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Optimizing synthetic nanocarriers is like searching for a needle in a haystack. How to find the most suitable car-
rier for intracellular delivery of a specified macromolecular nanoagent for a given disease target location? Here,
we review different synthetic ‘chemical evolution’ strategies that have been pursued. Libraries of nanocarriers
have been generated either by unbiased combinatorial chemistry or by variation and novel combination of
known functional delivery elements. As in natural evolution, definition of nanocarriers as sequences, as barcode
or design principle, may fuel chemical evolution. Screening in appropriate test systemmay not only provide de-
livery candidates, but also a refined understanding of cellular delivery including novel, unpredictable mecha-
nisms. Combined with rational design and computational algorithms, candidates can be further optimized in
subsequent evolution cycles into nanocarriers with improved safety and efficacy. Optimization of nanocarriers
differs for various cargos, as illustrated for plasmid DNA, siRNA, mRNA, proteins, or genome-editing nucleases.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Nucleic acid and/or protein macromolecule based nanomedicines
present an exciting avenue in medical care. Within the last three de-
cades almost three-thousand gene therapy clinical trials have been per-
formed, and at least nine gene therapy products reached medical
market authorization, see [1] and http://www.abedia.com/wiley. Fur-
thermore, at least eight oligonucleotide [2] and one siRNA [3,4] drug
products have been approved by the major medical agencies, and nu-
merous clinical trials have reached advanced stages. All thesemacromo-
lecular products depend on their successful intracellular delivery, which
still appears as a critical bottleneck. It is not surprising that the current
gene therapy products all are containing viral vectors or genetically
modified cells. After a continuous struggle and refinement over thirty
years, the development of effective retro/lentiviral vectors,
adenovirus-associated viral (AAV) vectors or other viral vectors has
paved the way towards approved medical drugs. In distinction, the
marketed antisense agents (oligonucleotides) and RNA interference
agents (siRNAs) all are synthetic nucleic acids. Here as well, advances
in delivery chemistry have triggered the medical breakthrough [2,5].
The design of lipid nanoparticles (LNPs) for delivery into hepatocytes
[6] was the basis for the first marketed siRNA drug, Patisiran [4]. Re-
cently, the design of asialoglycoprotein receptor (ASGPR) targeted,
chemically completely modified siRNA conjugated with tri-(N-acetyl-
galactosamine) ligand opened another way for liver-specific RNA inter-
ference therapy [7,8]. Both LNPs and ASGPR-targeted siRNA conjugates
are tested in advanced clinical studies where the target gene is located
in liver hepatocytes. The medical efficacy of such nanomedicines is re-
markable, considering that often only a small fraction (~1%) of active
agent reaches the molecular target location [9], which usually is the cy-
tosol, sometimes the nucleus of target cells. A further refinement of de-
livery carriers, especially for target tissues outside the liver, will have a
tremendous impact on future nanomedicines.

Reasons for the slow progress in delivery of macromolecules are
manifold. First of all, apart from recombinant proteins, macromolecular
drugs present a new development challenge for pharmaceutical indus-
try; synthetic and analytical tools had to be steadily developed to meet
the requirement formacromolecule design at pharmaceutical grade and
scale. Secondly, the different phases of extracellular and intracellular
delivery demand bioresponsive actions of carriers, to alter their bio-
physical properties in a dynamic (pH-, redox- or enzyme-sensitive)
mode [10–17]. Thirdly, recent experience tells that different macromo-
lecular cargos (proteins, siRNA, mRNA, pDNA), often with different in-
tracellular target sites, may require different carriers [18–23]. And
fourth, the various different target organs and cells, and the different
therapeutic modes (transient or permanent action) dictate different re-
quirements to nanocarriers; optimization for ex vivo delivery into cul-
tured cell most likely will not correlate with optimal in vivo delivery
[24]. Reflecting all these hurdles, how canwe optimizemacromolecular
drug delivery? Here we report on recent strategies to overcome the
mentioned challenges, with the main focus on chemical evolution ap-
proaches toward optimized delivery of intracellularly active nucleic
acid or protein therapeutics.
2. Chemical evolution of delivery nanoagents

Nature designed viruses as highly potent intracellular delivery
agents, based on only four different nucleotides, twenty amino acids,
in many cases also lipids and carbohydrates. With such a restricted
chemical space of building blocks, and the requirement to assemble vi-
ruses under aqueous physiological in vivo conditions and disassemble
them again under in vivo conditions (‘assembly – disassembly para-
dox’), one might predict that synthetic nanoparticles generated under
optimized chemical conditions utilizing numerous chemical building
blocks might be far more effective. The impediment to design such op-
timized nanoparticles simply resides in the lack of knowledge about
the perfect combination of building blocks. Random testing even of
only a fraction of possible combinations of building blocks and their
fast recycling would not result in optimized nanoagents within reason-
able time. Howdid nature develop viruses and evenmore sophisticated,
living structures? To our knowledge, the ingredients have been: i) de-
fining structures in formof precise sequences, ii) storage (and reproduc-
tion) of this sequence information (via the genetic code), iii) subtle
stochastic changes of this information with reproduction and time,
and iv) a lot of time. It took natural evolution on earth several hundred
million years to develop the first living organisms [25].

Artificial evolution strategies on an accelerated time scale are ex-
pected to be key measures for optimizing synthetic nanoagents. This
may involve rational design of building blocks based on a better under-
standing of the delivery process, combined with empirical screening of
diverse chemical compound libraries, computational prediction by ma-
chine learning algorithms, virtual screening and, last but not least, stor-
age of information on the precise molecular structure of the evolved
nanoagents. In the following, examples of rational designs and
evolution-based designs of different carrier types are presented, for il-
lustrating the current stage of chemical evolution of delivery
nanoagents (Fig. 1).
2.1. Molecular conjugates

Initial efforts in intracellular delivery of RNA and DNA focused on
transfection reagents such as poly(L)lysine (pLys), polyarginine,
polyornithine, or DEAE-dextran [26–28]. These polycationic carriers
can electrostatically bind, compact and protect the nucleic acid in
form of nanoscaled polyplexes [29,30]. Complexation of negatively
charged nucleic acid with a small excess of carrier results in
supercharged nanoparticles with positive surface charge, most conve-
nient for enhanced cell interaction and nonspecific intracellular uptake
[31,32]. Intracellular release from endocytic vesicles such as
endolysosomeswas identified as a critical delivery hurdle for themajor-
ity of carriers including polylysine [33], but less critical for endosomal
cationizable carriers such as polyethylenimine (PEI) [34]. Several
polycations were found to be toxic due to unspecific interaction with
biomolecules [35,36] and lack of degradability. These kinds of observa-
tions stimulated the search for biocompatible cationic backbones,
which are more effective in intracellular release and biodegradability
(see below).

A different direction in optimization has been the modification of
basic carriers such as pLys with other delivery modules [37]. Modules
can be receptor-binding targeting ligands, nanoparticle surface
shielding domains, or lipid membrane-disturbing agents. To enhance
endosomal escape into the cytosol, molecular conjugates with
membrane-destabilizing peptides [38–40], or defective viral particles
[41–43] were designed. To increase cellular receptor-specific uptake,
molecular conjugates with targeting ligands were synthesized [44,45].
Despite encouraging proof-of-concept studies, incorporation of
ligands neither guarantees in vivo target specificity nor target receptor
binding due to protein corona formation on the nanoparticle [46].

http://www.abedia.com/wiley


Fig. 1. Schematic timeline of synthetic evolution strategies. Titles of representative reports which are discussed in the following sections and also can be found in the list of references.
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Thus, incorporation of hydrophilic surface shielding modules [47], in-
cluding polyethylene glycol (PEG) [48–56], poly[N-(2-hydroxypropyl)
methacrylamide] (pHPMA) [57–59], hydroxyethyl starch [60],
hyaluronic acid [61–63], or polysarcosine [64–66] often enhanced
in vivo bioavailibility and also reduced toxic unspecific interactions.
The mentioned delivery modules (compaction, shielding, targeting,
endosomal escape) do not necessarily synergize [67]; for example,
shielding may antagonize endolysosomal membrane destabilization.
For this purpose, dynamic molecular conjugates and polyplexes were
generated, which disassemble in specific (acidic, enzymatic or
bioreducing) microenvironments [13,14,68–72]. In a nutshell, such car-
rier conjugates imitate virus-like cell entry processes [73,74]. Encourag-
ing therapeutic efficacies were demonstrated in several preclinical
tumor models, such as described in [75–81]. Despite their high com-
plexity, several of these molecular conjugate polyplexes reached the
stage of application in human clinical studies [53,82–84]. Nevertheless,
conjugation of two or more macromolecules (polymers, proteins, pep-
tides) usually presents a chemical challenging process with polydisper-
sity in backbones and ill-defined conjugation sites or topologies;
technical alternatives include the design of high-precision polymers or
defined lower molecular weight chemical entities.
2.2. Poly amino acid diblock polymers

In thoughtful and systematic studies, Kataoka and collaborators de-
signed PEG-polycation block copolymers for chemical evolution of
pDNA, siRNA and mRNA polyplexes. PEG blocks were found to signifi-
cantly affect nanoparticle shape, condensation, and transcriptional
availability of pDNA [85–88]. PEG-pLys packages the pDNA into rod
structures, with a quantized length of pDNA folding n times [85]. PEG
shielding increased blood circulation time, but reduced transfection ef-
ficacy because of hampered cellular uptake. Systemic treatment with
cRGD-targeted polyplexes with a rod length below 200 nm displayed
antitumor efficacy against pancreatic cancer, whereas polyplexes with
higher rod length, despite superior blood circulation, had negligible an-
titumor efficacy [86]. PEG-pLys with acid-labile linkage was applied to
generate rod-shaped pDNA polyplexes, which under acidic conditions
experience a removal of PEG from the polyplex and a dynamic change
to compacted globules [87]. Further chemical evolution involved a se-
ries of PEG-pLys block copolymers with differing molecular weights of
both pLys and PEG segments, for obtaining a refined understanding of
pDNA packaging and gene transfer activity (see also Section 3.1).

In order to replace pLys with more effective cationic delivery car-
riers, Kazunori Kataoka and colleagues amidated PEG-poly(aspartic
acid) (pAsp) with various oligoethylenimines [89–92]. Diethylene
triamine (DET) modified PEG-pAsp(DET) polyplexes showed a high
biocompatibility and good diffusion into tissue as demonstrated in
multi-cell spheroids [90]. For siRNA delivery, steroyl groups were intro-
duced into pAsp(DET) [92]. Comparison of the various oligoamine side
chains, an ‘even-odd rule’ (Fig. 2) was established based on the differing
pK values affecting endosomal buffering and escape. Polymers contain-
ing DET or tetraethylene pentamine (TEP) providing (after amidation)
even units of protonatable aminoethanes showed best efficiency in
pDNA transfections [93]. For mRNA delivery, this rule was unclear and
was valid only for transfection levels at 12 h (DET and TEP best); after
48 h, the odd repeat triethylene tetramine (TET) displayed best trans-
fection efficacy, followed by TEP [94]. For intravenous delivery of mes-
senger RNA (mRNA), the ω-terminus of the PEG-pAsp(TEP) block
copolymer was provided with a cholesterol moiety to increase the
polyplex stability by hydrophobic interaction. Upon intravenous injec-
tion, mRNA polyplexes showed enhanced blood circulation in compari-
son to Chol-free polyplexes. PEG-pAsp(TEP)-Chol based delivery of
mRNA coding for the anti-angiogenic protein sFlt-1 inhibited growth
of subcutaneous implanted pancreatic cancer in mice [95].
2.3. Multi-block copolymer libraries

Based on the efficiency of reversible addition-fragmentation chain
transfer (RAFT) polymerization [96,97] multifunctional transfection
block copolymers can be synthesized with good yields and low polydis-
persity. In this field, initial nucleic acid delivery studies weremade with
polymethacrylates [98–104] such as cationic poly[(2-dimethylamino)



Fig. 2. ‘Even-odd rule’. Polyplexes from polymers with an even number of aminoethylene units in the side chains lead to higher endosomal buffer capacity (due to change of protonation
between pH 7.4 and pH 5.5) and higher transfection efficiency than odd numbered ones [93].
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ethyl methacrylate] (pDMAEMA), or poly[(2-trimethylamino)ethyl
methacrylate] (pTMAEMA), often prepared as co-blocks with hydro-
philic pHPMA or PEG for improved biocompatibility and improved
polyplex circulation in blood. A library of defined methacrylate
polymers bearing pendant primary, secondary, and tertiary amino
groups was synthesized using monomers (2-aminoethyl)-methacry-
late, N-methyl-(2-aminoethyl)-methacrylate, or N,N-dimethyl-(2-
aminoethyl)-methacrylate, respectively, in order to determine the
effect of the amino substitution on pDNA transfection [105]. Studies
on cellular uptake and intracellular release suggested endosomal re-
lease effective via pore formation in lipid-membranes, where
methacrylate-based polyplexes with a high primary amino group con-
tent mediated the best pDNA transfection, and polyplexes with tertiary
amino groups the lowest pDNA transfection.

