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Nucleic acids have been utilized to construct an expansive collection of nanoarchitectures varying in de-
sign, physicochemical properties, cellular processing and biomedical applications. However, the broader
therapeutic adaptation of nucleic acid nanoassemblies in general, and RNA-based nanoparticles in partic-
ular, have faced several challenges in moving towards (pre)clinical settings. For one, the large-batch syn-
thesis of nucleic acids is still under development, with multi-stranded and chemically modified assemblies
requiring greater production capacity while maintaining consistent medical-grade outputs. Furthermore,
the unknown immunostimulation by these nanomaterials poses additional challenges, necessary to be
overcome for optimizing future development of clinically approved RNA nanoparticles.
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RNA, an original carrier and regulator of the flow of genetic information from nucleic to amino acids, is now
realized as a programmable, self-assembling and biodegradable polymer capable of encoding functional frameworks
and nanodevices [1,2]. The inherent programmability of RNA (and DNA) into rationally designed multi-stranded
nanoscaffolds results from canonical and noncanonical base pairings that allow for the rational design of nucleic
acid nanoparticles (NANPs) of various topologies, compositions and functions [3–8]. Each NANP can be enabled
with a variety of therapeutic, biosensing and targeting capabilities and as RNA and DNA oligonucleotides naturally
hybridize with one another, the hybrid RNA/DNA NANPs diversify the functional range of resulting assemblies [9–

12].
Through the tunable and biocompatible nature of NANPs, these nanoformulations show promise in their poten-

tial for clinical adaptation. Two RNAi-based nanoformulations, Onpattro R© (patisiran) and Givlaari™ (givosiran),
were recently approved by the US FDA, with 17 other RNAi therapies entering clinical trials [13] and many more
in development [14,15]. Besides specific RNAi inducers, there are several other classes of clinically approved ther-
apeutic nucleic acids [13], including DNA-based therapeutics (six therapies approved), antisense oligonucleotides
(with five therapies approved), mRNAs (with five therapies in trials), aptamers (with one approved and seven in
trials), ribozymes (four in trials) and gene editing therapeutics (three in trials). These therapies have just begun to
emerge as clinical contenders after facing multiple challenges related to their potent immune activation, stability
and large-scale production. Multifunctional therapeutic NANPs would consequently benefit from optimizing these
aspects early in the design phase of production, so that the advanced preclinical studies do not encounter these
challenges when the synthesis and physicochemical characterization of NANPs have been finalized. Addressing the
numerous challenges faced in the production of RNA nanostructures will ultimately lead to a successive pipeline
for the clinical translation of this innovative technology.
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Table 1. Overview of NANP production methods.
Synthesis Characteristics Multistrand NANP assembly† Adaptability for NANP production

Chemical - Phosphoramidite chemistry with
solid-phase supports

No The synthesis of pure short RNA or DNA oligonucleotides ready to
use for NANP assembly is especially useful. This is an easy and
versatile way to attach various chemical modifications
(fluorophores, linkers, etc.) or produce DNA oligonucleotides for
further enzymatic synthesis or cloning for biological applications

Enzymatic - PCR
- PCT
- IVT

NA
NA
Yes

- PCR is predominantly used for amplification of DNA
templates/parts for IVT or cloning, respectively.
- PCT has not been yet evaluated for NANP production, but is
potentially promising.
- IVT is the current golden standard for production of individual
RNA strands for NANP assemblies

Biological - Phagemid amplification of ssDNA
- Extracellular RNA production
- Intracellular RNA production
- Vesicular/viral RNA production

Yes
Yes
Yes
Yes

- Amplification of various ssDNAs in phagemid particles can be
done, as one strand is very cost effective with the currently largest
yield. No similar variant is available for RNA.
- Intracellular overexpression of DNA/RNA strands from
recombinant vectors may provide a means of production of RNA in
the cell, allowing for the transport of RNA to media or its export
within a vesicle or virus. Co-transcription of multiple strands can
lead to in vivo assembly of NANPs

†Possibility of multistrand NANP assembly during one pot production.
IVT: In vitro transcription; NANP: Nucleic acid nanoparticle; PCR: Polymerase chain reaction; PCT: Polymerase chain transcription; ssDNA: Single-stranded DNA.

