimal content of hydrophobic moieties
should be carefully analyzed, as the aqueous solubility of poly-
mers and colloidal stability must be ensured.”” Moreover, as
overly stable polyplexes can hinder the intracellular cargo

121
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release step, “release-systems” can be designed, for instance
with aromatic salicylamide-grafted PEI, which upon entry in
acidic endosomes can go from an insoluble to a soluble state,
ensuring an efficient release of the cargo.®*'*®

In addition, phenylboronic acid (PBA) can be harnessed as
a pendant group to enhance the complexation of nucleic acids,
via hydrophobic interactions, having been widely conjugated
with low molecular weight PEL”>*® In essence, these contain
boronate groups with high specificity for the vicinal diols
groups found in nucleic acids, thus maximizing the polyplex
stability."*® Also, PBA moieties have been reported to enhance
endosomal escape, by destabilizing the endosome via hydro-
phobic interactions, and subsequently binding to cytoplasmic
adenosine triphosphate (ATP), thus triggering plasmid
unpackaging in the cytosol.”*

Moreover, adding to electrostatic-based polyplexes, alterna-
tive supramolecular chemistries can be explored, namely host-
guest chemistries, which have attracted wide attention in drug
delivery.*””’® In particular, the biocompatible cyclic oligosac-
charides cyclodextrins (CDs) are widely popular host molecules
that possess cavities that tightly encapsulate guest molecules,
such as Adamantane (Ad), via noncovalent interactions,
showing promise in PEI- and PAMAM-based CD-Ad complexes
for gene editing.*”"%79>9%138:150 Notably, such chemistry highly
contributes to more stable polyplexes.”>°® Moreover, as CD can
reduce the charge density, PEI-p-cyclodextrin has been shown
to be less cytotoxic, while also mimicking the desirable high
transfection efficacy of high-molecular-weight PEL*°”

2.1.4. Polymeric components for challenging CRISPR ribo-
nucleoproteins. Finally, although cationic polymers can
robustly condense negatively charged nucleic acids (e.g,
plasmid/mRNA) into polyplexes, ensuring an optimal encapsu-
lation of CRISPR/Cas9 ribonucleoproteins (RNPs) may require
additional polymer redesigns.'”° Notably, although RNPs
acquire an overall negative charge net, due to the polyanionic
single guide RNAs (sgRNAs), the heterogeneously charged
nature of proteins can pose challenges, generally possessing:
(i) cationic amines, imidazoles and guanidiniums, and (ii)
anionic carboxylate groups.'”*”"*® For instance, a customizable
nanocapsule containing a fine-tuned mixture of cationic and
anionic monomers (1:1) could efficiently deliver RNPs,
emphasizing how advantageous polymeric tunability can be,
compared with lipid-based systems.*® Moreover, carboxylated
hyperbranched PBAEs promote hydrogen bonding and hydro-
phobic interplays that enhance polymer-protein interactions,
maximizing transfection efficiency.®® Also, anionic polymers
such as glutamic acid,"®" and poly(propylacrylic acid)
(PPAA)"? can stabilize RNPs and potentiate endosome escape
of Cas9 nucleases. Moreover, amine-terminated PAMAMSs func-
tionalized with PBA pendant groups have achieved unpre-
cedented endosomal escape and cytosolic delivery of CRISPR
RNPs, in which PBA could bind with the cationic moieties
present in Cas9, via cation-n and nitrogen-boronate inter-
actions.® Also, guanidinated and fluorinated polymers, either
independently or in combination, can promote an enhanced
adherence of Cas9, by establishing strong hydrogen bonds and

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d4py00298a

Published on 02 August 2024. Downloaded on 4/9/2026 7:03:50 PM.

Polymer Chemistry

salt bridges between their amides and oxyanions, forming
stable nanocomplexes, and promoting fusion with endosome
membranes, respectively.”>®® Leveraging the above discussed
moieties, universal polymeric-based nanoplatforms have been
rationally designed to efficiently condense and deliver all the
different formats of CRISPR.?>°>°® In addition, amphiphilic
peptide-based materials have been explored for cellular uptake
of RNPs, which interact mainly via non-covalent ionic inter-
actions with the cargo.”®™” For generating these materials,
solid-phase peptide synthesis is highly valuable as it enables
the generation of sequence-defined structures with suitable
chemical precision and versatility, such as fluorinated amphi-
philic xenopeptides that have shown potent cell internalization
of RNPs and endosomal escape.'>® Moreover, peptides com-
prising both cell-penetrating and endosomal leakage domains
have been designed to further improve delivery of RNPs in
hard-to-transfect human cells.**®

2.2. Lipid component features for optimal CRISPR genome
editing
In recent years, lipid components have been broadly scruti-
nized towards the optimization of gene editing delivery
systems with an ideal biocompatibility and performance,
bringing a new horizon to lipid-polymer hybrid nanocarriers.
In this way, a diverse cocktail of amphiphilic lipid molecules
has been used, generally containing three domains, e.g., a
polar head group, hydrophobic tail, and a linker between the
two domains.* In essence, permanently or ionizable cationic
lipids, neutral helper lipids, and cholesterol, along with lipids
conjugated with non-fouling components can be
explored.28’46‘53’98

Permanently positively charged cationic lipids, such as 1,2-
dioleoyl-3-trimethylammonium-propane (DOTAP) and 1,2-di-O-
octadecenyl-3-trimethylammonium propane (DOTMA), possess
a strong cationic quaternary ammonium group.® Such cationic
lipids mainly promote: (i) the complexation of anionic genetic
payloads, via electrostatic interactions, forming lipoplexes, and
(ii) an enhanced cellular uptake, by electrostatically interacting
with the negatively charged cell membranes.>”*®%%138 Also,
the cationic N,N-bis(2-hydroxyethyl)-N-methyl-N-(2-cholestery-
loxycarbonyl aminoethyl) ammonium bromide (BHEM-Chol)
was derived from introducing hydroxyl groups to 3p-[N-(N',N"-
dimethylaminoethane)-carbamoyl]cholesterol (DC-Chol) to
improve fusion with cellular membranes.*® Moreover, DOTAP
has been shown to increase repulsion between LPHNS, avoid-
ing nanoparticle aggregation, thus enhancing colloidal
stability.3%°%6%98:110 Nevertheless, these can lead to an unde-
sired cytotoxicity, e.g., by interacting with negatively charged
serum proteins and cell membranes, showing a limited appli-
cability for in vivo settings, thus prompting extensive research
on ionizable cationic lipids.?*?*293%% Generally, bearing ter-
tiary amine headgroups with a pK, below the physiological pH
7.0, ionizable lipids: (i) are positively charged at acidic con-
ditions, complexing with gene editing payloads, (ii) become
neutral during NP transport in the blood circulation, maintain-
ing physiological stability, and finally (iii) within acidic endo-
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somes, ionizable lipids re-protonate and significantly favor the
endosomal escape for intracellular cargo release, by aiding in
the transition from a planar bilayer structure in endosomal
membranes to a more hexagonal-like structure, thus triggering
membrane disruption.>*??°%14% Also, these have been shown
to play key roles as adjuvants for the tolerability and low
immunogenicity of LNPs.”>'®® Clinically relevant ionizable
lipids leverage (62,92,287,31Z)-heptatriaconta-6,9,28,31-
tetraen-19-yl 4-(dimethylamino) butanoate (DLin-MC3-DMA;
MC3), heptadecan-9-yl 8-((2-hydroxyethyl)(6-oxo-6-(undecyloxy)
hexyl)amino) octanoate (Lipid H (SM-102)), and ((4-hydroxybu-
tyl)azanediyl)bis(hexane-6,1-diyl)bis(2-hexyldecanoate)
(ALC-0315), included in the FDA-approved Onpattro siRNA
drug, and mRNA-1273 and BNT162b COVID-19 vaccines,
respectively.’®*%*>% In contrast to MC3, biodegradable
SM-102 and ALC-0315 leverage hydrolysable ester motifs, sub-
sequently showing superior in vivo delivery efficiency and
pharmacokinetics.*>'®" These have been included in gene
editing nanoplatforms, with a myriad of novel ionizable lipids
or lipidoids designed so far, including cKK-E12,""'%* Lp-01,*
TCL053,'®° 8-014B,'®* BAMEA-O16B,'"” 5A2-SC8,%” FTT5,'®
and RCB-4-8.'® Notably, research has comprehensively
focused on combinatorial libraries of ionizable lipids generally
by high-throughput Michael Addition reactions to draw corre-
lations between their chemical structure and activity, as amine
headgroups, the length/number and unsaturation of hydro-
phobic lipid tails and the linkers between these two domains
highly influence the final performance.'®"'%*1¢>71%% gor
instance, unsaturated and multi-tail ionizable lipids have been
correlated with an enhanced endosomal escape.”® Moreover,
biodegradable moieties, namely ester, carbonate, or disulfide
bonds (see section 2.3.3) are degradable in intracellular
environments, which is advantageous for minimizing NP tox-
icity and accelerating intracellular release of the gene editing
machinery,?8:39:99117:167:169 = Algq  jonizable polymer-lipids,
leveraging cationic polymers, such as the lipomer 7C1, have
been used for the delivery of siRNA and gene editing machi-
neries in various tissues, including in non-human primates,
with negligible toxicity.'”*'”® Moreover, dendrimer ionizable
lipids possessing highly branched tails have also been
explored.”®'7*