The group of Suzie Pun designed stabilized dual responsive
nanoparticles for pDNA delivery in vivo [106]. The polyplexes
were based on a ternary amphiphilic block copolymer containing
a disulfide-linked hydrophobic polycaprolactone (pCL) block, a
pH-sensitive tetraethylene pentamine (TEPA)-modified poly(glyc-
idyl methacrylate) block, and a hydrophilic oligo(ethylene glycol)
monomethyl ether methacrylate (OEGMA) block (Fig. 3A). The
pOEGMA block provides polyplex shielding in the blood circula-
tion, the pCL block provides hydrophobic polyplex destabilization
until intracellular disulfide cleavage, and the TEPA block
endosomal cationization and endosomal escape. Subsequent work
of the same lab optimized endosomal release of pDNA polyplexes
by synthesizing VIPER (Fig. 3B) [107]. This ‘virus-inspired
polymer for endosomal release’ presents a methacrylate copolymer
containing polycationic pDMAEMA for binding and compaction of
DNA, a pOEGMA block for shielding, a pH-sensitive poly(2-
Fig. 3. Block co-polymers based on methacrylate backbones. (A) OEGMA terminal trib
diisopropylaminoethylmethacrylate) pDIPAMA block and a neigh-
boring poly(pyridyl disulfide ethyl methacrylate) pPDSEMA block.
The latter activated disulfide block was coupled with lytic melittin
peptides. Upon endosomal acidification the pDIPAMA block un-
dergoes a transition from a hydrophobic to a hydrophilic phase,
thus exposing the melittin peptides of the neighboring block in
the endolysosomal compartment; this triggers endosomal mem-
brane disruption and polyplex escape into the cell cytosol. Upon
intratumoral administration VIPER facilitated pDNA delivery into
KB tumors in mice. The carrier was also found effective for siRNA
delivery and gene silencing in the lung [108]. In further evolution,
the same research lab successfully replaced melittin with other
lytic peptides [109]. The endosomal responsiveness of pDIPAMA
derivatives was utilized for nucleic acid delivery also by other in-
vestigators, for example in the design of siRNA micelleplexes for
cancer immunotherapy by Yaping Li, Haijun Yu and collaborators
[110,111].

pDNA polyplexes may face the dilemma of insufficient stability in
the blood circulation on the one hand, but at the same time limited re-
lease of pDNA frompolycationic carriers inside the target cell. Therefore,
in addition to chemically stable polymethacrylate polycations, also dy-
namic degradable analogues were synthesized. For example, Kwon
and colleagues applied acid-degradable cationic ketal-linked
methacrylamides, which were photo-polymerized in the presence of
pDNA. Under acidifying endosomal conditions, polyplexes lose the cat-
ionic groups of the polymethacrylate carrier, which enhances cargo
pDNA release and pulmonary gene transfer after intratracheal delivery
in mouse lung [112]. To address the ‘polyplex dilemma’ in a slightly dif-
ferent manner, Cheng et al [113] designed the pH-sensitive triblock co-
polymer p(PMA-PMBA)-b-p(OEGMA-DMAEMA), consisting of poly
lock copolymer (PCL40-SS-P(GMA-TEPA)59-P(OEGMA)11 [106]. (B) VIPER [107].
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(propargyl methacrylate-graft-propyl-(4-methoxy-benzylidene)-
amine)-block-poly(oligo(ethylene glycol) monomethyl ether methac-
rylate)-co-poly(2-(dimethylamino)ethylmethacrylate). The hydropho-
bic p(PMA-PMBA) domain enhances polyplex stability at physiological
neutral pH. Upon endosomal acid-catalyzed cleavage of benzaldimines
the domain undergoes a hydrophilic transition, thus enabling the re-
lease of pDNA. In comparison to the pH-stable analogue, in vitro gene
transfer and also in vivo intraventricular gene transfer into brain was
improved, although the in vivo efficiency remained moderate [113].

As a pioneer in methacrylate polyplexes [101–103], Wim Hennink
and his team expanded the area and generated ‘decationized polyplexes’
as a completely novel class of methacrylate polyplexes [114–116]. These
polyplexeswere based on the terpolymer p(HPMA-DMAE-co-PDTEMA)-
b-PEG, consisting of a PEG block and the cationic block HPMA-DMAE
(with pHPMA modified with dimethylaminoethyl carbonate at the hy-
droxyl group) containing 15% copolymerized N-(pyridyldithioethyl)
methacrylamide (PDTMA). After pDNA polyplex formation with this
polymer, the PDTMA units can be used for dithiol mediated crosslinkage
into disulfide-stabilized polyplexes. By subsequent hydrolysis of the car-
bonate esters at pH 8.5, the cationic DMAE groups are removed. The
resulting decationized pDNA polyplexes are stabilized by the formed di-
sulfide crosslinks in the absence of polyelectrolyte interaction; they
showedexcellent biocompatibility, enhanced residence time inblood cir-
culation and increased accumulation in tumor. Analogous decationized
polyplexes were also generated for siRNA delivery [117].

Evolution of nucleic acid carriers requires a focus on the specific
selected target. The clinical breakthrough of cancer immunotherapy
by chimeric antigen receptor (CAR) T cells raised interest in efficient
ex vivo transfection of primary human T cells. With this focus, Pun
and coworkers optimized methacrylate copolymers for pDNA and
mRNA delivery into the Jurkat human T cell line and primary
human T cells [118]. VIPER and several other linear, comb and sun-
flower pDMAEMA block copolymer architectures based on poly(2-
hydroxyethyl methacrylate) (pHEMA) cores were evaluated. A sub-
set of comb- and sunflower-shaped pHEMA25-g-pDMAEMA16 poly-
mers were identified which can mediate transfection of Jurkat cells
with efficiencies up to 50% with minimal toxicity. Transfection of
both CD4+ and CD8+ primary human T cells with mRNA and
pDNA were demonstrated with high viability and at efficiencies up
to 25% and 18%, respectively.
2.4. Combinatorial chemistry libraries

More than two decades ago, Seng Cheng and colleagues published
the result of the first large library screen of lipoplexes for gene transfer
Fig. 4. Lipidoids for siRNA delivery. (A) Combinatorial libraries of biodegradable poly(β-amino e
different diacrylate monomers [127]. (B) Lipidoid 98-N12-5 [130]. (C) Epoxide addition based
to the lung [119]. The study included several remarkable aspects:
screening a huge number of cationic lipids; screening for the best for-
mulation using the most authentic small animal model, which is the
mouse lung in vivo; and discovery of the optimized formulation (con-
taining lipid #67, a spermine – cholesterol derivative linked in T-
shape configuration). This formulation was N100-fold more potent
than previously tested lipoplexes. For development of novel cationic
polymers with improved delivery and biocompatibility, the initial
screen focused on replacement of PLL with linear and hyperbranched
poly (amino esters) [120,121]. Short oligoethylenimines were con-
verted by reaction with 1,4-butanediol diacrylate or 1,6-hexanediol
diacrylate into degradable PEIs which are applied as transfection car-
riers in vitro and also in vivo [122–124]. Also, linear beta-amino ester
polymers were produced via the same Michael addition starting from
4-aminobutanol [125]. The degradable PEI mimics showed favorable
transfection activities. The team of Robert Langer developed a break-
through concept by generating large combinatorial libraries of biode-
gradable poly(β-amino esters) (PBAE) based on Michael addition of a
series of primary or secondary amine monomers to several different
diacrylates (Fig. 4A) [126–128]. Such a large, 2350-member library
was screened by a semi-automated high-throughput process for pDNA
delivery, and 46 polymers were identified with higher transfection ac-
tivity than the gold standard PEI [128]. A second generation library
was generated containing 486 PBAEs, whichwere characterized for bio-
physical and pDNA transfection properties [129]. Interestingly, the top
nine polymers all contained amino alcohols as building blocks, and the
three top polymers differed in structure by only one carbon. The two
best polymers condensed pDNA to the smallest particle sizes of 71 and
79 nm.

For siRNA delivery, Robert Langer, Daniel Anderson and colleagues
designed an analogous Michael addition-based combinatorial library
of over 1,200 structural diverse structures termed lipidoids [132].
These lipid-like structures were obtained by combinatorial Michael ad-
dition of lipidic acrylate esters or amides to various mono- to
oligoamines. Lipidoid 98-N12-5, based on addition of five
dodecylacrylamides to triethylentetramine (Fig. 4B), performed best
in vitro, and upon formulation with cholesterol and PEG-lipid, also me-
diated excellent in vivo gene silencing in liver hepatocytes of treated
mice [130,132]. A novel combinatorial library based on epoxide-
addition chemistry (Fig. 4C) yielded the highly potent lipidoid C12-
200 (Fig. 4D), which was able to mediate in vivo gene silencing in
mouse liver at doses below 0.01 mg/kg [131,133]. A subsequent high-
throughput study of 1,536 structurally distinct nanoparticles with cat-
ionic cores and variable hydrophilic shells was performed by Daniel
Siegwart and Anderson based on epoxide-functionalized hydrophilic
sters) via Michael addition of a series of primary or secondary aminemonomers to several
libraries [131]. (D) Lipidoid C12-200 [131].
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block polymers thatwere combinatorially cross-linkedwith a diverse li-
brary of amines [134]. Cross-linkers with tertiary dimethylamine or pi-
perazine groups and potential buffering capacity, as well as thin
hydrophilic shells were favorable. Covalent cholesterol attachment to
the polymeric carrier allowed siRNA transfection in hepatocytes from
mouse liver in vivo.

Thementioned reports make clear that the cargo (pDNA or siRNA or
other nucleic acids) as well as the specific application dictate the opti-
mum nanocarrier, which needs to be identified by individual library
screening. Consistently, using a library of low charge density poly
(amine-co-ester) terpolymers generated by enzyme catalyzed poly-
merization, the Mark Saltzman lab demonstrated that different PACE
polymers are required for optimized transfection of either pDNA,
mRNA, or siRNA [22].

2.5. Sequence-defined macromolecules

Multifunctional molecular conjugates present a real challenge for
precise chemical production. Nevertheless, their structure is by far
exceeded in complexity, functionality, and high precision by natural
macromolecules. The secret of natural proteins is their definition and in-
formation storage as (linear) sequences. Such sequences present virtual
information, in nature stored on DNA or RNA templates, with this infor-
mation translated into functional real structure by reading via the ge-
netic code. For biomimetic evolution of artificial macromolecular
carriers, their definition as sequences is a key requirement. In short, se-
quences per se present perfectly defined information of an intangible
construction plan in biomacromolecules, which can be stored on mate-
rial templates (as in nature) or in digital virtual form (in artificial syn-
thetic evolution). Execution of the construction plan may proceed in
alternative ways; either by direct use of the digital code for artificial as-
sembly by a chemical synthesizer into sequence-defined macromole-
cules; or via reading an artificial code from a real template by
recognition with building block-loaded adapter molecules.