Scaling up NANP production
The exploration of multifunctional NANPs shows promising results with potential applications in therapy or
biotechnology [16]. However, the translation of NANP nanotechnologies to clinic or industry is currently challenged
with several hurdles, not least of which is the cost-efficient industrial-scale synthesis of pyrogen-free NANPs. The
most current types of NANPs are typically assembled from more than one strand that can be synthesized by various
methods, loosely categorized into synthetic/chemical, enzymatic (produced by in vitro transcription [IVT]), and
recombinant (produced in cells) approaches (Table 1) [17]. Fundamental differences in the biological roles between
DNA and RNA reflect their biogenesis, stability and metabolic turnover. While DNA, a guardian of genetic code,
evolved to be fairly stable and efficiently replicated, RNA plays diverse roles with significantly shorter half-lives and,
with the exception of some viruses, RNAs are not amenable to cellular replication. These biochemical discrepancies,
therefore, generally determine the overall complexity of biotechniques suitable for DNA and RNA production.

Chemical synthesis
Currently, the golden approach for the chemical synthesis of nucleic acids and their chemical analogues is the
automated method taking advantage of phosphoramidite chemistry with solid-phase supports. Nucleoside phos-
phoramidites enable the 3′ to 5′ sequential extension of nucleic acid chains (opposite to enzymatic synthesis)
via a cyclic reaction and currently support synthesis of DNA oligos of up to 200 bases long. Synthesis of RNA,
however, requires additional protection for the ribose 2′-OH group maintained throughout the whole process
and the loss of the protecting groups leads to cleavage of the RNA phosphodiester chain and the formation of a
5′-2′ linkage, a problem that increases with oligonucleotide length [18]. Despite the existence of various protecting
groups, chemical synthesis of RNAs results in sequences well below 100 bases in length. While longer RNAs can
be ligated from shorter RNA strands with the aid of DNA splints complementary to both ligated ends [19,20],
the additional enzymatic step and purification lower the final yields of RNA products. All these issues make the
straightforward chemical synthesis of oligos expensive and time consuming for mass production of NANPs. As
for cost, commercial synthesis for the lowest (0.025–0.05 μmole) scale of production, with basic desalting for
purification for a 45 nt-long DNA oligonucleotide costing between €10 and 20, while the price for the synthesis
of an RNA oligonucleotide of the same amount and quality would skyrocket to at least €300.

Enzymatic in vitro production
As exemplified by polymerase chain reaction (PCR), an enzymatic approach has the potential for fast and exponential
amplification of target DNA sequences. The PCR amplification of a DNA template is mediated by thermostable
DNA polymerases through thermal cycling reactions. Analogical RNA amplification via PCR is currently impossible
due to the lack of reliable heat-resistant RNA polymerases (RNAP). Potentially, DNA polymerases can be engineered
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to use ribonucleoside triphosphate (rNTPs) as a substrate to synthesize RNA while retaining their thermostability [21]

but the chemical instability of RNAs at elevated temperatures will remain an issue.
Instead, the standard enzymatic synthesis of RNA is IVT mediated by RNAPs isolated from T7, T3 or SP6

bacteriophages. In comparison with cellular RNAPs, the advantage of bacteriophage-derived RNAPs is their single
polypeptide chain composition, allowing for their simple recombinant production. T7 RNAP transcribes RNA
complementary to a user-designed DNA template [22]. Despite the potential to yield mg/ml quantities within a few
hours, IVT often results in 3′-end heterogeneity of the RNA strand, which imposes a potential risk for incomplete
NANP assembly and off-target effects. Recently, the combination of two improvements, C2′-methoxy-modified
DNA templates in the last two positions at the 5′-end and the addition of dimethyl sulfoxide, resulted in increased
3′-end homogeneity of transcripts [23–25]. Another approach promoting homogeneity of 5′- and 3′- ends of RNAs is
through cleavage of the phosphodiester backbone at a specific site by cis-acting self-cleaving ribozymes fused to both
ends of the transcript [26]. Overall, IVT is a very promising approach since it allows for the one-pot cotranscriptional
assembly of individual NANPs made of RNA and chemically modified analogs [27–30].