To further enhance the stability of lipid formulations for
both long-term storage and in vivo circulation, the incorpor-
ation of non-cationic charged lipid moieties is also beneficial,
namely with phospholipid-based zwitterionic helper lipids,
e.g., phosphatidylcholines and phosphatidylethanolamines.>”*%'7>
As reported in stand-alone LNPs, the degree of phospholipid
carbon tail unsaturation and amine head group greatly influ-
enced their performance."®® For instance, the fusogenic 1,2-
dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) contains
two unsaturated tails with a conical shape, which promote the
adoption of an inverted hexagonal structure at acidic endo-
somes, destabilizing endosomal membranes and aiding in the
endosomal escape step.’9 1 138168:169,176:177 o - the other
hand, neutral lipids with cylindrical-shaped tails, such as 1,2-
dioleoyl-sn-glycero-3-phosphocholine (DOPC), promote highly
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stable lipid bilayers, significantly stabilizing the structure of
nanoparticles, similarly to 1,2-dioctadecanoyl-sn-glycero-3-
phosphocholine (DSPC) used in the two lipid COVID-19 mRNA
vaccines.’®® Alternatively, the natural adjuvant lecithin can be
harnessed, as it is essentially a mixture of phosphatidyl-
cholines, phosphatidylethanolamines, and phosphatidylser-
ines, endowing the lipid shell with biocompatible neutral and
negative charges."’® Zwitterionic amino lipids (ZALs) have also
been developed to expand the toolset of available lipid com-
ponents, combining the properties of zwitterionic and cationic
lipids by incorporating a zwitterionic sulfobetaine head group
and an amine-rich linker region.'”® Moreover, in comparison
with the extensively studied cationic ionizable lipids, neutral
lipids have not received such attention, as these are not chemi-
cally tunable and contain an irreversible zwitterion.'”> In this
way, recently emerging multi-tailed ionizable phospholipids
(iPhos) have been designed by integrating the advantages of
ionizable amines with the fusogenic behaviour of phospholi-
pids, ultimately synergistically maximizing the endosomal
escape step for augmented gene editing.'”>

Going further, the naturally occurring cholesterol is widely
harnessed in lipid carries, as its hydrophobic moieties
promote a high colloidal stability and mechanical
rigidity.?®*%9%1%8 Simultaneously, these aid in the membrane
fusion process for efficient cellular uptake and dramatically
reduce the amount of potential surface-bound proteins.*>%*5°
In addition, although less explored, optimization of the chole-
sterol structure has been explored as an alternative approach
for augmenting delivery or the endosomal escape step, e.g.,
with phytosterols (C-24 alkyl cholesterol analogues).'®

Moreover, as the systemic delivery of nanocarriers can be
particularly challenging owing to the risk of opsonization and
rapid clearance in biological fluids, a crucial design step in
LPHNS is to ensure a stealth coating to minimize interactions
with serum proteins.”””** As lipid moieties are generally
designed to be situated in the outermost part of LPHNs, and
subsequently in more contact with the biological environment,
these can be strategically conjugated with stabilizing non-
fouling materials such as the hydrophilic polymer poly(ethyl-
ene glycol) (PEG).>>*%*%47:181 By forming hydrogen bonds with
serum water, PEG-lipids (e.g.,, C18 or C14 lipids-PEG, cera-
mide-PEG*") create a hydrated shell around the nanoparticle,
reducing interactions with biological components and
prolonging circulation time for a more efficient gene
delivery.***” Looking more closely, PEG moieties are usually
conjugated with hydrophobic lipid anchors, such as
phosphatidylethanolamines.”®***%%  The properties of
PEGylated lipids can be controlled by tuning both the molar
ratio and the length of both the PEG chain and the lipid tail.
Notably, intermediately lengthened PEG chains, such as those
with a molecular weight of 2000 Da, are more widely used, as
these provide a good compromise between an increased half-
life in the bloodstream and an efficient gene delivery.'>®
Moreover, longer fatty acid chains, such as 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine (DSPE, C18), promote tightly
packed and stable hydrophobic PEGylated layers for efficient
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inhibition of unwanted protein adsorption compared with C14
lipids, e.g., dimyristoyl-glycerol (DMG, C14)."*® Nevertheless,
denser PEGylated layers can somewhat hinder the endosomal
escape or the nanoparticle cellular uptake, for instance, by
interfering in the endogenous targeting that may depend on
the interaction with specific plasma proteins or receptors on
the cell surface, a paradox known as the “PEG dilemma”."*® In
addition to such non-fouling behavior, PEG molecules play a
key role as colloidal stabilizers by providing steric repulsive
forces that minimize particle aggregation during formulation
and storage.”®'*® This also helps to ensure stable nanoparticle
suspensions with a controlled particle size.*®"'>® Despite such
advantages, PEG moieties can be slightly immunogenic, stimu-
lating the development of anti-PEG antibodies and inducing
the rapid clearance of nanoparticles - the accelerated blood
clearance phenomenon - after multiple administrations of
PEGylated NPs.'*® Hence, alternative non-fouling components
such as poly(2-ethyl-2-oxazoline) (PEOz)-lipid hybrids have
been explored, being similarly able to promote negligible inter-
actions with plasma proteins, and potentially showing higher
hemocompatibility and less cytotoxicity than PEG-lipid
carriers.”>'®> Poly(sarcosine) (PSar) has additionally been
shown to promote longer in vivo circulation of lipid nano-
particles compared with the PEG coating, constituting an
interesting alternative to the more conventionally used
PEGylated carriers.'8%184

Finally, biomimetic cell membrane coating technologies
have emerged as novel strategies to camouflage polymeric
nanoparticles owing to the superior properties of such natural
lipid-rich structures, e.g. red blood cell membranes, cancer cell
membranes, or bacterial vesicles.?"*°%192:18% guch structures
bring multiple advantages, including inherently circumventing
immunogenicity issues and in vivo immune clearance due to
the presence of antigen retention.>*°"'%°

2.3. Targeting features for optimal CRISPR genome editing

Upon systemic delivery of nanosized carriers, these generally
have the tendency to accumulate in the liver, spleen, or lung
tissues, which can hinder the selective delivery of gene editing
apparatus for in vivo treatment of various diseases.>” Moreover,
the challenging extracellular barriers that carriers need to tra-
verse to reach the target cell may reduce the gene editing
efficiency. Markedly, the translation of gene editing platforms
requires the optimization of vehicles towards on-target sites to
maximize the efficiency of such tools, while minimizing any
unintended off-target gene editing effects in the wrong cells or
organs, which can for instance induce harmful mutational out-
comes and immunogenic responses.'® In this way, several
strategies have been explored in lipid- and polymer-based
vehicles, including: (i) surface functionalization approaches,
leveraging surface attached-synthetic and naturally derived
ligands, along with biomimetic structures, (ii) passive-target-
ing approaches, which rely on protein corona-NP interactions
modulated by the physicochemical properties of NPs, as well
as (iii) exogenous and endogenous stimuli-responsive strat-
egies for spatiotemporal control over the delivery.
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2.3.1. Surface functionalization approaches. Different cell-
and tissue-targeting moieties have been explored in gene
editing nanoplatforms to achieve site-specific deliveries,
mainly via receptor-ligand interactions.'®7®%1 145185 p
general, targeting ligands can be conjugated onto PEG moi-
eties in the outer shell of carriers, either through: (i) establish-
ment of covalent thioether bonds between maleimide-functio-
nalized PEG lipids and the thiol groups of the ligands, or (ii)
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC)/
N-hydroxysuccinimide (NHS) coupling reactions, which involve
the formation of amide bonds between carboxyl groups of
ligands and amine-functionalized PEG-lipids.'®°