Chemical synthesis of peptide and oligonucleotide sequences is well
established, and the generation of precise sequence-defined artificial
macromolecules is a recently emerging field [135–137]. We and others
aimed at development of peptide-like chemical evolution strategies for
intracellular macromolecule delivery (Fig. 5), where artificial amino
Fig. 5. Chemical evolution strategy for optimizing sequence-defined nanocarriers. The endosom
can be converted into an artificial amino acid and subsequently applied in the SPS sequence as
acids with superior carrier properties would be integrated. Initial evolu-
tion of sequence-defined transfection agents was based on standard
peptides. First studies explored the requirements for nucleic acid bind-
ing by introducing the cationic amino acids lysine, arginines or orni-
thines [138,139], disulfide-forming nanoparticle-stabilizing cysteines
[140,141], endosomal-buffering histidines [141–147] or membrane-
destabilizing peptides [148,149]. In their pioneering work, Christian
Plank et al. [139] synthesized a series of branched oligocationic peptides
and found that minimally six to eight cationic amino acids (arginine N

lysine ~ ornithine) are required to condense pDNA into active gene de-
livery particles. The team of JamesMixson systematically evaluated lin-
ear and branched peptide libraries containing lysines (for nucleic acid
binding) and histidines (for endosomal buffering) in various ratios
(e.g. HK, H2K, H3K) and numbers of branches (e.g. linear, four or eight
branches). Addition of a histidine-rich tail, for example in peptide
H2K4bT, significantly improved pDNAgene transfer activity,most likely
by enhanced buffering capacity of the carrier [143]. Efficiencies were
found to also depend on the target cells. In one study in combination
with cationic liposomes, a linear HK peptide was found to transfect pri-
mary cells more effectively than the branched analogue [144]. Initial
cellular uptake or size of the complexes could not explain the differ-
ences. Interestingly, a strong relation was found between the optimal
type of HK carrier and the differing endocytic vesicle pH of different
cell types. By altering the fraction of cationizable histidines, the
endosomal pH of a cell may determine the amount of DNA released
from the linear or branched HK polymer. In the primary cells in which
the linear HK liposomes were the best carriers, the endolysosomes
were highly acidic (pH of b5.0). Conversely, in cell lines where the
branched HK liposomes were optimal, the pH of endolysosomes was
above 6.0. These results with the HK liposome carriers were predictive
of which cells could be transfected efficiently by the branched HK poly-
mers alone. Whereas the linear HK polymers without liposomes were
ineffective pDNA carriers in all tested cell cultures, the branched HK
polymers without liposomes effectively transfected cells with a higher
endosomal pH. For siRNA complexes, the H3K8b peptide was highly ef-
fective in gene silencing, whereas the effective pDNA carrier H2K4bwas
ineffective for siRNA [145].

In addition to natural amino acids, artificial building blockswere also
introduced, such as triethylene tetramine or analogues developed by
ally cationizable diamino-ethane motif is displayed as example of a delivery motif which
sembly.



Fig. 6. Synthetic artificial peptide libraries (A) for xenoprotein engineering, reproduced from [155] with permissions of Proc. Natl. Acad. Sci. U. S. A.; D-amino acids are in lowercase; (B) for
identifying protein-protein interaction inhibitors, compare [156]; the example displays MDM2 binders identified from a third evolution library containing non-canonical amino acids.
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Zheng-Rong Lu and collaborators [150–152]. Fatty acids were also in-
corporated as lipophilic domains [151], such as in the evolution of the
PepFect cell-penetrating peptide series of Ulo Langel and colleagues
[149,153,154]. Bradley Pentelute and coworkers introduced innovative
technologies for peptide library synthesis including artificial ‘non-ca-
nonical’ amino acids for generation of xenopeptides and xenoproteins,
and nano shotgun LC-MS/MS sequencing for high-throughput library
screening [155–158]. The potency of their novel chemical evolution
methodology was demonstrated by identification of xenoprotein
interactors (Fig. 6A) and or protein - protein interaction (PPI) inhibitors
(Fig. 6B) with far higher potency compared to previous conventional
peptides. For innovative drugdelivery, the Pentelute lab introduced sev-
eral artificial macrocyclization technologies to improve peptide-based
drugs, such as providing an enhanced transfer of a transportan-10
analogue or a BIM BH3 domain across the blood-brain-barrier [159].
To improve the intracellular delivery of splice-switching phospho-
rodiamidate morpholino oligonucleotides (PMOs), they conjugated
PMOs with arginine-rich cell-penetrating peptides (CPPs) that had
beenfirst optimized byperfluoroarylmacrocyclization andbicyclization
[160]. In addition, based on results with 64 PMO-CPP conjugates, ma-
chine learning algorithmswere developed for computational prediction
of suitable CPPs, and validated with seven novel CPP sequences that all
proved to be effective [161]. Thus, empirical library screen andmachine
learning might synergize in a chemical evolution process.
Laura Hartmann and Hans Börner [162–167] adopted solid phase
synthesis (SPS) for the sequence-defined alignment of completely un-
natural chemical units. Instead of incorporating α-amino acids with
standard protective groups, they performed alternating coupling of di-
amines (3,3’diamino-N-methyl-dipropylamine, or a bis (tBoc)-
protected spermine, or a disulfide-containing unit) followed by succinic
acid anhydride as dicarboxylic acid unit in each round of coupling. The
resulting oligo(amidoamines) were applied for pDNA polyplex forma-
tion and thus, to our knowledge, present the first examples of
completely artificial sequence-defined nanocarriers. Subsequently, to
combine the known efficient transfection properties of PEI with the
methodology of automated Fmoc peptide synthesis, David Schaffert
and colleagues designed artificial oligo(aminoethylene) amino acids
with amino-terminal Fmoc and internal tBoc protective groups
[168–170]. These artificial amino acids contain three to five repeats of
the protonatable aminoethylenimine motif. The novel building blocks
were assembled in combination with standard Fmoc and side chain
protected α-amino acids by SPS into more than 1000 defined oligo
(ethanamino)amide (OAA) sequences. Oligomer architectures included
linear [169,171], two-arm [169], three-arm [169,172], four-arm
[169,170,173] and comb architectures [174]. Branching points were
provided by the two (α, ε) amines of lysine introduced as either via
bis(Fmoc) lysine or Fmoc/Dde lysine, which after simultaneous or sub-
sequent deprotection during synthesis can result in pseudo-symmetric



Fig. 7. Protected artificial amino acid Fmoc-Stp(Boc3)-OH and sequential assembly into Stp-based oligo(ethanamino)amide (OAA) sequences with different structural topologies
[169–174]. Stp, succinoyl tetraethylene pentamine; C, cysteine; K, lysine; A, alanine; FA, fatty acid.
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or asymmetric branches. Optionally, lipo-oligoaminoamides were de-
signed with i-shape, T-shape, or U-shape topology [169,172,175] by in-
troducing bis (acyl)-modified lysines as hydrophobic polyplex
stabilizating domains (Fig. 7). In several different topologies, terminal
cysteines served for the stabilization of polyplexes by formation of
bioreducible disulfide bridges. Due to the precision of the chemical de-
sign, simple open questions on structure –activity relationships were
addressable. Testing the length of a linear sequence based on the build-
ing block Stp (succinyl TEP, containing three protonatable nitrogens per
unit when integrated into the oligomer backbone) as requirement for
pDNA compaction and gene transfer, an optimum length of 20 Stp
units was identified, representing 61 protonable nitrogens and in total
100 nitrogens. pDNA transfection efficiency was about fivefold higher
and cytotoxicity about tenfold lower as compared with the ‘gold stan-
dard’ linear PEI 22kDa, which contains around 500 (± 200) protonable
nitrogens [171].

For further optimization of pDNA carriers, the design of four-arms
based on two branching lysines strongly reduced the number of cou-
pling steps, and terminal cysteines increased polyplex stability and
transfection efficiency. With regard to the total number of nitrogens,
the type of selected polyamino acid played a more critical role than ex-
tending the length of arms beyond three building blocks. Units contain-
ing pentaethylene hexamine (Sph) were more effective than
tetraethylene pentamine (Stp), which were more effective than
triethylene tetramine (Gtt) building blocks [170]. A closer inspection
of the total protonation capacity as well as the cationization pH con-
firmed independently the ‘even-odd’ rule which had been developed
by Kataoka and colleagues (see Section 2.2). Gtt and Sph with even
numbered protonatable amino groups displayed higher total
endolysosomal buffer capacity than the odd number analogue Stp.
Within the relevant endolysosomal pH range, Gtt has amaximumbuffer
capacity at pH 5, and Stp amaximum around pH 7. Alternating incorpo-
ration of histidines increased the total buffer capacity with a more con-
tinuous cationization pH profile and, especially for the ‘odd’ Stp building
block, strongly enhanced gene transfer both in the in vitro and in vivo
setting [173]. The even-odd rule was well applicable when comparing
linear and comb topologies and their differing properties in pDNA com-
plex formation, endosomal buffer capacity, cellular binding and intra-
cellular uptake, and gene expression. In linear topologies, the two
terminal amines of building blocks are consumed by amidation,
resulting in three (odd) or four (even) amines for Stp and Sph oligo-
mers, respectively. Branched topology (with only one amine amidated)
reverses properties, with four (even) and five (odd) protonatable
amines for Stp and Sph. Consistently, the comb topology increased
endosomal pH buffering for the Stp comb structures, but reduced
endosomal buffering for the Sph comb structures. For both carriers,
the combs mediated a higher overall cellular uptake in comparison to
the linear topologies. In sum, Stp combs displayed a combined advan-
tage in both, buffering and cellular uptake, and a strong (up to N100-
fold) increase in pDNA transfection, whereas Sph combs mediated
only amoderately (up to fourfold) enhanced transfection over the linear
topology [174]. Incorporated Gtt building blocks enhance endosomal
buffering, but (due to lowest number of nitrogens) display less pDNA
binding; this could be compensated by incorporating cysteines, which
form polyplex-stabilizing disulfide cross-links [173].

Beyond pDNA compaction and core nanoassembly, incorporation
of surface shielding and targeting domains was considered.
Sequence-defined solid-phase-assisted assembly enables all-in-one
synthesis of peptide or small-molecule targeting ligands attached
to precise monodisperse PEGmolecules and the nucleic-acid binding
and endosomal buffering core OAA backbone. For example, mono-
disperse PEGylated two-arm oligomers with targeting ligands such
as cRGD or B6 [176], folate [173,177], c-Met binding peptide
[178,179], EGFR-binding peptide GE11 [180], or an IL-6 receptor
binding peptide [181] were synthesized with defined uniform mo-
lecular weight, and receptor-mediated cellular uptake of polyplexes
was confirmed resulting in enhanced gene transfer. By variation of
the molecular weight of the PEG domain, its influence on biophysical
and biological properties was elucidated. PEGylation was found to
interfere with the endosomal escape function of the PEI-like OAA
polyplexes, which is a limitation that also was previously detected
for targeted, PEG-shielded PEI polyplexes [182,183]. Importantly,
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enhancement of endosomal buffer capacity by incorporation of histi-
dines into the cationic OAA backbone compensated for this bottle-
neck [173,177,178].

PEGylation and incorporation of related hydrophilic domains af-
fected also pDNA compaction; screening PEG domains from 12 to 72
ethylenoxide (EO) units demonstrated optimum compaction without
PEG or 12 EO units, moderate compaction with 24 EO and lack of com-
pactionwith 48 or 72 EO repeat units [184]. In other studies similar low-
molecular-weight PEG was found as favorable with ligand-PEG-
shielded nanoparticles [185] or liposomes [186]. pDNA compaction
was found as important requirement for intravenous systemic adminis-
tration in vivo in mice in a HUH7 hepatocellular carcinoma xenograft
model. pDNA gene transfer via a cMet binding peptide – (EO)24 –
(Stp/His)-Cys two-arm OAA was highly successful, but only if 1/3 of
oligomers was substituted by an analogous PEG-free three-arm
compacting oligomer. The formulation without or with compacting
oligomer did not significantly differ in cell culture transfection [178].