Biological-intracellular overexpression
While the enzymatic production of NANPs (or individual oligos in their composition) offers synthesis under
defined reaction conditions, large-scale NANP preparations would require a high concentration of processing
enzymes, making the operation too costly. In comparison with IVT, intracellular synthesis of recombinant nucleic
acids represents a price-effective approach. Recombinant expression of nucleic acids in microbial cells in a manner
similar to recombinant proteins is a viable strategy but requires several considerations. For one, DNA expressed in
cells is in a duplex form and the subsequent production of ssDNA strands would require additional intracellular or
postisolation treatment which may be ineffective for mass production.

This challenge is essential to overcome for the production of DNA origami, which has been shown to conditionally
interact in cell cultures as well as in animal models [31]. DNA origami is assembled from a long ssDNA shaped by
short staple oligos. Recently, it has been shown that long and short components can be encoded on one phagemid.
A phagemid is a combination of bacteriophage and plasmid serving as a cloning vector with the ability to be
packaged into a filamentous bacteriophage. This approach offers a very high rate of ssDNA amplification. The
proposed strategy exploits the bacteriophage to carry ssDNA-containing staple sequences interleaved with two
Zn2+-dependent DNA-cleaving DNA enzymes and a scaffold sequence as a backbone (Figure 1A). The released
phagemid particles are separated from the bacterial cells and ssDNA is isolated. The staple sequences and scaffold
strand are excised from the construct after induction by ZnCl2. Subsequently, the blend of staples and scaffolds
undergoes self-assembly in large volume. Finally, assembled DNA nanoparticles are precipitated. From 2 l of
reaction volume, authors gained approximately 160 mg of NANPs including residual chemicals. The total cost of
synthesis was calculated to be approximately €23/mg (2 l) with an estimation of €0.18/mg for 800 l, which would
be 1000-times less than the comparative amount synthesized by solid-phase chemistry [32]. Additional works have
developed even more customizable phagemids [33,34].

Intracellularly, RNA is mostly transcribed as single-stranded, suggesting that expression of heterologous RNA
is straightforward: a vector encoding the RNA construct is transferred into host cells where it is maintained and
passed to daughter cells while transcribing chosen RNAs. At some point, cells are pelleted, lysed and RNAs of
interest are pulled out using affinity tags [36]. The major drawbacks of recombinant RNA synthesis in organisms are
quick degradation by intracellular RNases and heterogeneity of the transcripts. Fusion of the RNA of interest to an
RNA scaffold such as transfer RNA or 5S ribosomal RNA is a standard strategy aiming to protect RNA constructs
against bacterial endogenous ribonucleases. If necessary, upon purification, the scaffold structures can be cleaved
away with the help of RNase H and DNA oligonucleotides complementary to the scaffold sequences flanking the
RNA of interest, which may be a limiting step for large-scale production [37]. Interestingly, in mammalian cells,
RNAs fused to transfer RNA are unstable and require a different scaffold [38].