For instance, not only do short cell-penetrating peptides
(CPPs) possess an extremely high selectivity for target recep-
tors, but their low molecular weight and inherent tunability
also makes these highly attractive targeting building blocks.*’
Examples of explored peptides include TAT-NLS®*® and T22-
NLS® for combinatorial cell penetrating and nuclear transloca-
tion functionalities; the internalizing RGD (iRGD),”*'® j.e., a
modified derivative of Arg-Gly-Asp peptide, for integrin-iRGD
cell-based internalization; and angiopep-2'®’ to enhance pene-
tration of the blood-brain barrier (BBB). Moreover, the well-
known binding affinity of monoclonal antibodies has been
harnessed in various nanocarriers and can also increase the
circulation time of NPs. For instance, the intercellular
adhesion molecule-1 (ICAM-1) antibody has been harnessed
for specific binding of tumor cells.'®* Moreover, an alternative
to typical chemical conjugations, a customizable platform has
been developed for antibody-targeted cell-specific delivery,
leveraging membrane-anchored lipoproteins — ASSETs - that
interact with the antibody crystallizable fragment (Fc)
domain.'®*'8® Looking for lower-cost alternatives, aptamers
have emerged as novel “chemical antibodies”, leveraging short
single-stranded oligonucleotides that form secondary and ter-
tiary structures with high binding affinity to physiological
targets.'>*"?” Also, these can penetrate tumors more effec-
tively compared with antibodies, for instance with
AS1411%9°1189 and MUC1 aptamers.””°® Moreover, other
ligands have been harnessed for active targeting, including
biotin,'®® folic acid,"®® phenylboronic acid-functionalized
lipids,'®* galactose,'®> and N-acetylgalactosamine,'®® for base
editing hepatic interventions in non-human primates.

Finally, bio-derived compounds have emerged as promising
targeting alternatives to synthetic ligands. Hyaluronic acid has
been extensively explored in gene editing nanoplatforms, as it
possesses inherent specificity to various surface receptors,
including CD44%196:197:116 _ gyerexpressed in cancer cells -
or even lymphatic vessel endothelial hyaluronan receptor 1
(LVE-1).>" Moreover, membrane-coating technologies can
be considered as biomimetic functionalization approaches,
as these enable inherent tissue and cell targeting properties,
most commonly towards cancer cells due to the inherent hom-
ologous adhesion property of cancer cells membranes. 33193194

2.3.2. Passive-targeting approaches. Although ligand-
receptor interactions have been widely explored, the fine-
tuning of the molar ratios and chemical structures of the
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above discussed polymer and lipid moieties has emerged as a
promising alternative for modulating tissue- and cell-specific
targeting in a passive manner.”»?®3*'7! [n particular, for
lipid-polymer hybrids, as liposomal moieties are more in
contact with the physiological environment, it becomes rele-
vant to understand how such mechanisms have been explored
in lipid vehicles.>® As a proof of concept, the selective organ-
targeting (SORT) technique has been widely explored in LPNs
for gene editing, essentially based on differently charged lipids
that modulate the global internal NP charge, and shifting
tissue tropism and protein corona. In particular, optimized
ratios of anionic (e.g.,, 18PA), cationic (e.g., DOTAP, EPC,
DDAB), and ionizable SORT lipids (e.g., DODAP, C12-200) can
induce targeted deliveries towards the spleen, lungs, and the
liver, respectively, upon systemic administration, along with
cell-specific delivery to the muscle and brain.6%'>113:193
Notably, SORT lipids have been recently included in a PBAE-
based lipid-polymer carrier for lung-targeted mRNA delivery,
demonstrating how such technology can be exploited beyond
conventional LNPs.®* Moreover, several studies have empha-
sized how the versatile chemistry of ionizable lipids influences
targeting. For instance, by simply changing the linker domain
from ester (O-series lipids) to amide bonds (N-series lipids),
the targeting of LNPs could be switched from the liver to the
lungs, enhancing gene editing treatment of pulmonary lym-
phangioleiomyomatosis.'*® Moreover, oxidized derivatives of
cholesterol have modulated the in vivo targeting of LNPs,
essentially by inducing the adsorption of distinct protein
coronas, although the exact underlying mechanisms are yet to
be elucidated.’'' Finally, by altering the surface potential,
differently charged PEG-lipids, namely amine-, carboxyl-, or
carboxy-ester modified PEG-lipids have recently been shown to
induce distinct cell-specificity for gene editing in the retina."®"
In essence, passive strategies like these have been widely
interpreted to be associated with protein corona-based mecha-
nisms, in which serum proteins adsorb on the NP surface,
according with the NP composition and surface charge.***?
Ultimately, these can determine the in vivo interaction of NPs
with living cells and tissues, influencing tissue- and cell-target-
ing. For instance, key corona proteins: (i) ApoE, albumin, (ii)
fibrinogen f/y chain and vitronectin, and (iii) p2-GPI have
been correlated with liver, lung, and spleen targeting,
respectively.>*''%!1> Nonetheless, the fundamental under-
standing of how protein corona-nanoparticle interactions
impact in vivo targeting still requires further research.>*3*'*?
2.3.3. Stimuli-responsive approaches. A wide range of
endogenous and exogenous stimuli-responsive chemical moi-
eties have been harnessed either individually, or in a multi-
plexed manner in lipid and polymeric vehicles for genome
editing.”"'°*'®” On one hand, physiological endogenous cues
(e.g., pH, redox, enzymes) in target organs, cells and pathologi-
cally abnormal tissues (e.g., tumor microenvironment) can be
exploited to engineer gene editing nanodevices for precision
medicine.?*"%° At specific sites, pH values are characteristically
acidic, e.g., at tumor microenvironments (pH ~ 5.6-6.8) or
endo/lysosomes (pH 4.0-6.5), enabling the design of innova-

Polym. Chem., 2024, 15, 3436-3468 | 3443


https://doi.org/10.1039/d4py00298a

Published on 02 August 2024. Downloaded on 4/9/2026 7:03:50 PM.

Review

tive platforms.*>'°® The above discussed ionizable lipids can be
considered as pH-responsive components, playing a key role in
the endosomal escape step. Moreover, the conjugation of ioniz-
able moieties in the backbone of polymers, such as histidine,
imidazole, or morpholine, can be introduced in the backbone
to aid in the endosomal escape. In particular, histidine has
been widely harnessed to augment the endosomal escape of
polyplexes, as it protonates in acidic endosomes, and induces
the proton sponge effect.””*”*®'%® Histidine residues have also
been included in novel pH-sensitive amino lipids,'** as well as
in liposome-attached pH-sensitive peptides'®® as a switch for
tumor targeting. Moreover, pH-sensitive chemical bonds, such
as hydrazone, ortho-ester, vinyl ester and amide bonds can be
exploited, for instance in pH-labile copolymers.>”-83196:200

Also, redox-responsive moieties have been gaining wide
attention in the field. In essence, intracellular environments
are generally reductive, i.e., contain higher concentrations of
glutathione (GSH) reductase, along with cancer cells being
generally correlated with higher levels of reactive oxygen
species (ROS).>7"10%196:201 ny this way, disulfide bonds and
thiol groups, as well as thioether and diselenide bonds can be
harnessed to enhance release of the payload into the cytosol.*”
Notably, not only aiming to minimize cytotoxicity, but also to
augment the intracellular cargo release, disulfide-containing
bioreducible ionizable lipids have been extensively researched
in LNPs, enhancing gene editing efficiency.?!*7:9%:117:163,167
Moreover, a series of bioreducible polymeric-based carriers for
the delivery of different formats of CRISPR has been designed
with incorporation of disulfide bonds to augment cargo
release, including reducible branched ester-amine quadpoly-
mers (rBEAQs),”> bioreducible host-guest supramolecular
polyplexes,®>°® and others.*®9%9%29 Also, as enzymes such as
matrix metalloproteinases (MMPs) and hyaluronidase (HAse)
are generally upregulated in tumors, these have enabled the
development of enzyme-responsive gene editing platforms. For
instance, MMP-cleavable peptides can be conjugated to PEG
moieties, enabling the exposure of polyplexes at tumors for
enhanced cellular internalization, while HAses can promote
endosomal escape of polyplexes,®>!13116,204,205