Incorporation of tyrosine tripeptides at both ends of ligand-PEG-two
arm oligoaminoamides was considered for nanoparticle stabilization by
aromatic π-π stacking [177], which also improved pDNA polyplex com-
paction. In a recent study, pDNA was compared with far smaller
minicircle (MC) DNA in OAA formulations [187]. While the DNA type
(number of base pairs) controlled the nanoparticle size, the carriers
dominated the shape of polyplexes. c-Met-targeted, tyrosine
tripeptide-containing OAA polyplexes presented compact structures
with a rod size of 65–100nm for pDNA and 35–40nm for MC. As com-
pared to their tyrosine-free pDNA analogues, the optimized MC nano-
structure facilitated an ~200-fold enhanced gene transfer in c-Met-
positive DU145 prostate carcinoma cells.

An alternative strategy for designing well-compacted surface-
shielded polyplexes is the pre-formation of compacted pDNA core
nanoparticles followed by post-modification with a shielding/targeting
shell [188]. One recent example was the design of pDNA polyplexes
with four-arm OAAs post-modified with acid-labile pHPMA. This en-
abled ‘deshielding’ in the endosomal environment, resulting in favor-
able gene transfer into tumor cells in vitro and in vivo [189]. Another
example presents the disulfide-based modification of pDNA
lipopolyplexes with a bidentate PEG–GE11 agent for EGF receptor-
mediated gene transfer [190].

Optimization for other cargos such as small molecule drugs
[191,192], phosphorodiamidate morpholino oligomer (PMO), siRNA,
mRNA, or proteins including Cas9/sgRNA ribonucleoprotein (RNP) par-
ticles revealed significantly different requirements for nanocarriers as
outlined in other sections. For example, in the evolution of siRNA car-
riers, polyplex stabilization by hydrophobic fatty acid domains was
highly important (see Section 3.2). PMOs present a chemically different
class of small, uncharged nucleic acid analogues that has already re-
sulted in the exon-skipping drug Exondys, which is FDA-approved for
treatment of Muscular Dystrophy. After screening a fatty acid lipo-
OAA mini-library for small PMO molecules, Ulrich Lächelt and col-
leagues identified linolenic acid-containing oligomer PMO conjugates
as most potent RNA slice-switching agents [193]. Far superior
endosomal escape properties of the linolenic acid (containing three
double bonds) over the analogous saturated stearic acid derivative ap-
pear as the most likely explanation for this non-predictable finding.
Screening an analogous T-shaped lipo-OAA library for delivery of
Cas9/sgRNA RNPs revealed a hydroxy-stearic acid (OHSteA) containing
lipo-OAA as superior over analogueswith unsaturated or saturated fatty
acids without hydroxylation, displaying improved cellular uptake and
endosomal release, an increased nuclear association and the highest
CRISPR/Cas9 mediated gene knock-out [194].

Another example illustrating the advantage of sequence-defined ar-
tificial peptide-based evolution is the recent work by Sören Reinhard
and colleagues [17]. He realized that the artificial Stp-based OAAs are
not degradable by the lysosomal enzyme cathepsin B. A degradability
of OAA nanocarriers in lysosomes however might be highly
advantageous, blocking undesired cytotoxic lysosomal lytic activity of
the nanocarrier. Designing a mini-library by inserting single natural
(L) amino acids or dipeptides into a Stp backbone, followed by a library
screen exposing to cathepsin B under endolysosomal conditions, re-
sulted in the discovery of simple dipeptide cathepsin cleavage sites.
Inserting for example (L)-RR into lipo-OAAs for intended lysosomal
degradation resulted in siRNA nanocarriers with strongly reduced cyto-
toxicity as compared to their (D)-rr analogues.

A different assembly mode of sequence-defined macromolecular
structures is the direct supramolecular assembly on a real template, as
it happens in the natural evolutionary process. Such a DNA template-
assisted synthesis was reported by David Liu and colleagues, where
monomers were pre-arranged at a DNA template and translated in an
enzyme-free process into sequence-defined synthetic polymers [195].
In a recent study, the samegroupdesigned highly functionalized nucleic
acid polymers (HFNAPs) assembled by ligase-mediated DNA-templated
polymerization, starting with 32 building blocks that contain diverse
side chains on a DNAbackbone [196]. Repeated evolution cycles of poly-
mer translation, selection and reverse translation, led to HFNAPs, which
can bind PCSK9 with high nM affinity.

2.6. Barcoded evolution of nanoagents in vivo

For chemical evolution of nanocarriers and their nucleic acid nano-
particles, analytical methods for high-throughput screening of com-
pound libraries are of utmost importance, both in vitro, but even more
in vivo. As reviewed above (Section 2.5), Pentelute and coworkers ap-
plied nano shotgun LC-MS/MS sequencing as high-throughput method
for screening compounds with defined unique molecular mass such as
peptide analogues. Phage display library screening presents a com-
monly used molecular biology approach for fishing target-binding,
phage-displayed peptides by panning the library to the desired target,
followed by identifying the selected peptide via the phage-encoded
nucleic acid sequence. This potent evolution strategy has been trans-
ferred into the chemistry field. For example, DNA-encoded chemical li-
braries [197,198] have been generated by coupling chemical molecules
to unique nucleic acid sequences (DNA barcodes). James Dahlman and
colleagues [199] introducedDNAbarcoding for high throughput screen-
ing and identification of suitable nanocarriers for in vivo delivery
(Fig. 8). Single-stranded DNA barcodes were approximately 60 nucleo-
tides long, terminally phosphorothioate–stabilized oligonucleotides,
containing eight to ten central nucleotides as barcode and the 3’ and
5’ ends as adapter sequences for subsequent Illumina deep sequencing.
Individual barcodes can be incorporated into the interior of different
nanoparticles without affecting their activity. Upon simultaneous injec-
tion in a single mouse, the biodistribution of thirty different nanoparti-
cles to eight tissue was monitored by deep sequencing [199,200]. A
follow-up paper analyzed differences of nucleic acid nanoparticle
in vivo delivery between wild-type and Cav1 knockout mice; for this
purpose, the authors optimized the barcode secondary structure, thereby
making the DNA amplification much easier, and enabling concurrent
ddPCR readouts [201]. In addition, the researchersmade the following im-
portant observation; by comparing delivery of 281 barcoded lipid nano-
particles (LNPs) to endothelial cells and macrophages in vitro and
in vivo, the researcher found that in vitro delivery to immortalized
mouse macrophages (RAWs) did not predict in vivo delivery to macro-
phages, and in vitro delivery to mouse aortic endothelial cells (iMAECs)
did not predict in vivo delivery to endothelial cells of heart, lung, or
bone marrow [24]. In many cases LNPs that performed well in vivo did
not rank highly in vitro and thus would have been lost by an in vitro
pre-screen; and LNPs top ranking in vitro did not perform well in vivo.

Beyond monitoring biodistribution only, in the next step the
barcode-based systemwas further developed tomeasure functional de-
livery of hundreds barcoded LNPs within a single mouse. This novel
strategy for in vivo evolutionwas termed ‘Fast identification of nanopar-
ticle delivery (FIND)’ [202–204]. Functional delivery of RNA, such as Cre



Table 1
Differences in physicochemical properties of the different cargos and their requirements
for delivery

Cargo Physicochemical properties Requirements for delivery

pDNA Large (5–15 kbp) ds DNA, circular,
bacterial vector backbone;
minicircle (3–4 kbp) without
backbone

Compaction into nanoparticle
dimension, Protection against
nucleases, Intranuclear delivery

MC
DNA

siRNA Small (21–23 bp) ds RNA, can be
partly/completely chemically
modified to reduce innate immune
responses and enhance biostability
lower polyplex stability

Stable incorporation into
nanoparticle or chemical
conjugation to targeting unit,
Cytosolic delivery, incorporation
of guide strand into the
RNA-induced silencing complex

mRNA Medium sized ss RNA, instable, can
be partly modified to reduce
immunogenicity and enhance
stability

Synthetically modifications of the
mRNA, binding to the
translational machinery

Proteins Variable in (medium) size,
charge/isoelectric point,
hydrophilicity, stability, bioactivity

Extra/intracellular, various
organelles, release in bioactive
form; carriers need to be adjusted
for every protein cargo

bp, base pairs; ds, double stranded; kbp, kilo base pairs; mRNA,messenger RNA; ss, single
stranded [19,23,209,210].

Fig. 8. High throughput nanocarrier in vivo screening by DNA barcode sequences. DNA barcoded nanoparticles for high throughput in vivo nanoparticle delivery. (A) Nanoparticles carry
individual DNA barcodes. (B) Each nanoparticle carries a distinct barcode. Particles are then pooled and administered simultaneously to mice. Tissues are then isolated, and delivery is
quantified by sequencing the barcodes. In this example, nanoparticle 1 delivers to the lungs, nanoparticle 2 delivers to the liver, and nanoparticle N delivers to the heart. (C) The
barcode-based practice enables multiplexed nanoparticle-distribution studies in vivo. Reproduced from Dahlman et al. [199] with permission of Proc. Natl. Acad. Sci. U. S. A.
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mRNA or specific siRNA, in the appropriate reporter mouse models
(Lox-Stop-Lox-tdTomato mice or GFP mice, respectively) results in
gene editing or gene silencing, which triggers induction/reduction of a
reporter signal in the successfully transfected cells/organs. Successfully
transfected cells can be isolated by cell sorting and analyzed for the
barcoded bioactive LNPs. LNPs had been previously optimized to deliver
Cas9 mRNA and sgRNA to hepatocytes. In their novel work, Sago et al
[202] measured the functional mRNA delivery of more than 250 LNPs
in vivo to multiple cell types. They identified two LNPs (7C2 and 7C3)
with an altered tropism that efficiently deliver siRNA, mRNA, and
single-guide RNA (sgRNA) to endothelial cells.

By combining FIND with bioinformatics, in vivo RNA delivery was
optimized in a directed evolution process. For example, Dahlman and
coworkers identified LNP ‘BM1’ that delivers siRNA or sgRNA to bone
marrow endothelial cells (BMECs). BMEC tropism was not related to
the size of LNP, but changedwith cholesterol content and PEG structure
in the formulation [203]. Apparently, significant changes to vascular
targeting can be made by simple changes in chemical composition in-
stead of using active targeting ligands.

The same research group applied FIND to quantify in vivo delivery of
75 distinct mRNA LNPs to 28 cell types. They discovered that an LNP
containing oxidized cholesterol delivers Cre mRNA for DNA editing
into hepatic endothelial cells and Kupffer cells at low dose of 0.05
mg/kg, fivefoldmore potently than into hepatocytes. Cholesterol oxida-
tion on the hydrocarbon tail linked with sterol ring D outperformed
cholesterol modifications on sterol ring B [204]. Most recently
Dahlman’s team applied 168 DNA-barcoded siGFP nanoparticles for
identifying functional siRNA in vivo delivery to nine cell types in trans-
genic eGFP mice. Constrained lipid nanoparticles (cLNPs), containing
an adamantly lipid, deliver siRNA and sgRNA to T lymphocytes at low
doses and (in contrast to previously reported LNPs) do not preferen-
tially target hepatocytes [205]. In sum, within a short period the
barcode-based design has already proven to be a powerful strategy of
chemical evolution towards optimized nanocarriers [206], providing so-
lutions which would not have been predictable by rational design and
classical screening. Provided that barcodes can be integrated within
the interior of stable nanoparticles, and those would not expose or
exchange nucleic acid barcodes with each other, the strategy could
also be applied to polyplexes or other class of nanomaterials.