The heterogeneity of RNA strands can be solved by incorporating ribozymes into the transcripts. Recently, a
new class of so-called twister ribozymes was discovered [39]. Their self-cleavage under physiological conditions is
significantly faster than standard ribozymes, which prevents degradation before the creation of homogenous ends.
Based on twister ribozymes, a new system named Tornado (Twister-Optimized RNA for Durable Overexpression)
was recently introduced. The Tornado system is characterized by the rapid self-cleavage of Twister ribozymes located
on both sides of the RNA of interest. The exposed sequences close to the 5′ and 3′ ends form stems with several
loose bases on both termini that are subsequently ligated by the endogenous RNA ligase RtcB. The final structure
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Figure 1. Three strategies for large-scale preparation of nucleic acids composing nucleic acid nanoparticles. (A)
Production of all ssDNA components for DNA origami structures. Currently the most effective method for the
manufacturing of single-stranded nucleic acids relies on the production of engineered bacteriophages. Individual
origami components (staples and scaffold) are excised from phagemid after induction of DNAzymes by Zn2+. (B)
Intracellular transcription of user-designed RNAs. To prevent degradation, the RNA of interest is expressed in fusion
with protecting scaffold. The RNA is isolated from total cellular RNA and subsequently the scaffold is enzymatically
removed. Alternatively, RNA can be transcribed in fusion with inducible glmS ribozyme (not shown). The ribozyme is
designed to display the boxB RNA, the high-affinity tag to the N-peptide derived from bacteriophage λ. The λN
peptide is fused to glutathione S-transferase in Glutathione–Sepharose. Subsequently, the captured chimeric
ribozyme is activated by addition of glucosamine-6-phosphate and RNA of interest is cleaved off and eluted [35]. (C)
The microbes that export RNA to its environment with undetectable levels of RNases can be used for the production
of recombinant RNAs without the support of RNA scaffolds.

is a highly stable circularized RNA with the potential to accommodate several functionalities such as RNA-based
fluorescent structures, metabolite RNA sensors or RNA aptamers [40].

In vivo-transcribed RNA NANPs that are assembled from more than one strand can perform various func-
tions [41,42]. Current works have studied NANPs designed to be functional in situ and it is unknown if individual
strands of multistrand assemblies can be effectively isolated in a stoichiometric ratio. Therefore, the composition
of NANPs from several strands is a significant disadvantage for their cellular production. While isolated NANPs
adopt their final structures after thermal annealing, this process obviously cannot be realized in vivo. However, it
may be favorable to have RNA NANPs that readily fold also in vivo into the designed shape. To comply with this,
it is necessary to design nanostructures that exhibit high thermodynamic stability with favorable folding kinetics.
The potential solutions for these problems were experimentally proven by modeling various single-component
RNA NANPS that folded in a sequential and hierarchical pathway to designed nanostructures. As a first, during
their transcription in Escherichia coli, arising RNA strands form stable hairpins where a prevailing number of RNA
bases are engaged in forming duplex structures (Figure 1B). The final designed nanostructure is then promoted by
unpaired RNA residues that form long-range tertiary interactions. The amount of in vivo-transcribed NANPs was
estimated to be up to 11% from total RNA, implying the potential for large-scale production [43].
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In comparison with the intracellular accumulation of RNAs, the extracellular release of RNA to cell culture is
an alternative approach with the potential for continuous industrial manufacturing systems without the necessity
to collect producing cells. Isolation of RNA from the cell culture medium would not require exhausting time and
laborious RNA extraction methods. The inevitable condition for extracellular production of RNAs is the absence
of RNases in the growth medium. This crucial prerequisite together with cells’ natural ability to secrete RNAs in
the medium was observed in the marine bacterium Rhodovulum sulfidophilum (Figure 1C). RNase-free medium
additionally allows for expression of linear RNA structures without any camouflaging scaffold or circularization.
However, despite optimization of the promoter sequence and growth conditions, the yields for RNAs in trials have
been reported below 200 μg/l [44–46]. Nevertheless, future advances in synthetic biology could successfully realize
feasible methodology of large-scale production of extracellular RNA.

The comparison of cost–effectiveness between enzymatic and biological production of NANPs or their con-
stituent strands is highly complicated with many variables. Considering the following simplest scenario, by using,
for example, AmpliScribe™ T7-Flash™ Transcription Kit or HiScribe™ T7 IVT Kit (both 50 rxns for €250–300),
the cost for synthesis of a 400 nt RNA oligonucleotide would be up to €6 with a yield of approximately 160 μg
of RNA per one reaction (based on the advertised graphs). On the other side, based on the comparison of band
densities, Li and colleagues determined that one of their NANPs (400 nts long) accounted for 11% of the total
RNA isolated from E. coli [43]. With approximation that one E. coli contains 0.1 pg of total RNA and there
are approximately 8.108.ml-1. Optical density (OD-1) cells, we can extrapolate that 2 l of cultures would yield
approximately 160 mg of total RNA with 11% of NANP share, making approximately 16 mg. To synthesize the
same concentration by IVT, we would need 100 reactions (two kits for €500–600). In contrast to that, for 2 l
of bacterial culture, we need 40 g of lysogeny broth (LB) medium (1 kg/€130) and 0.2 g ampicillin (5 g/€60)
together for €8.