On the other hand, exogenous stimuli enable researchers to
have high spatiotemporal control over gene delivery nano-
systems, offering novel ways to ensure the safety and robust-
ness of in vivo gene editing interventions in a remote
manner.”’ In this way, new-generation or smart liposome
shells have been designed by the incorporation of photother-
mal agents within liposomes (e.g., IRDye 88CW,*°® vertepor-
fin''®) to induce destabilization of liposomes upon irradiation,
and ultimately enhance endosomal escape and intracellular
release of CRISPR payloads in a controllable manner.
Moreover, photosensitizers (e.g., chlorin 6,5'**> pheophor-
bide a''®) can be harnessed to generate ROS inside lysosomes
upon light stimuli. In this line, the inclusion of ROS-sensitive
thioketal moieties in the backbone of polymers has been
widely explored, enabling the disassembly of polyplexes and
precise control over cargo release to the cytoplasm upon light
irradiation.'*>?>2%7  Additionally, ultrasound stimuli can
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reach deeper tissues in a noninvasive manner as compared
with light-based triggers. Essentially, as commonly used in
sonodynamic therapy, sonosensitizer molecules (e.g., hemato-
porphyrin monomethyl ether (HMME)) can be incorporated
within liposome shells, as these generate ROS upon ultra-
sound irradiation, thus triggering intracellular cargo release
precisely at targeted locations and minimizing undesired lea-
kages.'*® Moreover, ultrasound waves can be harnessed in
combination with microbubbles to transiently enhance mem-
brane permeability to enable efficient accumulation of gene
editing carriers at the intended tissues.'®® Finally, leveraging
enzymatic or ROS stimuli, charge-reversal polymers have been
exploited in the design of lipid-polymer hybrids which facili-
tate DNA release upon cellular internalization.®””%2%8

3. Technologies for lipid—polymer
hybrid formulation

There are several technologies available to formulate nanoplat-
forms encapsulating genetic payloads. On one hand, lipid-
based nanoparticles can be formulated by several method-
ologies, for instance, ethanol-loading and dilution techniques,
thin film hydration, and detergent dialysis.>**”*® Such tech-
niques have been progressively replaced by rapid-mixing techno-
logies, namely by using microfluidics, in which essentially
organic and aqueous phase solutions, containing lipid moieties
and the genetic payload, respectively, are introduced in the
devices.””> Particularly, chaotic and staggered herringbone
mixers have become the gold-standard for LNP assembly, for
instance with commercially available mixers, e.g., Nanoassemblr
platform (Precision Nanosystems, Vancouver, Canada).”” Such
systems enable high control over the mixing process parameters
and size of LNPs.”> On the other hand, polymer-based nano-
particles can be generally formulated by methodologies such as
nanoprecipitation, impingement jet mixing, emulsification-
solvent evaporation, solvent exchange, or microfluidics,
although the last is still more prominent in LNPs.*!

Leveraging such technologies, from an architectural design
perspective three major groups of LPHNs have so far been formu-
lated, Fig. 2. On one hand, polymer core-lipid shell nanosystems
can be designed based on three main building blocks: (i) an
inner polymeric core, condensing the negatively charged cargo
(e.g., CRISPR/Cas9 plasmid, Cas9 mRNA/sgRNA, Cas9/sgRNA ribo-
nucleoprotein (RNP)), into a polyplex, along with (ii) an inner bio-
compatible and protective liposomal shell around the polymeric
core, and (iii) an outer lipid shell containing non-fouling com-
ponents, included so as to minimize the non-specific adsorption
of proteins that may affect the efficiency of the delivery.>*”>”"”

Moreover, LPHNs named cationic lipid-assisted nano-
particles (CLANSs) can be designed by essentially incorporating
lipid moieties within an amphiphilic block copolymer to maxi-
mize the encapsulation and protection of the genetic
payload.®* Also, cell membrane-coating lipid nanoparticles can
be formulated, encompassing polyplexes coated by protective
biomimetic cell membranes and extracellular vesicles. Such
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Fig. 2 Major groups of lipid—polymer hybrid nanosystems harnessed for CRISPR/Cas9 genome editing applications and formulation technologies.

(i) Cationic lipid-assisted nanoparticles (CLANs)”8-209-210

ing the gene editing payload, (ii) polymer core-lipid shell hybrid nanoparticles
gene editing payload, and further shielded by a liposome shell, while (iii) cell membrane-coated nanoparticles

are generally constituted by cationic lipids within an amphiphilic copolymer matrix, protect-

7576145 are constituted by an inner polymer core encapsulating the

91100102 rovide a biomimetic

camouflage to polyplexes. Major formulation technologies can be divided by (i) one-step techniques, and (ii) two-step techniques: one-step tech-

niques include double-emulsion solvent evaporation,”®82185

nanoprecipitation,

142 and microfluidic mixing.®>”*>7* Two-step methodologies encom-

pass the independent formulation of polymer nanoparticles encapsulating the gene payloads (e.g., polyplexes), and subsequent mixing with the lipid
components, either by microfluidic mixing®? or extrusion steps.”>761°9185 Created with Biorender.com.

hybrid carriers can be formulated either by: (i) one-step or (ii)
two-step methods, Fig. 2.°*°7°%?'' In essence, one-step
methods enable efficient formulation of particles in a single
step, e.g, via emulsification-solvent evaporation, and
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nanoprecipitation.>*®*'! Emulsification-solvent evaporation

can be divided into single or double emulsion methods, in
which double emulsion is more widely used for encapsulation
of hydrophilic molecules, such as nucleic acids.>'*> Notably,
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CLANs are usually formulated by double emulsion solvent
evaporation.”>®* In such method, an aqueous solution of
nucleic acids is firstly dispersed in an organic solution con-
taining the polymer and lipids, forming a primary water-in-oil
(W/O) emulsion. In this step, the cationic lipids tightly self-
assemble at the water-oil interface, in which the nucleic acids
interact with their hydrophilic headgroups, efficiently encapsu-
lating the genetic cargo into an inner aqueous phase, and
avoiding leakages.®” This emulsion is then dispersed in a
second aqueous solution, which can contain additional lipids
(e.g., PEG-lipids), thus forming a double emulsion water-in-oil-
in-water (W/O/W), and the solvent is removed by evaporation,
forming hybrid particles.®*'® Despite several advantages,
including the low energy input required, this technique still
suffers from drawbacks, such as high polydispersity and poten-
tial leakages of hydrophilic molecules into the external
aqueous phase.>® Aiming to obtain particles with a narrower
size distribution, nanoprecipitation brings major advantages,
while also enabling automation via microfluidic
platforms.>**%1422!1 Nanoprecipitation essentially involves: (i)
incubating nucleic acids with the polymer and cationic lipids,
in an organic solution, and (ii) adding it drop-wise under vig-
orous stirring to an aqueous solution containing additional
lipids (e.g., PEG-lipids) — previously heated beyond the gel-to-
liquid transition temperature of lipids to dissolve these into a
dispersed liquid crystalline phase.*'* Subsequently, this trig-
gers the precipitation of nanoparticles, and polymer core-lipid
shell particles are formed.>>'**?'" A few limitations of this
technique may involve the potential incomplete mixing of
aqueous and organic solutions before precipitation, leading to
unevenly small nanoparticles and batch-to-batch variations,
thus challenging scale-up processes.®°

Going further, two-step methods are based on the indepen-
dent formulation of: (i) polymeric nanoparticles encapsulating
the genetic payloads, e.g., by nanoprecipitation or emulsifica-
tion-solvent evaporation, and (ii) pre-formed liposomes, or
more commonly, dried lipid films.>"**'® Finally, both counter-
parts are mixed, with the lipid shell assembling onto the
surface of the polymeric core by electrostatic interactions.>®
Looking more closely, the thin film hydration method is
widely used to prepare liposome shells, in which the constitu-
ent lipids are initially dissolved in organic solvents and further
evaporated to yield a dried thin lipid film.””***° Such lipid
films are then hydrated with an aqueous solution containing
the polymeric nanoparticles, e.g., polyplexes, through vortexing
and/or sonication, promoting the encapsulation of the poly-
meric core within the lipid shell.>® As a final step, to generate
monodisperse core-shell particles with a controllable and
homogeneous size, membranes with a specific pore size are
widely used to extrude LPHNs.>*°° Although two-step methods
can be more time-consuming, requiring more resources and
being more technically complex than one-step methods, these
enable superior control over the separately produced polymeric
and lipid components.”” Moreover, to obtain highly homo-
geneous and monodisperse hybrid nanoparticles, steps of
extrusion and/or homogenization are usually performed.>*>%:°
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Also, physical extrusion is widely exploited to formulate cell
membrane-coated polyplexes after initial cell membrane iso-
lation techniques (e.g., freeze-thawing, ultrasonic waves, and
homogenization).'”" Such extrusion technologies are aided by
membranes with a specific pore size that enables a superior
size control; nonetheless, optimization for scale-up can be
challenging.®*®° Lastly, inspired by the widely used micro-
fluidic platforms in LNPs, such cutting-edge and high-
throughput technologies can be harnessed to formulate lipid-
polymer hybrids.>>®> In essence, such platforms can be used
either in: (i) one-step methods, essentially leveraging the prin-
ciples of nanoprecipitation, or (ii) two-step methods, which
can involve the pre-assembly of polymeric nanoparticles
encapsulating the genetic payloads, with subsequent mixing
with the lipid components within the microfluidic mixers.>
Compared with the previously discussed techniques, microflui-
dics enables continuous production, allowing for a fine-tuning
of formulation process parameters, and high reproducibility,
minimizing batch-to-batch variation.***”:3*>%%2 Nonetheless,
microfluidic mixing faces several challenges, ranging from
clogging issues to the high costs of the equipment.*'* Also,
most equipment is designed for relatively limited throughputs
(mL h™"), compared with clinically relevant production rates (L
h™1).27:60.214.215 g address such challenges, the use of paralle-
lized devices can enable high-throughput and reproducible
generation of nanoparticles, however always requiring the
screening of optimal parameters.”'**'*> Finally, one relevant
aspect to take into consideration for the formulation of LPHNs
is the type of gene editing payload intended to be encapsu-
lated. Notably, formulation with CRISPR/Cas9 RNPs is more
complex, as organic solvents, acidic/basic conditions, or high
temperatures may lead to denaturation and loss of protein
activity.>®*%371¢ To counteract this, neutral buffers have been
used to preserve the nuclease integrity in microfluidic mixing-
based protocols in LNPs, instead of citrate buffer (pH 4.0),%” as
well as custom microfluidic devices with 3 inlets to avoid
aggregation of RNPs exposed to ethanol.***