3. Optimizing for various macromolecular cargos

Delivery requirements of various macromolecular cargos are differ-
ent (Table 1), based on their different sizes, charges, chemical properties
and different intracellular sites of action [18–23]. Conversely, different
classes of nanocarriers offer characteristics, which are more or less suit-
able for a given cargo. For standard cationic polymers [23,30], polyplex
formation is an entropy-driven process based on the electrostatic inter-
action between the multivalent polycationic polymer with the
polyanionic nucleic acid cargo. A larger number of charges per
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polycationic carrier and also the polyanionic nucleic acid is favorable for
stability of these polyelectrolyte complexes (PECs). Clear differences be-
tween large (pDNA, higher polyplex stability) and small (siRNA, lower
polyplex stability) cargos can be seen. Covalent conjugates between
siRNA and cationic polymers have been investigated to overcome the
stability problem [207,208].

In case of LNPs [6], hydrophobic lipid-lipid interactions, co-assembly
of (mono/di)-cationic lipids into polycationic lipid micelles and liposo-
mal structure dominate, resulting in incorporation and encapsulation
of the nucleic acid cargo. Obviously electrostatic interactions are only
partly responsible for LNP formation, therefore the size of nucleic acid
cargo is less influential, and formulations are also suitable for small
cargos such as siRNA.

Lipopolyplexes present an intermediate class of nanomaterials
based on lipid-conjugated polycations, which self-assemble into larger
polycationic micelles and electrostatically interact with negatively
charged nucleic acid cargos. For all classes of carriers, optimization for
a specific cargo type requires variation of the cationic domain (size,
number of charges) and lipid domain of the carrier, optionally mixed
lipid compositions (cationic lipid, cholesterol, phospholipid, PEG-
lipid), N/P charge ratio and the formulation process.

The main challenges for successful delivery of all types of cargo are
the formation of stable nanoparticles with suitable size, protection of
the cargo against destabilization by serum proteins and degradation, a
delayed elimination from the blood circulation (renal clearance, liver
and spleen uptake) and lack of inflammatory and immune responses.
Nanoparticle shielding and targeting ligands were introduced, particle
size and colloidal stability of nanoparticles variegated to obtain homing
to target tissues, such as tumors via passive targeting and the enhanced
permeation and retention (EPR effect) due to vascular leakage, or active
transendothelial transport [211,212]. Within target cells, successful in-
tracellular transport, including endosomal escape, cargo release, cyto-
solic migration and optionally nuclear import have to be achieved
[19,209,213]. In the following, chemical evolution- based optimization
of nanocarriers is illustrated for the cargos pDNA, siRNA, mRNA, pro-
teins and genome-editing nucleases.
3.1. pDNA delivery

A long-termexperiencewith antitumoral pDNApolyplexes is largely
based on targeted and surface shielded PEI conjugates. Tumoral delivery
of therapeutic agents was enhanced by targeting ligands such as trans-
ferrin or EGF and included pDNAencoding TNF-α [75,80,214] or sodium
iodide symporter (NIS) [81,215], and tumor regressions were observed
inmouse tumormodels. In both therapeuticmodality, gene transfer to a
subpopulation of tumor target cells is sufficient, because the secreted
TNF-α may react at neighboring cells (including endothelium), and
Fig. 9. PEG crowding as decisive factor in pDNA packaging into polyplexes. PM, polymermicelle
American Chemical Society. Copyright 2017.
also NIS enables targeted radionucleotide therapy with a strong by-
stander effect on neighbouring untransfected tissue.

PEI is an effective pDNA transfection agent but displays significant,
molecular-weight dependent cytotoxicity and low degradability.
Kazunori Kataoka and colleagues had optimized biodegradable PEG-
polyamino acid diblocks (see Section 2.2) for pDNA compaction. They
observed a higher in vitro gene expression with more extended rod-
shaped nanoparticles than with compact globular shaped polyplexes
[88]. However, a small polyplex size was important for in vivo efficiency
[86]. The researchers applied a series of PEG-pLys block copolymers
with various molecular weights of pLys and PEG segments for pDNA
complexation. These studies showed that rod-shaped polyplexes
formed when the tethered PEG chains covering pDNA in a pre-
condensed state were dense enough to overlap each other (reduced
tethering density (RTD) N 1) (see Fig. 9), whereas globular polyplexes
were obtained when PEG segments did not overlap (RTD b 1) [88].
The observations are consistent with related studies using other PEG-
polycation polyplexes [216,217]. Importantly, in a cell-free system the
rod-shapedmore extendednanoparticlesmediated higher gene expres-
sion than the globular polyplexes [88].

The lab advanced the pDNA binding carrier structures by designing
amidated PEG-poly(aspartic acid) (pAsp) derivatives with good buffer-
ing capacity in the endolysosomal range, yielding PEG-pAsp(DET) and
PEG-pAsp(TEP) as most effective carriers [93]. For further optimization
of in vivo delivery, the cyclic RGD peptide was installed as tumor
targeting ligand, and cholesterol was attached to the other end of the
nanocarrier for improved packaging by hydrophobic stabilization. The
latter step was critical for efficacy and enabled the use of high-
molecular weight (20 kDa) PEG, which on the other hand improved
polyplex blood circulation. The created cRGD-PEG-pAsp(DET)-
cholesteryl polyplexes were tested in a subcutaneous BxPC3 pancreatic
cancer xenograft mouse model, achieving improved accumulation at
the tumor site. Potent tumor growth suppression was obtained by
antiangiogenic sFlt-1 gene transfer [218]. The expression of soluble
sFlt-1 exerts antiangiogenesis by trapping angiogenic molecules
(VEGF); such a paracrine strategy by-passes the need of transfecting
the majority of tumor target cells.

Jianjun Cheng and colleagues developed poly(glutamic acid vinyl-
benzylester) pGlu(OBzV) into a library of cationic endosomolytic
α-helical pDNA nanocarriers pGlu(OBz-X) [219]. For this purpose, the
vinylgroups were oxidized to the benzaldehyde derivatives, which
were reductively aminated with a mini-library of 31 amines and
oligoamines (see Fig. 10). The nanocarriers were evaluated for pDNA
delivery, with the top candidate outperforming the gold standard PEI
by 12-fold. Subsequently the delivery system was also applied for
Cas9 pDNA/sgRNA co-delivery [220].

Jordan Green and coworkers extended the combinatorial design of
poly(β-amino esters) (PBAEs, see Section 2.4) for synthesis of
s; RTD, reduced tethering density. Reproduced from Takeda et al. [88] with permissions of



Fig. 10. (A) Polypeptide with charged side chains and the random coil to helix transformation in response to elongated side chains. (B) Synthesis of polypeptides. (C) Amines used to
synthesize pGlu(OBz-X). Reproduced from Gabrielson et al. [219] with permission. Copyright 2012 WILEY WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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multifunctional branched poly(ester amine) quadpolymers (BEAQs).
Synthesis occurred via A2 + B2/B3 + C1 Michael addition, starting
from small acrylate and aminemonomers, followed by subsequent cap-
ping with amine-containing small molecules [221]. These BEAQs pres-
ent advantages over previously reported linear PBAEs, particularly for
volume-limited applications. A moderate degree of branching was fa-
vorable for effective pDNA transfer to retinal pigment epithelial cells.
Structural properties, including good endosomal buffering capacity
and sufficient tertiary amine content, correlated with gene transfer
efficacy.

In optimizing sequence-definedOAAs (see Section 2.5) for pDNAde-
livery, Petra Kos et al faced the dilemma between polyplex shielding
and pDNA compaction. In their case, co-formulation of ligand-PEG-
two-arm OAAs with PEG-free three-arms was critically required for
polyplex stabilization and functional in vivo delivery into tumors
[178]. Furthermore, the presence of a tumor–targeting ligand (such as
c-Met binding peptide) as well as the presence of protonatable histi-
dines in the carrier backbone were strictly necessary for the in vivo
gene transfer. Based on this concept, c-Met targeted pDNA polyplexes
were able to systemically deliver NIS pDNA into a subcutaneous HUH7
hepatocellular carcinoma xenograft in mice [179]. Functional NIS ex-
pression was detected using the diagnostic radioisotope iodide 123I by
scintigraphy. Three cycles of intravenous polyplex and therapeutic
radioiodide administration retarded the tumor growth and prolonged
the survival of mice.

By introducing the antitumoral cascade targeting ligand peptide I6P7,
Rongqin Huang and collaborators generated glioma-targeted pDNA
polyplexes [181]. The interleukin-6 peptide fragment I6P7 providesmul-
tiple functions, including blood-brain-barrier crossing, glioma-
targeting, and direct tumor-inhibition by binding the IL-6 receptor
without cellular activation. Intravenously applied I6P7-Stp-His/pDNA
polyplexes were delivered into orthotopic U87 glioma in themouse xe-
nograft model; delivered pDNA encoding inhibitor of growth 4 (pING4)
was successfully expressed in the glioma, which significantly prolonged
the survival time of treated mice.

Nonviral pDNA carriers have also been developed for indications dif-
ferent from cancer. Zheng-Rong Lu and collaborators had optimized the
cationizable lipopeptide like carrier ECO as pDNA and siRNA carrier (see
also next Section 3.2) in several chemical evolution cycles by SPS. They
applied ECO/pDNA nanoparticle for gene therapy of inherited retinal
disorders by subretinal injection in genetic mouse models of Lebers’
congenital amaurosis (LCA) [222] and Stargardt disease (STGD) [223],
demonstrating therapeutic effects in these forms of blindness.

3.2. siRNA delivery

Small interfering RNA (siRNA, 2 nm helix diameter, 7 nm length,
21–23 base pairs) presents a far smaller double-stranded nucleic acid
than pDNA. This opens a far broader range of formulation options,
with small sizes of chemically modified small conjugates of free siRNA,
unimolecular siRNA nanoplexes (for example, with a coat only 1 nm
thicks), to various liposomal or polymer micelle formulations, which
usually are in the size range of around 100 nm. Obviously, a greater flex-
ibility provides an opportunity [5,224,225], but also a challenge for
chemical evolution processes: should siRNA be chemically further min-
imized into drug-like molecules (to better diffuse into tissues)? Or
should multiple siRNAs be formulated into larger virus-like delivery
nanoparticles (to provide disease-focused localization) [226]? Quo
vadis? Which direction to go? Irrespective of these challenging alterna-
tive choices, the siRNA drug concept has already proven to be a success
story. Within two decades since discovery of the RNAi mechanism, the
first siRNA drug product, Patisiran (Onpattro) [4], reached the medical
market in 2018, for therapy of hereditary transthyretin (TTR)-mediated
amyloidosis (ATTR amyloidosis). Mutations in the TTR gene (producing
a tetrameric protein, also called pre-albumin) result in tetramer desta-
bilization, amyloid fibrils and plaques, and rapidly progressive,
debilitating morbidity (polyneuropathy, cardiomyopathy) with high
mortality. Patisiran contains siRNA directed against TTR mRNA formu-
lated into 60 – 100 nm PEGylated LNPs. The design of LNPs for delivery
is based on a long-termdevelopment byCullis and collaborators [6,227].
The formulation contains four lipidic excipients: cholesterol, distearyl
phosphatidyl choline; DLin-MC3-DMA as special cationic lipid,
consisting of a dimethylamino-propionic ester of a carba-analogue of
di-linoleic acid glyceride; and the sheddable PEG derivative PEG2k-C-
DMG. The cationic lipid DLin-MC3-DMA supports nucleic acid incorpo-
ration and endosomal membrane destabilization. The dimyristylated
PEG agent stabilized the formulation but is gradually shed off in blood
circulation; this triggers incorporation of an apolipoprotein E corona
[228], which results in targeted delivery to the LDL receptor and subse-
quent gene silencing in liver hepatocytes.