4. Advanced lipid—polymer hybrids
for CRISPR genome editing machinery

As discussed above, there is a vast toolset of lipid and polymer
features currently available, along with formulation techno-
logies that can be exploited to design sophisticated lipid-
polymer hybrid vehicles for delivery of genome editing machi-
neries. Notably, emerging LPHNs developed so far have
focused on maximizing the packaging, safety profile, and
delivery of CRISPR-based genome and epigenome editors. A
few synthetic and natural polymers have begun to be har-
nessed, along with major lipid moieties, Table 1. Moreover,
focusing on approaches for cell- and tissue-specific delivery,
hybrid carriers have so far been widely designed with surface
functionalization moieties, and a few spatiotemporal controlla-
ble nanosystems have been developed. Moreover, the vast
majority of hybrids have been formulated essentially either by
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double emulsion or extrusion methodologies. Another aspect
to be noted is that, with a few exceptions, the great majority of
systems contain a diameter below 200 nm, avoiding rapid
clearance from the bloodstream, as well as positive surface
charges, enhancing cellular uptake.>>>*>8

4.1. PLGA-based lipid-polymer hybrids

Based on the preclinical success of PEG-b-PLGA-based CLANSs
for systemic siRNA delivery, a series of formulated CLANs has
been adapted for efficient delivery of CRISPR/Cas9 genome
editing machineries to treat various diseases, Fig. 3 and 4,
with negligible cytotoxicities.”®8>29%:219217218 Ag previously
discussed, the encapsulation of nucleic acids on clinically vali-
dated polymers such as the hydrophobic PLGA is highly unsa-
tisfactory, the inclusion of lipid moieties has been demon-
strated to increase the encapsulation efficiency, for example
from 20.4% to 96.4%.>"7 Regarding their therapeutical poten-
tial, pCas9-loaded CLANs were initially harnessed for the treat-
ment of chronic myeloid leukemia (CML), targeting the
BCR-ABL fusion gene - correlated with cell proliferation of
myeloid cells and their conversion into CML cells - achieving
similar gene editing frequencies to the commercial transfec-
tion reagent Lipofectamine™ 2000 (Lip02000).>'” Moreover,
such gene disruption in the blood and bone marrow of mice
significantly prolonged survival rate up to 100 days, compared
with 65 days in the non-treated group.”’” Moreover, CLANsS
have been harnessed for type-2 diabetes (T2D) treatment, by
delivering a macrophage-specific promoter-driven pCRISPR/
Cas9 (pM330), Fig. 3A.>'° Such system promoted an in vitro
gene editing efficiency comparable to the widely popular lipid
transfection reagent Lipo2000, successfully knocking-out the
netrin-1 protein-encoding gene (Ntn1), which is highly
involved in T2D disease. Moreover, similarly to the established
diabetes drug glyburide, such therapy ameliorated T2D symp-
toms in vivo, improving glucose tolerance and reducing the
inflammatory profile.*’° Moreover, as the particle size, surface
charge and PEG density influence the drug delivery efficacy,
different libraries of CLANs have been screened to modulate
the targeting efficiency, based on the modulation of both the
surface charge and PEG density.”®?*'®?!° For instance, high
surface charges, promoted by the cationic BHEM-Chol, com-
bined with low surface densities of PEG were shown to
promote a higher cellular uptake of pCRISPR/Cas9-loaded
CLANS to target neutrophils at the epididymal white adipose
tissue (eWAT) and the liver of T2D mice, Fig. 3B.>'® In the
same study, the successful knockout of the neutrophil elas-
tase-encoding gene (NE) further reduced neutrophil infiltra-
tion, improving T2D symptoms and increasing anti-inflamma-
tory arginase expression, similarly to the established sivelestat
and metformin drugs.>'® A similar screening was conducted to
maximize the targeting towards B cells, as the dysfunction of
such cells often induces autoimmune and inflammatory dis-
eases, Fig. 3C.>" Optimized CLANs had slightly lower PEG
surface charges than the previous study in Fig. 3B. In this way,
delivery of pCRISPR was able to efficiently disrupt the B220
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gene - specifically expressed in B cells - in vitro, and the
BAFFR gene - highly important in B-cell survival - in vivo.*"°

Overall, it successfully downregulated the number of B cells
in mice, consequently alleviating major symptoms of the auto-
immune disease rheumatoid arthritis and preserving the skel-
etal structure of the joints.*’° This nanoplatform showed
promise for treating a wide range of debilitating diseases corre-
lated with B-cell dysfunction. Going further, CLANs were
screened for optimal cell internalization of macrophages for
the treatment of inflammatory diseases, Fig. 4A.”® In this
study, CLANs with a higher surface charge and lower PEG
density were better internalized by macrophages, in which
increasing the surface charge was shown to be more effective
than reducing the PEG density.”® Delivery of mCas9/gNLRP3
significantly disrupted (up to 47.1%) the NLRP3 gene — associ-
ated with the progressive release of several proinflammatory
cytokines - in mice, ultimately mitigating various NLRP3-
dependent inflammatory profiles, including T2D and perito-
nitis.”® Another remarkable study using the CLAN platform
leveraged the encapsulation and delivery of Cas9 mRNA and
CD40 gRNA as a strategy to relieve transplant rejection and
prolong skin graft survival, Fig. 4B.>°° Notably, as traditional
immunosuppressants have several immune-adverse effects,
gene editing is emerging as a promising safer alternative. As a
proof of concept, this successfully minimized the expression
of CD40- a costimulatory molecule with a critical role in initi-
ating alloimmune responses - in dendritic cells, thus inhibit-
ing T-cell activation and reducing the skin graft rejection
damage in mice.*®®

As showcased above, CLAN systems have demonstrated
remarkable versatility, being applicable to a wide range of dis-
eases and different types of editing cargos. Moreover, the
incorporation of clinically validated components in CLANs
offers a vast potential for the large-scale manufacturing and
clinical translation of such platforms.?*° Nonetheless, further
inclusion of additional lipid or targeting moieties could be
interesting to expand the toolset of CLANs. Notably, the
PEG-PLGA block copolymer and DOTAP lipid have been
recently harnessed to formulate hybrid bacterial nanomedi-
cines (BNM), in which the addition of bacteria-derived outer
membrane vesicles (OMVs) at the nanoparticle surface
enabled dendritic cell (DC)-targeted immunotherapy via
pCRISPR/Cas9, Fig. 4C.'®

The uniqueness of this carrier leveraged a biomimetic tar-
geting strategy that recapitulated the phenomenon of patho-
gen infection recognition by DCs, found in nature. Looking
more closely, nature-derived pathogen-associated molecular
patterns (PAMPs) found in OMVs can specifically interact
with the pattern recognition receptors (PRR) at the surface of
DCs. In this way, such strategy increased the in vitro cellular
uptake by ~2.5 fold compared with non-specific nano-
particles, knocking-out the YTH N6-methyladenosine RNA
binding protein F1 encoding-gene (YTHDF1). Ultimately, such
therapy successfully activated the DCs, triggering CD®" T-cell-
mediated antitumor immunity, eradicating the tumor growth
by 97.72% in mice.'®’
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right: mRNA expression of anti-inflammatory arginase in eWAT and liver after CLAN pCas9/gNE treatment. Data shown as the means + s.d. (n = 3).
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the positive controls.) Reprinted from ref. 218, Copyright (2018), with permission from Elsevier. (C) Illustration of CLANs screening for delivery of
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permission from Springer Nature, Copyright (2018).*°
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Upper right: insulin tolerance test (ITT) in HFD-induced T2D mice treated with CLAN mCas9/gNLRP3 or other formulations. Two-way ANOVA, *p <
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with permission from ref. 185. Copyright (2018) American Chemical Society.
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4.2. PEI-based lipid-polymer hybrids

As shown in Fig. 5, a few PEI-based lipid-polymer hybrids have
been explored for gene editing. Notably, one of the earliest
studies harnessing the attractive PEI polymer for the establish-
ment of polymer core-lipid shell hybrids was based on lipo-
some-templated hydrogel nanoparticles (LHNPs) for CRISPR/
Cas9-based targeted brain tumor therapy, Fig. 5A.”° In particu-
lar, LHNPs co-delivered Cas9 protein and a minicircle DNA,
instead of a sgRNA, to enhance the efficiency, with a PEI-based
hydrogel non-covalently crosslinked via CD-AD host-guest
interactions. The most notable aspect of this system relied on
the key role played by the soft hydrogel in: (i) promoting a
lower cytotoxicity than Lipo2000, and (ii) favoring the mainten-
ance of Cas9 nuclease activity, while simultaneously improving
the encapsulation efficiency up to ~63%, compared with
the stand-alone liposome. Markedly, hydrogel-based carriers
have been widely applied in the biomedical field, as these
contain a high water absorptivity and biocompatibility, thus
being highly promising for the delivery of gene editing
machineries.*

Moreover, different peptides, including the surface-conju-
gated cell penetration peptide iRGD, further enhanced the tar-
geted accumulation of LHNPs at glioma tumors in mice, by
specifically binding with avp3/avp5 integrins and neuropilin-1
at the cancer cell surface.”® The successful knockout of the
polo-like kinase 1 (PLK1) gene - frequently overexpressed in
cancers - significantly inhibited tumor growth, in which the
average tumor volume in the treated group was only 23.5% of
that in the control groups receiving saline treatment.”®
Moreover, PEI has also been harnessed in lecithin-based lipo-
somal nanocarriers for the delivery of recombinant CRISPR
RNPs machinery for treatment of T2D, Fig. 5B.'”® Here, PEI
moieties mainly served to mitigate the negative repulsive
electrostatic interactions between the RNPs and the negative
liposome shell, which specifically harbored a negatively
charged lipid (DOGS-NTA-Ni) to mediate the binding and
encapsulation of Histidine-tagged Cas9.'7%??' This system
achieved an encapsulation efficiency of ~95%, and successfully
knocked-out the dipeptidyl peptidase-4-encoding gene (DPP-4)
in the liver of mice - a gene correlated with the rapid degra-
dation of the glucagon-like peptide-1 hormone, linked with
insulin secretion. Such therapy significantly reduced liver
damage and restored the glucose tolerance and insulin resis-
tance, similarly to the established drug sitagliptin, which
requires multiple doses, in contrast to CRISPR. Moreover,
lecithin’s natural metabolism in the liver strongly contributed
to the in vivo biodistribution of the carrier.'”®

Going further, simultaneously harnessing physiological
endogenous factors and external stimuli can be interesting for
developing vehicles with an enhanced delivery specificity,
along with spatial and temporal precision.*” As a proof of
concept, pH-responsive lipid-polymer hybrids (PLPNs) com-
bined with ultrasound-mediated microbubble destruction
(UMMD) were recently developed for the delivery of a CRISPRi-
encoding plasmid for targeted tumor therapy, Fig. 5C.”> The
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non-invasive UMMD has been widely employed in gene deliv-
ery systems, as it promotes mechanical perturbations in blood
vessels wall and cell membranes, enhancing the permeability
of vectors into deep tumor tissues.”>'*° Moreover, although
CRISPRi does not represent a permanent gene editing tool per
se, it may be a safer approach, as it is potentially reversible and
does not damage the genome, as it does not involve direct
insertion/deletion of sequences.'” Here, the outer lipid shell
enhanced the compact packing of the PEI-PBA-based polyplex
in an electrostatic manner, by possessing negative charges due
to the use of the negatively charged poly(2-ethyl-2-oxazoline)
(PEOz)-lipids.”® In essence, upon entry into the acidic tumor
microenvironment (pH ~6.5), or traficking into the lysosomal
compartments (pH ~5.0), the carbonyl group in the side
chains of the tertiary amide groups in PEOz easily binds to
hydrogen ions in solution, forming numerous hydrogen bonds
with other tertiary amide groups within intermolecular or
intramolecular PEOz.?*>** This induces the protonation of
the amides, which destabilize and disrupt the core-shell struc-
ture, facilitating the release of the polyplex for subsequent cel-
lular uptake in a specific and “active” targeting manner.
Moreover, the PBA functional groups also aid in the cell intern-
alization, by binding to the commonly overexpressed sialic
acid in cancer cells, via reversible boronic acid ester
linkages."*>"™" Ultimately, combining PLNPs with UMMD
resulted in superior tumor enrichment, gene transfection and
endosomal escape, effectively silencing miR-19b - highly
expressed in metastatic breast tumors - and thus reducing the
number of nodules by up to ~84% in mice.”” One of the novelties
of this carrier leveraged the non-fouling PEOz component, which
is a promising replacement for PEG. Nonetheless, further com-
parisons between each would be interesting to critically deter-
mine the best performing system, mainly regarding the acceler-
ated blood clearance issue reported in PEGylated particles.

4.3. Protamine-based lipid-polymer hybrids

A few protamine-based hybrid vehicles have also shown
promise, Fig. 6. For instance, a protamine core-lipid shell was
designed for the delivery of a pCRISPR/Cas9-mediated tumor
therapy.”” The inclusion of the anionic chondroitin sulfate
within the core was critical for maximizing the electrostatic
interactions between the plasmid and the positively charged
protamine, forming a highly condensed anionic ternary core
that is highly stable and minimizing the size of the cargo.””
Further coating with the biocompatible cationic lipid shell
facilitated cell internalization, achieving an in vitro transfec-
tion efficiency of about 47%.