Alternative nanoformulations include siRNA conjugateswith choles-
terol [229], which enhanced the biodistribution to a series of tissues.
More recently, conjugates with tri-(N-acetyl-galactosamine)-PEG li-
gand were designed for targeting the hepatocyte-specific asialogl-
ycoprotein receptor (ASGPR); combined with complete chemical
modification of siRNA backbone, upon administration via the subcuta-
neous route this opened another very potent way for liver-specific
RNA interference therapy [7,8]. ASGPR-targeted siRNA-PEG-GalNAc
conjugates are currently evaluated in several advanced clinical studies
with target genes being located in liver hepatocytes. The first subcuta-
neous siRNA-PEG-GalNAc conjugate product Givosiran, targeting
aminolevulinic acid synthase 1 (ALAS1) for the treatment of acute he-
patic porphyria, received market approval in November 2019. Gene si-
lencing of ALAS1 reduces build-up of neurotoxic aminolevulinic acid
(ALA) and porphobilinogen (PBG) metabolites [230].

Further chemical evolution of LNP formulation focused on higher
potency at low doses, thus enhancing the biocompatibility at therapeu-
tic dosage. By screening combinatorial libraries Daniel Anderson, Robert
Langer and colleagues had identified cationic lipidoids such as 98-N12-5
[130,132] or C12-200 [131,133], which as part of siRNA LNP formula-
tions were able to mediate in vivo gene silencing in mouse liver; in
case of C12-200 efficient gene silencing was seen at doses below 10
μg/kg. Hideyoshi Harashima and coworkers invested efforts in optimiz-
ing pH-responsive cationic lipids as well as active targeting strategies
beyond the liver [231,232]. In recent work they systematically
derivatized the hydrophilic head group and hydrophobic tails of
YSK12-C4, a pH-sensitive cationic lipid that was previously developed
in their laboratory. Studies revealed that hydrophilic head significantly
affected the apparent pKa of the final LNP product, which is a key factor
in both intrahepatic distribution and endosomal escape. In contrast, the
hydrophobic tail strongly affected intrahepatic distribution without de-
pending on apparent pKa. A structure-activity relationship study en-
abled the selection of a potent LNP composed of a pH-sensitive
cationic lipid CL4H6 that showed efficient gene silencing at very low
dose (50% silencing at 2.5 μg/kg), biodegradability and good biocompat-
ibility. Compared to thepreviously developed LNPs, a superior efficiency
for endosomal escape, cytosolic release and in vivo gene silencing was
observed [233]. Furthermore, the same research group developed
tumor-targeted siRNA LNP formulations. They compared RGD peptide-
modified lipid nanoparticles (RGD-LNPs) with analogous PEG-LNPs in
a lung tumor metastasis model. Accumulation of PEG-LNPs in the
tumor-bearing lung was lower than that for the RGD-LNPs. Intravenous
administration of siRNA RGD-LNP induced gene silencing in the metas-
tasized but not the normal lung. RGD-LNP of antiangiogenic siRNA
against DLL4 greatly prolonged the survival of tumor mice [234].

Existing LNP and GalNAc conjugate technologies appear to be
suitable for medical developments where the target cells are liver he-
patocytes. For systemic targeting other tissues and organs, delivery
technology still needs to be explored and optimized. As a significant
step towards therapy, tumor-targeted siRNA polyplexes have al-
ready been evaluated in first clinical studies in cancer patients. The
nanoparticles were based on transferrin-coated cyclodextrin-
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oligocation for active targeting the transferrin receptor. Complexes
of siRNA against the M2 subunit of ribonucleotide reductase demon-
strated gene silencing (and target protein reduction) in distant pa-
tient tumor tissue [84].

Zheng-Rong Lu and coworkers designed lipo-peptide like
cationizable siRNA carriers with endosomal pH-dependent membrane
disruptive capabilities, for the intracellular endosomal release of the in-
ternalized siRNA. These carriers consist of three domains: cationizable
head, amino acid-based linkers including cysteines, histidines or lysines,
and two terminal hydrophobic oleic acids. Initial studies (published be-
tween 2007 and 2009) identified (1-aminoethyl) iminobis [N-(oleoyl
cysteinyl histinyl-1-aminoethyl) propionamide] (EHCO) as potent
siRNA carrier, which upon attachment of bombesin or a RGD peptide
via PEG spacers triggered receptor-mediated uptake and gene silencing
in tumors in vitro and in vivo [151,235,236]. As published in 2013 [152],
a newmini-library screen of SPS-prepared lipopeptides was performed
to optimize the number of protonable amines and pKa of the cationic
domain, the degree of unsaturation of the lipid tail, and the presence
of histidines. The histidine-free carriers ECO (bis-oleic acid) and ECLn
(bis-linolic acid) mediated the best siRNA silencing activity. Subse-
quently, ECO was successfully applied in RGD-PEG siRNA nanoform-
ulations for therapeutic tumor-targeting. Intravenous injections of
RGD-targeted ECO/sibeta3 nanoparticles reduced MDA-MB-231 breast
tumor growth and metastasis [237]. Most recently, the system was
used for therapeutic gene silencing of the onco-lncRNA DACR, resulting
in reduced tumor growth [238].

In our own optimization of tumor receptor-targeted sequence-
defined OAAs (compare Section 2.5) for siRNA delivery, two differ-
ent strategies were pursued. The first strategy aimed at generation
of small unimolecular siRNA nanoplexes with a thin coat of ligand-
PEG-OAA two arm molecules; nanoplex sizes increased only by
2 nm or 4 nm beyond free siRNA, depending on the length of PEG
of 24 or 48 EO units, respectively [239]. Nanoplexes required stabili-
zation by cysteine-based disulfide bridges within the OAA coat; fur-
thermore, siRNA conjugation with an endosomal escape peptide
(INF7) was strictly required for gene silencing efficacy. Folic acid
(FolA) [239] or glutaminylated methotrexate [240] were used as
targeting ligands. With the latter ligand, which also may act as intra-
cellular dihydrofolate reductase inhibitor, antitumoral activity (50%
cures of mice) was obtained after intratumoral administration of
siRNA nanoplexes against spindle motor protein EG5 [240]. Systemic
administration, however, was ineffective, as the nanoplexes were
rapidly cleared via the kidney and could be recovered from the
urine of treated mice.

As second strategy, for systemic administration, siRNA polyplexes of
sizes around 100 nm were formulated by including non-PEGylated
OAAs. For siRNA delivery, polyplex stabilization was required, either
by defined cysteine-based disulfide cross-links and/or the incorporation
of hydrophobic lipid domains [172]. Including terminal tyrosine
tripeptide sequences for stabilization via π-π interaction resulted in fur-
ther improvement [241]. A mini-library screen of lipo-OAAs for the ef-
fect of incorporated fatty acids on efficacy and biocompatibility
revealed an impact on polyplex stability, endosomolytic activity and
also cytotoxicity. The cytotoxicity issue was resolved by incorporation
of designer cleavage sites into the lipo-OAA carrier, such as an SSBB di-
sulfide building block between cationic and lipid domain, which are
cleavable in the cytosol [242], or lysosomal cathepsin B cleavage sites
for intended lysosomal degradation [17].

For incorporation of active targeting function, targeted combination
polyplexes (TCPs) were generated [243]. In the siRNA polyplex forma-
tion, a targeted FolA-PEG two-arm or four-arm OAA was reacted with
a non-PEGylated three-armOAA. The reactionwas performed by fast di-
rected coupling of thionitrobenzoic acid (TNB) cysteine-modified OAA
with the free terminal cysteine thiol groups of the other OAA via disul-
fide formation. In a variation of the strategies, Dian-Jang Lee et al de-
signed targeted lipopolyplexes (TLPs) by combination of the targeted
FolA-PEG two-arm with a T-shaped lipo-OAA [244]. For both, TCP and
TLP, optimized combinations were tested in vivo and demonstrated
gene silencing in a subcutaneous L1210mouse leukemiamodel after in-
travenous administration.

Well-compacted surface-shielded siRNA lipopolyplexes were also
formulated in an alternative mode, by pre-formation of compacted
siRNA core complexes followed by post-modification with a PEG-
targeting ligand shell. FolA, transferrin, or an EGFR binding peptide
was immobilized via a cysteine-based linkage [245–247].More recently,
the strategy was expanded to the use of orthogonal, copper-free click
chemistry. Lipo-OAAs were synthesized with a terminal azido function,
and formulated siRNA lipoplexes were treated with DBCO-PEG-ligands.
By these means, FolA-targeted siRNA nanoparticles were generated,
which upon intravenous application presented tumor-targeted EG5
gene silencing and antitumoral action in combination with the antitu-
moral natural product pretubulysin [248]. Analogously, EGF receptor-
targeted lipopolyplexes were formulated for EG5 siRNA/methotrexate
co-delivery [249] or EG5 siRNA/pretubulysin co-delivery [250], demon-
strating clear combination effects as tested in EGFR positive tumor cell
cultures. As a novel type of combination therapy, a dual antitumoral
conjugate of EG5 siRNA with the pro-apoptotic peptide KLK was de-
signed [251]. For tumoral delivery, this bioreducible siRNA conjugate
was formulated in a T-shaped azido-lipo-OAA and click-coated with
DBCO-PEG-AP1 as ligand construct for targeting the IL4 receptor [251].
Both mitochondrial destabilization by cytosolic released KLK peptide
and EG5 silencing triggered mitotic block was demonstrated.

An extension of this ‘chemical evolution’ screen for siRNA delivery
carriers [252] addressed the question about a possible beneficial role
of histidines. As reported above, histidines as endosomal buffering com-
ponents had been found beneficial for pDNA delivery. However, histi-
dines (which carry no charge at physiological pH), may also reduce
polyplex stability. For pDNA polyplexes which (due to the far larger
number of base pairs) are more stable than siRNA polyplexes, this usu-
ally does not present a problem. For example, pDNA/PEI polyplexes re-
quire N1M salt for dissociation, whereas PEI polyplexes of siRNA
dissociate already with 0.5M sodium chloride [253]. For siRNA polyplex
performance, incorporation of histidines can be a balancing act. Extra
measures have to be taken for polyplex stabilization to counteract an
unfavorable histidine effect. In case of T-shaped lipo-OAAs with a
short cationizable Stp backbone without and with incorporated histi-
dines, the histidine-free carrier displayed a better gene silencing perfor-
mance [251]. Analogous siRNA lipo-polyplexes formed with lipo-OAAs
containing an extended Stp backbone (40 aminoethylene nitrogens)
were found to be more stable, and incorporation of alternating histi-
dines further improved gene silencing efficiency [254]. The observations
are well consistent with published data. For siRNA carriers like ECO that
contain only short cationic domains but lytic fatty acid domains, histi-
dines might be dispensable, as reported by Lu and collaborators [152].
Histidines integrated into lipid-free larger cationic oligolysine peptides,
such as the highly effective gene silencing H3K8b peptide, are required
for endosomal escape activity [145].

3.3. mRNA delivery

TherapeuticmRNAdelivery has become increasingly attractive in re-
cent years. It has a great potential for addressing medical applications
like immunotherapy, gene editing, regenerative medicine and vaccines
[255,256]. To improve the stability of the nucleic acid under physiolog-
ical conditions, and to decrease the immune response, synthetically
modifications of the rather unstable mRNA are necessary. In addition,
the development of efficient delivery carriers for mRNA is required to
protect the cargo aswell as for effective cellular uptake and cytosolic re-
lease [256]. The new therapeutic procedure offers new challenges and
opportunities for the delivery of polymers. Because of the poor pharma-
cokinetic properties of mRNA, Rudolf Zentel and colleagues developed
decationizable block copolymers containing disulfide-linked primary



Fig. 11. mRNA delivery carriers. (A) Reductive decationizable block copolymers [257]. (B) Ethylenimine-propylenimine-ethylenimine (EPE) sequence motif as superior building block
[258]. (C) Functional and degradable poly(trimethylolpropane allyl ether-co-suberoyl chloride) library [255]. (D) Ring opening polymerization of lactones initiated by a tertiary amino-
alcohol [260]. (E) PNIPAM pLys(SH) [264]. (F) PEG-pAsp(TEP) block copolymers [95]. (G) Biodegradation of a CART copolymer [265].
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amines (Fig. 11A) that form polyplexes with negatively chargedmRNA.
Different translation functionalities and polyplex structures were found
depending on the composition of the block copolymers. They noted
mRNA release of the nano-sized polyplexes in the reducing environ-
ment of the cytosol [257]. Christian Dohmen and collaborators evalu-
ated cationic lipids and polymers formed with different defined
oligoamines. They found that a modified PEI-like carrier with an
(aminoethylene-aminopropylene-aminoethylene) sequence (Fig. 11B)
is more efficient than aminoethylene or aminopropylene based carriers,
and leads to enhanced mRNA transfection [258].