Moreover, the successful knockout of the PLKI gene
resulted in significant inhibition of melanoma growth (~67%)
in mice, achieving a better performance than Lipo2000. In
addition, this system was also more mechanically stable than
Lipo2000, as its diameter did not vary with different serum
concentrations in the medium.”” Despite such promising
results, the inclusion of targeting ligands may perhaps result
in an enhanced tumor delivery specificity. Bearing this in
mind, the incorporation of hyaluronic acid (HA) at the surface
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76, Copyright (2017), with permission from John Wiley and Sons. (B) Representation of nano-liposomal particles encapsulating Cas9/sgRNA ribonu-
cleoprotein for disruption of DPP-4 gene and T2D treatment. Left column: encapsulation efficiency for different liposomal formulations (Lec@Cas9-
RNP: RNP encapsulated in lecithin, NL@Cas9-RNP(-): RNP encapsulated in liposome shell without PEI, NL@Cas9-RNP: RNP encapsulated in lipo-
some shell with PEI). Middle column: expression mRNA levels of DPP4 in extracted liver tissue, after a single administration of the different treat-
ments. Right column: insulin tolerance test results at various times after administration of glucose meal or insulin after treatment with NL@Cas9-
RNP or Sitagliptin (n = 3; *p < 0.05). Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International License (https://
creativecommons.org/licenses/by/4.0/). Copyright 2019, The Authors, Published by Springer Nature.”® (C) Illustration of pH-responsive PLPNs
combined with UMMD, encapsulating CRISPRi-based plasmid, for tumor-specific repression of miR-10b. Upper left: fluorescence images of uptake
efficiency in 4T1 cells treated with PLPNs/YOYO-1-pDNA (top), PLPNs/YOYO-1-pDNA plus ultrasound (US) (middle), or PLPNs/YOYO-1-pDNA plus
UMMD (bottom). Upper right: fluorescence images of endosomal escape efficiency, based on YOYO-1 (green) labeled pDNA. (Endosomes and lyso-
somes were stained with LysoTracker Red, and nuclei were stained with DAPI (blue).) Lower left: relative expression levels of miR-10b. Lower right:
quantification of tumor nodules in 4T1 tumor-bearing mice, 25 days after repeated injection of PLPNs/miR-10b + UMMD. Data are presented as
mean + SD (n = 5), *p < 0.05, **p < 0.01, ***p < 0.001. (1)-(6) correspond to (1) PBS, (2) PLPNs/negative control (NC), (3) PLPNs/miR-10b, (4) UMMD,
(5) PLPNs/NC + UMMD, and (6) PLPNs/miR-10b + UMMD treatment groups. Reprinted from ref. 75, Copyright (2023), with permission from John
Wiley and Sons.
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Fig. 6 Protamine and alginate-based LPHNs for the delivery of genome editing components. (A) Schematic illustration of a multifunctional prota-
mine-based carrier encapsulating CRISPR/Cas9 plasmids for disruption of MTH1 gene and targeted non-small cell lung cancer (NSCLC) therapy.
Top: PS@HA-Lip/pMTH1-induced in vitro cytotoxicity analyzed by the inhibition rate of A549 cells growth after treatment with different formulations.
Bottom: in vivo targeting effect of PS@HA-Lip/pMTH1 seen as the biodistribution of YOYO-1 labeled vectors in normal lung and tumor site in
NSCLC-bearing mice. P-Lip (non-specific liposomal NP), PS@P-Lip (non-specific hybrid NP), HA-Lip (HA-targeted liposomal NP), PS@HA-Lip (HA-
targeted hybrid NP). Reprinted from ref. 145, Copyright (2022), with permission from Elsevier. (B) Schematics of a biomimetic protamine-based
system with controllable laser irradiation for the delivery of pCRISPR-Cas9/sgRNA for targeted tumor cell reprogramming. Top: fluorescence images
of endosomal escape after transfection of YOYO-1-labeled pCas9 and of GFP-tagged-Cas9-based fluorescence distribution, in H1299 cells, with
and without laser irradiation. Bottom left: flow cytometry analysis of the GFP-tag expression in H1299 cells after different treatments. Bottom right:
number of metastatic nodules. Data are presented as mean + SD (n = 5). P values were calculated by one-way ANOVA (***p > 0.001, ****p < 0.0001).
NP + L (non-specific particle with light), CM-NP + L (cell membrane-targeted nanoparticle with light), ATCM-NP + L (cell membrane and aptamer-
targeted nanoparticle with light). Reprinted from ref. 91, Copyright (2023), with permission from Elsevier. (C) Schematic illustration of an alginate-
based tumor-targeted nanolipogel system (tNLG) encapsulating pCRISPR/Cas9 for knock-out of the Lcn2 gene and treatment of triple-negative
breast cancer (TNBC). Top left: protein expression of Lcn2 in TNBC cells before and after Lcn2 knockout measured by IF staining. Top right: images
of excised TNBC tumors from mice treated with PBS, tNLG-SCR, nNLG-Lcn2KO, or tNLG-Lcn2KO under a 28-day treatment regimen. N = 5 per
group. (Scale bar: 1 cm.) Bottom left: in vitro relative cell migration in MDA-MB-231 cells with Lcn2 CRISPR knockout. Bottom right: in vivo genome
editing efficiency of tNLG-Lcn2KO and other treatments, determined by qRT-PCR. (**p < 0.01, ***p < 0.001). Reprinted from ref. 104, Copyright
(2019), with permission from PNAS.
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of a protamine sulfate-based hybrid was attempted to enhance
the tumor-selective accumulation, Fig. 6A.**> An relatively high
in vitro transfection efficiency (~80%) was achieved, attributed
to the inclusion of protamine and HA moieties. Moreover, the
knockout of the Human MuT homolog 1 (MTH1) gene — corre-
lated with tumorigenesis - further induced growth inhibition
of ~67% of non-small cell lung cancer in mice."*> Despite the
inclusion of HA, the in vivo tumor inhibition was identical to
the previously mentioned non-targeting study. Perhaps to
legitimately achieve robust performances, the combination of
targeting ligands with stimuli-responsive moieties may be a
better strategy. Notably, a light-controlled biomimetic hybrid
consisting of pCRISPR/Cas9 targeting the cancer metastasis-
related hypoxia-inducible factor-1 alpha-encoding gene (HIF-
1a) was developed for augmented tumor therapy, Fig. 6B.”"
The inclusion of calcium ions in the protamine core greatly
enhanced the permeability of the nuclear pore complex, while
the neoplastic H1299 cell membrane (CM) coating camouflage
and AS1411 aptamers enhanced the tumor enrichment and
induced a negative surface charge.”® In particular, CMs have
attracted wide attention in drug delivery, as these possess
inherent homotypic recognition and immune escaping func-
tions, while promoting tissue targeting with greater safety and
fewer side effects, given their natural origins.”*°" On the other
hand, remote light stimulus is also widely applied in tumor
therapy, owing to its desirable safety profile and spatiotem-
poral precision.”™?” In essence, after cell targeting and intern-
alization, upon on-demand laser irradiation (i.e., 660 nm) the
surface-embedded 5,10,15,20-tetrakis-(4-aminophenyl) por-
phyrin (TAPP) photosensitizer induced the formation of exces-
sive ROS, which in turn enhanced the endocytic membrane
permeability and CM leakage, ultimately maximizing lysoso-
mal escape and cargo intracellular release.”” In this way, suc-
cessful knockout of the HIF-1a gene promoted cell reprogram-
ming and enhanced cell sensitivity to the established che-
motherapeutical agent paclitaxel (PTX). The synergistic effects
of CRISPR and PTX efficiently inhibited tumor metastasis in
the lungs of mice.”* Not only does this study demonstrate: (i)
the advantages of exogenous stimuli for the augmentation of
gene editing, but also, (ii) the advantages of harnessing gene
editing tools for combinatorial treatments with already estab-
lished therapeutics.

4.4. Alginate-based lipid-polymer hybrids

Finally, based on alginate, one intriguing and unique LPHN
has been developed for breast cancer therapy, Fig. 6C.'**
Essentially, an alginate hydrogel network-based nanoliposome
was formulated for pCRISPR/Cas9 delivery, with the inclusion
of ICAM1 antibody for high-affinity tumor targeting.'®* On one
hand, owing to the non-cationic nature of both the hydrogel
core and the liposomal shell, the system showed very low cyto-
toxicity, and could efficiently entrap the CRISPR toolset within
the polysaccharide hydrogel network without relying on
electrostatic interactions.'® On the other hand, the deform-
able hydrogel core promoted low particle elasticity (with an
elastic modulus of 1.3 MPa), which is considerably different
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from the conventionally more rigid solid lipid and polymer
stand-alone nanoparticles (with elastic moduli ranging from
0.76 to 1.2 GPa).'® In turn, this low elasticity induced an aug-
mented and selective extravasation of the tumor endothelial
barrier compared with normal endothelial barriers. Moreover,
upon cellular uptake, the low stiffness also induced direct
delivery of the genetic payload into the cytosol via a receptor-
mediated membrane fusion pathway, avoiding endosomal
entrapment.'®® This represents another remarkable advantage
in comparison with conventional nanocarriers, which face
several challenges regarding endosome entrapment. Finally, a
highly efficient knockout (>81%) of the Lipocalin 2 gene (Lcn2)
- a known breast cancer oncogene - significantly attenuated
tumor volume by 77% in mice.'” This demonstrated the
known advantages of including low-elastic hydrogel-based
cores and non-cationic liposomal shells in LPHNs to bypass
the challenges faced by conventional nanoparticles.

5. Outlook and future directions

Cutting-edge genome-editing technologies are now beginning
to show their potential for being applied in a wide spectrum of
biomedical applications and becoming more streamlined.
However, the fine-tuning of the nanoparticle physicochemical
properties, along with the inclusion of organ- or cell-targeting
building blocks, or stimuli-responsive moieties for cargo
release/delivery control, is still highly required for designing
platforms that are more efficient, selective and safer for gene
editing. Among the library of available delivery platforms,
CLANs mainly stand out for their simplicity of design, versati-
lity and clinical translation prospective, while polymer core-
lipid shell hybrids show multiple advantages, including intrin-
sic liposomal biocompatibility, along with the independent
design of the core and shell counterparts, enabling the meticu-
lous assembly of innovative carriers.

The adoption of optimal design blueprints harnessed in
stand-alone vehicles could bring outstanding innovation for
the design of novel lipid-polymer conjugates. Notably, explor-
ing more in depth the versatile polymer chemistry in future
research could bring many advantageous features, either to
enhance the biodegradability, endosomal escape, or complexa-
tion of the cargo, as widely explored in conventional carriers.
Moreover, for maximum control over the polyplex properties,
customizable in situ polymerization of synthetic polymer
chains could enable truly personalized hybrids.!”748203
Moving forward to the lipid components, as only a few hybrids
have included all major primary lipid components, future
research could greatly benefit from advancing lipid formu-
lations, as broadly encouraged by LNPs; for instance, either by
incorporating emerging and safer lipid derivatives, or tuning
lipid chemical moieties in a combinatorial manner with poly-
meric components. In particular, as permanent cationic lipids
can show in vivo cytotoxicity, ionizable cationic lipids are envi-
sioned to unlock game-changer hybrids, as these have shown
superior performances and currently represent the most

Polym. Chem., 2024, 15, 3436-3468 | 3457


https://doi.org/10.1039/d4py00298a

Published on 02 August 2024. Downloaded on 4/9/2026 7:03:50 PM.