Several researchers developed different degradable polymer-lipid
nanoparticles for systemic delivery of mRNA to the lung
[255,256,259]. James Kaczmarek et al formulated mRNA nanoparticles
with degradable poly(β-amino ester)-lipid (PBAE-lipid) for functional
delivery to the lungs. Through coformulation with lipid-PEG they ob-
tained serum-stable nanoparticles with increased in vitro potency and
most potent in vivomRNAdelivery to the lungs [259]. Bymeans of poly-
mer synthesis and nanoparticle formulation the potency of the degrad-
able, polymeric nanoparticles can be increased. They also demonstrated
the ability of particles to functionally delivermRNA to pulmonary endo-
thelial and immune cells by using Cre reporter gene mice [256]. More-
over, a combinatorial polyester library (Fig. 11C) containing 480
distinct chemical structures was generated by Daniel Siegwart and co-
workers with the aim to identify mRNA carriers. Surface shielding
with 5% pluronic F127 improved the stability of mRNA polyplexes, and
enabled predominant lung gene transfer upon intravenous application
in mice [255].

To enable tissue-selective mRNA delivery, novel ionizable amino-
polyesters were designed by Piotr Kowalski et al (Fig. 11D). Carriers
were synthesized by ring opening polymerization of lactones with ter-
tiary amino-alcohols and applied for mRNA formulation into LNPs. Ef-
fective mRNA expression in lung endothelium, liver hepatocytes and
splenic antigen presenting cells was found [260]. Standard LNPs as de-
veloped for the siRNA therapeutic Patisiran (see Section 3.2) showeffec-
tive hepatocyte delivery by LDL receptor mediated uptake; the small
fraction (~1%) of cargo released into the cytosol is an early event
(5–15 min after endocytosis [261,262]). The efficiency on other tissues
and cell types is highly variable. Recently, Arwyn Jones, Marianne
Ashford and colleagues evaluated intracellular trafficking of mRNA
LNPs in 30 different tumor cell lines, comparing highly transfecting
cell lines with moderately or poorly transfecting cell lines [263]. High-
transfecting cells showed rapid LNP uptake and trafficking through an
organized endocytic pathway to lysosomes or rapid exocytosis was ob-
served in well transfectable cells. Low-transfecting cells displayed
slower endosomal trafficking of LNPs to lysosomes and defective
endocytic organization and acidification. In linewith [261,262], efficient
LNP transfection relies on an early and narrow endosomal escape
window.

Wenfei Dong and collaborators generated stable polymeric
nanoformulations by complexing mRNA with poly(N-
isopropylacrylamide) (PNIPAM)-pLys–thiol (Fig. 11E) and cRGD-PEG-
pLys-thiol for systemic delivery to tumors. Thermo-responsive
PNIPAMwas incorporated for stabilization andmRNAprotection during
systemic circulation, redox-responsive disulfide linkages for extracellu-
lar stabilization and intracellular mRNA release. Furthermore, the PEG-
conjugated cRGD ligand on the surface of the nanoformulation im-
proved tumor accumulation, and achieved potent gene expression of
the loaded mRNA via integrin-facilitated cellular uptake [264].

Hydrophobic polyplex stabilization was also essential in the work of
Kataoka and coworkers for optimizing systemicmRNA delivery by PEG-
pAsp(TEP) block copolymers (Fig. 11F). A cholesterol moiety had to be
attached to theω-terminus of the copolymer for enhanced blood reten-
tion upon intravenous administration. The i.v. administration of PEG-
pAsp(TEP)-Chol polyplexes for the delivery of mRNA encoding the
anti-angiogenic protein sFlt-1 resulted in a remarkable growth inhibi-
tion of pancreatic cancer in a subcutaneous inoculation mouse model
[95].

Amphiphilic charge-altering releasable transporters (CARTs) are de-
gradable materials for mRNA transfer and have been developed by
Robert Waymouth and coworkers (Fig. 11G). The step-economical



Fig. 12. Polycationic protein carriers. (A) Phenyl-biguanidine-benzoic acid (PBGBA) modified branched PEI (25 kDa) containing in average 60 PBGBA per bPEI [276]. (B) Protein
interactions with phenyl-boronic acid modified cationic G5 PAMAM dendrimer via nitrogen-boronate complexation, cation-π and ionic interactions enables dendrimer binding with
either negatively or positively charged proteins [277].
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synthesis of CARTs was achieved by an organocatalytic oligomerization.
These transporters are capable of first building CART/mRNA complexes,
protecting and delivering mRNA into cells. Subsequently CARTs un-
dergo a degradative intramolecular rearrangement, degrading to neu-
tral small molecules by controlled self-immolation, resulting in the
release of mRNA into the cytoplasm and translation into protein [265].
Evolutionary optimizationwas possible using CART libraries incorporat-
ing different lipidic side groups. CART/mRNA complexes were demon-
strated to successfully transfect lymphocytes in vitro and in mice
in vivo [266]. Upon intratumoral injection, they can effectively trigger
antitumor immune responses [267].
3.4. Intracellular protein delivery

Extracellularly active recombinant therapeutic proteins such as
growth factors and antibodies have already captured a major fraction
of the pharmaceutical market [268]. Delivery of proteins to intracellular
target locations is a recent emerging task, fueled by developments of
nanobodies with intracellular molecular targets or high-precision DNA
endonucleases such as Cre recombinase, zinc finger nuclease, TALENs,
or Cas9 protein for genome editing (see also Section 3.5). In this novel
research area, numerous different delivery approaches have been re-
cently reported [269,270]. These include physical incorporation into de-
gradable hydrogels [271–275] or lipidic carriers, conjugation or
complexation with polymers such as phenyl-biguanide modified [276]
or phenyl-boronic acidmodified [277] polycations (Fig. 12), targeting li-
gands or other functional transduction domains [278–282], or covalent
Fig. 13. Protein delivery strategies by solid-phase synthesized nanocarriers. (A) Bioreversibl
bioreversibly caging nanobody cargos [291]. (C) Traceless reversible protein conjugation with
reversible recharging followed by electrostatic polycation complex for-
mation [283–285]. In contrast to the previously discussed cargos DNA,
siRNA, and mRNA, which are physicochemically uniform within their
compound class, protein cargos may very much differ in size, charge/
isoelectric point, hydrophilicity and stability. When screening libraries
of sequence-defined OAA oligomers for delivery of different protein
cargos (such as enhanced green fluorescent protein (eGFP), LacZ,
RNase, or nanobodies), our own learning experience has been that dif-
ferent carriers or carrier concepts were best for the different protein
cargos. In the nutshell, for every protein cargo an independent "chemi-
cal evolution search" for the most suitable nanocarrier has to be
performed.

A main delivery effort is the specific attachment of the protein for-
mulation to the target cell, in order to trigger cellular uptake by endocy-
tosis or related mechanisms. Subsequent release to the cytosol is the
next challenge, followed by intracellular release at the target location
(cytosol, nucleus) in bioactive form. Thus, in our work, proteins were
bioreversibly conjugated with sequence-defined carriers. Optionally,
linkers were used that are removed traceless under endosomal acidic
conditions [286,287]. Alternatively, redox-sensitive disulfide linkages
were applied for bioreduction in the cytosol [288,289].

Screening a sequence-defined oligoaminoamide (OAA) library for
eGFP protein delivery presented a tetra oleoyl-modified protonatable
OAA containing a folate-PEG domain for receptor targeting and nano-
particle shielding, and a protein disulfide linkage, as the best intracellu-
lar eGFP delivery agent into folate receptor-expressing tumor cells [289]
(Fig. 13A). The formulation consisted of small worm-like nanomicelle
e protein disulfide linked lipo-OAA [289,290]. (B) Folate-PEG linked four-arm OAAs for
a targeting ligand (folate-PEG) and an endosomal escape peptide (INF7) [292].
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rods with approximately 10 nm in diameter and 30 nm hydrodynamic
diameter. Formulation of the bioreversible carrier conjugates with
helper lipid resulted in formation of 50 nm proteoliposomes with simi-
lar protein delivery efficiency [290]. Replacing eGFP by antitumoral
RNase A resulted in highly effective cytosolic delivery and the desired
tumor cell killing.

Interestingly, when screening the library for intracellular delivery of
very small (2 nm) nanobodies, the disulfide-linked lipo-OAA was not
the most suitable delivery solution. Instead, a folate-PEG linked four-
arm OAA containing a terminal cysteine on each arm (Fig. 13B) was
found as most effective, surprisingly without covalent linkage to the
nanobody protein [291]. The very small size of the nanoplexes and the
strict requirement of the cysteines on the carrier with disulfide forming
capacity is consistent with bioreversible caging of the nanobodies
within a disulfide cross-linked OAA net coating the nanobody.
Nanoplexes were internalized via receptor-mediated endocytosis and
partly released into the cytosol. Bioreductive cytosolic release of
nanobodies was verified via intracellular staining of nanobody target
proteins in living cells. Fig. 13C illustrates the third protein delivery
strategy as evaluated in our group. In contrast to the other approaches,
carrier-free delivery formulations of eGFP or RNase A were developed
by direct, traceless reversible protein conjugation with folate-PEG
targeting ligands and influenza-derived endosomal escape peptide
(INF7) functionalization [292]. Folate ligand incorporationwas required
and sufficient for cellular uptake. For the smaller and basic RNase A pro-
tein, additional INF7 functionalization was required and sufficient for
cytosolic delivery and potent cell killing; for the larger non-basic eGFP
protein, cytosolic deliverywas limited despite INF7 incorporation. In an-
other complementary approach, Ulrich Lächelt and colleagues gener-
ated multifunctional hybrid nanosystems by coordinative self-
assembly of His-tagged proteins (such as H6-eGFP or H6-transferrin),
apoptotic peptides, or mitochondrial cytochrome c ontometal−organic
frameworks (MOFs) [293]. Intracellular delivery and cell killing by the
apoptotic cargos was observed.

In summary, on the one hand, the biochemical difference of proteins
enables the exploration of many different delivery strategies; on the
other hand, generic protein delivery solutions are futile, and individual
protein cargos request individual optimizations by chemical evolution.
3.5. Delivery of genome-editing nucleases

Over the past several years great advances in precise genome mod-
ifying nucleases such as zinc finger nucleases (ZFN), transcription
activator-like effector nucleases (TALEN), meganucleases (MN), or
CRISPR Cas9/sgRNA [294,295] and other have opened a new era for ge-
netic manipulation of model organisms [296] as well as the develop-
ment of gene therapeutics [297–299]. For this purpose, nonviral
vectors offer a broad and safer alternative to viral vectors, to overcome
viral vector problems such as high occurrence of preexisting or induced
immune response, or unintended sustained expression of programma-
ble nucleases,whichmight lead to off-target cleavage. Transient expres-
sion profiles of nonviral vectors, which usually present a disadvantage
for treatment of most genetic diseases, can be advantageously applied
for transient expression of genome–modifying nucleases. Different in-
tracellular delivery modalities for the genome-editing agents can be
pursued: as gene expression constructs based on pDNA [300] or
mRNA [299]; as recombinant protein, or as Cas9 protein/sgRNA ribonu-
cleoprotein formulation [194,298]. Especially, the easy design of the
CRISPR-associated protein 9 (Cas9)/ single guide RNA (sgRNA) system
has boosted genome editing strategies. CRISPR/Cas9 is considered to
be an innovative tool for highly efficient genome engineering
[298,300,301]. Therefore development of efficient and safe delivery
technologies, as also reviewed in this ADDR issue [302–304], is of ut-
most importance.