Review

exploited components in LPNs for the delivery of CRISPR
editors.?837:46:99117:225 1y addition to enhancing the circula-
tion stability owing to their neutral charge at physiological pH,
these could augment the endosomal escape step by protonat-
ing the acidic endosomes, working in harmony with polymer
chains to achieve unprecedented dual
performances.>*%% 131138139161 The  gverarching question
remains whether such dual approaches could legitimately
promote much faster and exceptional gene transfection and
editing efficiencies, as compared with conventional ionizable
lipids or polymers. Inspired by the ionizable lipids ALC-0315
and SM-102 found in the two approved COVID-19 lipid vac-
cines, respectively, the recent hybrid core-shell
COVID-19 mRNA vaccine also contains an ionizable lipid;
however, neither the specific nature of the ionizable lipid nor
the kind of polymer harnessed have yet been publicly
disclosed.®>***® Going further, despite their recognized bio-
compatibility, standalone mRNA lipid nanoparticles have been
shown to trigger adverse immune responses in patients
suffering, for example, from COVID-19, potentially caused by
the ionizable components.'®*??*?*” Nonetheless, a more com-
prehensive understanding of how lipid nanoparticles and each
lipid moiety impact the immune system is still lacking.'®*
Moreover, given the immunogenicity challenges of PEG in
drug delivery, a strategic direction to follow may be to explore
in more depth stealth coating alternatives for LPHNs, as PEOz
and cell membranes have already shown promise, for
instance.”>" Nevertheless, the exact mechanism and impact
of anti-PEG antibodies is still unclear, namely regarding
COVID-19 mRNA LNP vaccines.?*® Moreover, as in vivo gene
editing therapies are envisioned to be ideally administered in a
single dose, to what extent could these suffer from the same
immunogenicity issues as the ones reported with repeated
vaccine administrations? In particular, harnessing biomimetic
cell membrane coatings for increasingly superior and biocompa-
tible lipid-polymer hybrids seems strikingly promising for
future research. As a proof of concept, such structures have been
combined with PBAE-based polyplexes and lipid-anchored ROS-
responsive components,'®® or even with poly(disulfide)-based
polyplexes'® to augment gene editing targeting and specificity.
Going forward, surface functionalization strategies so far
appear to be key components in hybrid carriers to maximize
the targeting efficiency of in vivo interventions. Nonetheless,
these can however contribute to more complex designs and
cytotoxicity, in the case of synthetic ligands, currently being no
existing examples of clinically approved nanoparticles with
such targeting moieties.>® Hence, exploring more prospective
clinical passive-targeting approaches in hybrid carriers could
be a tremendously interesting route to take, especially for
extrahepatic in vivo gene editing, for instance with SORT
lipids.** Would the integration between lipids and polymers
alter protein corona-based targeting mechanisms seen in
LNPs, and how could these be tuned to further enhance tissue
and cell selectivity? Also, as spatially and temporally stimuli-
responsive strategies have not been widely explored in LPHNs
so far, future research could greatly benefit from these, as
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shown in a multitude of interesting polymeric and lipid
vehicles. In particular, designing multi-responsive vehicles in
cascade-like behaviors, i.e., with combinatorial intelligent lipo-
somal and polymeric building blocks, could potentially maxi-
mize the targeting specificity and gene editing outcome,
paving the way for truly ingenious innovative hybrids.'*®"*?
Moreover, as in vivo studies have mainly focused on the sys-
temic delivery of in vivo interventions, different approaches
could be extremely interesting to consider in further research,
such as nebulized or inhalable formulations for pulmonary
gene editing.®***?*3® Moreover, the fine-tuning of the physico-
chemical properties of nanoparticles for targeted delivery
upon systemic administration can be complex, particularly
when considering hybrid systems such as LPHNs. Also, precise
spatiotemporal control over the delivery of gene editing machi-
neries can be critical to clinically ensure safe and efficient
interventions. In this way, there is an emergence of injectable
hydrogels for minimally invasive localized therapies with a
proficient nanoparticle accumulation in target tissues.**'>**
Notably, the vast majority of the so far approved gene therapies
have focused on local delivery.”> Given the outstanding
mechanical properties and ease of surface functionalization
that lipid-polymer nanoparticles can possess, these could be
highly promising building blocks to formulate novel injectable
colloidal supramolecular hydrogels for in vivo genes for loca-
lized delivery of gene-editing cargo.???231:232:234 Also, in order
to further interrogate in more depth how superior lipid-
polymer hybrids can be, further research on hard-to-transfect
cells, such as adipose stem cells (ASCs) would be particularly
interesting.>® Could lipid-polymer conjugates surpass conven-
tional delivery approaches and promote maximum transfection
efficiencies to expedite the development of stem cell-based
therapies? Also, as nonviral approaches have begun to being
tackled for the delivery of next-generation larger sized editing
tools, e.g.,, Base and Prime Editors, lipid-polymer hybrids
could be particularly interesting as a way to ensure a superior
encapsulation and protection of such larger payloads. Going
forward, another key aspect to consider is the scalability and
reproducibility needed to expand the clinical potential of
emerging hybrids. Leading-edge microfluidic mixing techno-
logies are envisioned to aid in the establishment of formu-
lations with robust size controllability, reproducibility, and
even desired tissue tropism outcomes, as broadly demon-
strated in LPNs, along with advanced lipid-polymer hybrids
for delivery of mRNA and siRNA transient gene
therapies.'”?>”?%16%235 Algo, lipid-polymer hybrids are envi-
sioned to tackle the challenges broadly faced by lipid and
polymer-based nanoparticles regarding long-term stability for
storage. Nevertheless, lyophilization methods could be
explored in hybrids to further maximize their storage stability
and their potential for clinical translation, especially in the
more unexplored cell membrane-coated nanoparticles.>?
Moreover, the refinement of humanized in vitro 3D disease
models such as organoids and organ-on-chips is expected to
accelerate the accurate validation and translation of these
vehicles, as these have been progressively adopted in the pre-
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clinical stages of newly developed cell and gene therapies.”***
Finally, from a regulatory perspective, the approval of LPHNS is
more challenging than conventional carriers, as there are no
currently existing specific regulatory guidelines for the clinical
development of LPHNs.**” Moreover, as part of the FDA guide-
lines for the approval of genome editing-based therapeutics,
delivery vehicles should be as simple as possible.'” Hence, as
hybrid carriers combine macromolecules with different natures,
these are inherently more complex, which may compromise
their translational clinical potential and regulatory approval.
Hence, appropriate methodologies for quality control assays
should be adopted to accurately facilitate the in vitro and in vivo
characterization of lipid—polymer hybrids. Current research
lacks, for instance, key validation experiments drawing compari-
sons between hybrids and stand-alone lipid or polymeric nano-
particles, with regards to features such as biocompatibility and
gene transfection performance. Such analysis could facilitate
the comprehensive assessment of the distinct features of lipid—-
polymer hybrids, and potentially accelerate clinical translation.
Also, as stand-alone polymeric nanoparticles have faced many
hurdles regarding the workflows for their screening, the adop-
tion of high-throughput techniques more widely explored for
lipid carriers could be highly beneficial for LPHNS; for instance,
(i) the use of Design of Experiments (DoE) for the optimization
of the formulation parameters, and/or (ii) DNA barcoding for
multiplex assessment of their in vivo performance and
biodistribution,'”7/0%171:216:225,235,238 Ag the rational design of
novel nanocarriers usually requires extensive and laborious for-
mulation scans, the adoption of in silico screening could be a
cost-effective alternative to minimize the extensive trial-and-
error methods and the economic burdens during research
stages.”*> Moreover, the rise of cutting-edge artificial intelligence
(AI)-based models and machine learning algorithms is envi-
sioned to accelerate the research of polymeric and lipid excipi-
ents, tailored to specific delivery systems and target cells, with
significant advances in this direction being expected in the
upcoming years.

In conclusion, as genome-editing tools continue to evolve
into authentic programmable machineries for precision medi-
cine, there is a continuous need for the refinement of clinically
safe and efficient delivery systems. Emerging lipid-polymer
hybrids are widely promising for unlocking a new generation
of nonviral genome editing drugs and bringing unparallel
advancements to the field.
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