Kam Leong, Jianjun Cheng and collaborators applied the cationic α-
helical polypeptide poly(γ-4-((2-(piperidin-1-yl)ethyl)aminomethyl)
benzyl-L-glutamate), which was developed out of a library screen
(see Fig. 10) for the co-delivery of sgRNA and pDNA expressing
Cas9. PEGylated nanoparticles were obtained by including PEG-
polythymidine40 in the polyplex formulation. Single or multiplex
gene editing was performed in vitro with an up to 47% efficiency.
In vivo targeting gene deletion of polo-like kinase 1 (Plk1) sup-
pressed the growth of HeLa tumors in mice and prolonged the
animal survival rate [220].

Junjui Huang and colleagues developed a new strategy for the deliv-
ery of large pDNA coding for Cas9 and sgRNA for editing of two different
genes (β-globin, rhomboid 5 homolog 1) by using PEI-β-cyclodextrin as
cationic polymer to form nanocomplexes [300]. Zheng-Rong Lu and co-
worker optimized their bis (oleoyl-cysteine) oligoaminopeptide system
ECO (see Sections 3.1 and 3.2) by introducing triamino-triethylamine as
a novel cationizable head group and optionally additional linker lysine
or histidines. ECO and iECO (without any further linker amino acids)
presented the most effective agents for intracellular delivery of pDNA
expressing CRISPR/Cas9, resulting in genome editing [305].

Gleb Sukhorukov and colleagues reported on pDNA-based delivery
of CRISPR Cas9 components, improved by polymeric and hybrid
microcarriers made of degradable polymers coated by a biocompatible
shell of silica [306]. Using a combinatorial design of poly(β-amino es-
ters) (see Section 2.4), Jordan Green and colleagues had developed
branched ester-amine quadpolymers (BEAQs) for pDNA transfer (see
Section 3.1). To co-encapsulate and deliver Cas9 pDNA and sgRNA in
the same biodegradable nanoparticle system, Green and collaborators
extended the chemical evolution to the design of reducible BEAQs
(rBEAQs) with a library varying the polymer branching, reducibility
and hydrophobicity. These variations resulted in 40% Cas9-facilitated
gene knockout in human embryonic kidney 293T cells, which also con-
firms the presence as well as the bioactivity of the two components in
the same cell [307].

mRNA delivery enables high and transient expression of genome-
modifying nucleases. Anthony Conway et al co-formulated LNPs with
a novel ionizable lipid and mRNA encoding ZFNs. They achieved highly
effective in vivo genome editing of several therapeutic gene targets such
as the TTR or PCSK9 gene in hepatocytes [308]. Standard LNPs (see
Sections 2.4 and 3.2) preferably deliver nucleic acids (such as siRNA or
mRNA) into liver hepatocytes. James Dahlman and coworkers applied
their high-throughput barcode-based technology FIND (see
Section 2.6) to measure efficient LNP-based in vivo delivery mRNA and
sgRNA into multiple organs. In this directed evolution process, they
found more than 250 LNPs delivering mRNA to multiple cell types.
They also identified two LNPs, 7C2 and 7C3, that efficiently deliver
sgRNA andmRNA to endothelial cells. The LNP 7C3was found to deliver
Cas9mRNA and sgRNA to splenic endothelial cells as efficiently as to he-
patocytes, opening the opportunity for endothelial cell gene editing
[202]. The team of Daniel Siegwart designed zwitterionic amino lipids
nanoparticles for delivery of Cas9 mRNA plus sgRNAs. Co-delivery of
Cas9 mRNA/LoxP sgRNA via an intravenous route resulted in rescued
tdTomato fluorescent protein expression in the liver, lung and kidneys
of Lox-Stop-Lox tdTomato transgenic mice [309].

As the CRISPR-Cas9 protein activity is required only for the short pe-
riod of the genome editing process, direct intracellular protein delivery
into the cell nucleus is a further attractive option, preferable in form of
an active Cas9 protein/sgRNA ribonucleoprotein complex. Delivery of
protein cargos across cell membranes as well as endosome escape is a
persistent challenge, which has to be met by strategies as outlined in
Section 3.4. Jennifer Doudna and colleagues designed CRISPR-Cas9
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protein conjugates, harboring N-acetylgalactosamine (GalNAc) trimers
as targeting ligands to achieve effective ASGPR-mediated endocytosis
into hepatocytes for liver-specific genome editing [310]. They could
demonstrate gene editing in HepG2 cell culture when co-applied to-
gether with an endosomolytic peptide ppTG21.

David Liu and collaborators developed protein delivery for Cre
recombinase, TALE, or Cas9 nuclease by conversion into negatively
supercharged proteins followed by complexation with standard cat-
ionic liposomes. Supercharging was achieved by recombinant fusion
with other negatively charged proteins or, in case of Cas9, by loading
with the negatively charged sgRNA [311]. Subsequently the same re-
search group applied bioreducible lipid carriers for improved intracellu-
lar release of the ribonucleoprotein agent [312]. Yoo Kyung Kang et al
followed a different approach for CRISPR Cas9 protein delivery. They
conjugated Cas9 endonuclease covalently with cationic branched PEI,
and subsequently used the cationic conjugate for complexation with
sgRNA. The formed nanoparticles were applied for genome editing of
methicillin-resistant Staphylococcus aureus (MRSA) [298].

Yuan Ping, Yijun Cheng and coworkers had generated effective car-
riers for intracellular protein delivery by modifying cationic amine-
terminated polyamidoamine (PAMAM) generation 5 dendrimers with
phenylboronic acid (PBA) residues (see also Section 3.4). This modifica-
tion has made it possible to bind with either negatively or positively
charged proteins, assembling them into nanoparticles with potent cyto-
solic delivery, and maintaining the protein bioactivity after intracellular
release. Amongst several protein cargos, they demonstrated efficient
Cas9 protein/sgRNA co-delivery and gene editing [277]. Wenfu Zheng,
Xingyu Jiang and colleagues reported on genome editing hybrid nano-
particles assembled from a core of gold nanoclusters modified with
Fig. 14. Chemical evolution of nanocarriers. Chemical libraries can be combinatorial or sequence
or functionally) enrich nanocarriers with favorable properties. Nanocarriers can be identified
evolution cycle.
HIV tat peptide, Cas9 protein and sgRNA expressing pDNA, coated
with a PEG-lipid shell. Using sgRNA targeting Polo-like kinase-1
(Plk1), a more than 70% down-regulation of Plk1 was observed in mel-
anoma cells in vitro and a 75% suppression of melanoma growth inmice
in vivo [313].

4. Conclusions

Extracellular and intracellular delivery of therapeutic nucleic
acids or proteins has been the focus of numerous activities now al-
ready over 58 years, since first successful enhancement of poliovirus
RNA delivery with basic proteins [314]. About three thousand gene
therapy clinical trials (see http://www.abedia.com/wiley [1]) have
been performed, yielding at current stage nine gene therapy prod-
ucts. Numerous chemistry efforts resulted in one siRNA and at least
eight synthetic oligonucleotides that were approved as drug prod-
ucts. Further nucleic acid products are in advanced clinical evalua-
tion and will reach the market soon. In all these nanomedicine
developments, efficient and safe transfer of the therapeutic
nanoagent into the desired target tissues and cells of patients are
still the most critical limitation and bottleneck.

Nature designed viruses as highly potent intracellular delivery
agents, using a very limited tool-box of chemical building blocks as-
sembled under physiological conditions. We may learn from the
elaborative mechanisms of viruses for infecting cells and might try
to imitate them by generating ‘artificial viruses’. However, numerous
different classes of viruses with widely different entry mechanisms
exist. To paraphrase the quote from Richard Feynman ‘What I cannot
create I do not understand’: being fascinated about viruses, does not
-defined. Screening in appropriate in vitro or in vivo test models is supposed to (physically
either directly (by sequence) or indirectly (by barcoding), providing input for the next

http://www.abedia.com/wiley
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mean to understand them and being able to create them. Viruses
may be regarded as snapshots of natural evolution, and their diverse
optimized processes may not be general applicable in an artificial
setting. It might be more useful to learn from the general principles
of natural evolution and adopt them to artificial synthetic designs
and selection processes termed here as “chemical evolution”. In the-
ory, refined synthetic nanocarriers designed from a far broader space
of chemical building blocks and synthesized using a whole range of
optimized chemical conditions might be more effective in delivery
than natural viruses. We ‘simply’ lack the knowledge about their
perfect construction plan.

General design principles for synthetic chemical evolution of
nanocarriers (Fig. 14) could be as follows:

i. Generation of libraries of chemical structures defined as retriev-
able ‘Sequences’, assembled from a set of chemical building
blocks.

ii. Definition as ‘Sequences’ can be based on the actual sequence of
subunits or on integrated (DNA or peptide) barcodes.

iii. A ‘Sequence’ can be linear (as in natural nucleic acids and pep-
tides) or might contain branching (such as in dendrons).

iv. ‘Sequences’ need to be retrievable in terms of structure identifi-
cation (high-end analytics from genomics/proteomics) and re-
generation of the structure (directed synthesis). The sequence
information should be storable in silico or on a template (com-
pare with the genetic code in natural evolution).

v. Libraries may be the result of random or designed small changes
in sequence of building blocks (‘mutations’), or rearrangement of
previously found useful domains (‘shuffling’). Analogous gene
shuffling has been applied in natural and artificial evolution
(just for example, note the abundant use of DNA binding zincfin-
gers in ~2800 human proteins [315]).

vi. Screening of the library has to be performed in appropriate test
models, for identification and selection of most suitable
nanocarrier candidates as starting point for the next refined li-
brary and next evolution cycle.

vii. Different macromolecular cargos (illustrated here for pDNA
siRNA,mRNA, proteins and genome–editing agents)may require
different nanocarriers due to their different physicochemical
properties and their different intracellular target sites and
modes of action.

viii. The different therapeutic modes (transient or permanent action;
low or high level of intervention required for therapeutic effects)
as well as the various different target organs and cell types may
dictate different requirements to the nanocarrier. Optimization
for ex vivodelivery into cultured cellmost likelywill not correlate
with optimal in vivo delivery. Therefore, applying the most rele-
vant screening model is of utmost importance. Keep in mind:
even in the best case, you only get what you actually asked/
screened for.

Chemical evolution may involve rational design of improved build-
ing blocks based on a better understanding of the delivery processes.
It may be fueled by empirical screening of diverse chemical compound
libraries, computational prediction bymachine learning algorithms, vir-
tual screening. Chemical evolution can also be regarded as an evolution
of knowledge. To illustrate this with one example of endosomal escape:
in the early nineties, when this step was discovered to be ineffective in
nonviral gene transfer, viral endosomolytic mechanisms were intro-
duced to overcome this bottleneck [38,316]. It also triggered the search
for endosomolytic agents and the discovery that a simple cationizable
polymer, PEI, can overcome the endosomal barrier via “The proton
sponge: A trick to enter cells the viruses did not exploit“ [317,318]. A re-
fined molecular understanding of the aminoethylene protonation char-
acteristics was developed and described as the “even-odd” effect [93],
which pointed out that not every proton sponge might be applicable.
Evolution continues with the notion that different intracellular
endolysosomal sorting mechanisms in different cell types and tissues
may strongly influence the selection of themost productivemechanism
of cationizable nanocarriers [144,263].

In conclusion, different chemical evolution strategies have already
been pursued, as reported herein. Starting from rational design of mul-
tifunctional molecular conjugates and block copolymer libraries,
screening of combinatorial chemistry libraries or sequence-defined
peptide-like macromolecules has been performed, largely ex vivo in
cell culture, but in part also in more relevant in vivo mouse models.
DNA- or peptide- barcoded nanoagents, combinedwith high-end geno-
mics/MS analytics for identification of nanocarriers, present encourag-
ing options for future in vivo chemical evolution.
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