Safety considerations in immune stimulation
In addition to scaling up NANP production, a foremost consideration in their optimization toward clinical use
is safety regarding formulations of NANPs. The production of NANPs requires care to ensure that the resulting
assemblies are not contaminated in a way that can become harmful to either the samples or the subject, which is of
critical importance to their ability to perform therapeutic roles. Bacterial endotoxins are notorious contaminants
of nanoformulations and contributors to toxic immune responses, emphasizing the need for screening prior to
application [47]. However, while straightforward measures can be taken to minimize the chances of contamination
in small-scale preparations, the potential for endotoxin exposure in large-scale NANP production is considerably
greater, especially if bacterial systems themselves or recombinant enzymes are the means of NANP preparation [48].

Besides contamination of the NANP formulation by bacterial components, the second main consideration in the
safety of therapeutic NANPs is their direct interaction with the host’s immune system. Though advantageous due
to their biodegradability, there are also multiple preexisting pathways in mammalian cells which have evolved to
specifically recognize foreign nucleic acids as a defense mechanism against invading pathogens. Pattern recognition
receptors are employed by cells for policing motifs which are known to indicate the presence of pathogens in the
cellular environment, such as unmethylated CpG DNAs and viral dsRNAs, to name a few [49]. Due to NANPs’
composition, the immune stimulation brought about by their introduction has been shown to employ these same
routes of recognition [50]. Endosomal (i.e., Toll-like receptors 3, 7, 8 and 9) and cytoplasmic receptors (i.e., RIG-
I-like, MDA5, cGAS, IFI16, etc.) play key roles in the pattern recognition of exogeneous NANPs. However,
the interactions each NANP has with these key immune receptors have in turn been shown to largely depend
on the physicochemical properties of the NANP, such as composition (DNA and/or RNA), topology (varying
between globular, planar and fibrous structures) and functionalization with therapeutic nucleic acids [4,5,50,51].
Thus, different routes of sensing and innate immune response activation are triggered based on the design of the
NANP introduced. These new trends in the structure–activity relationship of NANPs, explored conventionally
and with the aid of machine learning approaches [5], have not only elucidated a hurdle which has kept previous
formulations at bay from advancing into the clinical setting, but are now expected to serve as favorable mechanisms
for designing NANPs equipped to modulate immune responses [52,53].

Another descriptor of how NANPs are interpreted by the immune system comes with the vehicle used for their
delivery. As a result of their negatively charged phosphate backbone, nucleic acids or NANPs by themselves are
unable to traffic across the cell membrane and therefore, carrier-free NANPs are completely immunoquiescent [51].
While NANPs are not able to interact with any nucleic acid-specific intracellular immune receptors without entering
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Figure 2. Introduction of chemical modifications. Chemical modifications to the backbone, sugar and base as well as fine-tuning the
dimensionality and composition of nucleic acid nanoparticles in combination with choice of a particular delivery carrier (i.e., extracellular
vesicles, mesoporous silica nanoparticles, inorganic nanoparticles, dendrimers and lipid-based nanoparticles) is a modular approach that
allows for transport into the cell for recognition by desired immune receptors and corresponding downstream signaling of an immune
response.
EV: Extracellular vesicle; MSN: Mesoporous silica nanoparticles.

the cell, they are also not able to be processed for intracellular therapeutic function without doing so and therefore
can present endless opportunities for extracellular action and imaging. For intracellular function, NANPs require
a carrier [54–57], which could include a secondary delivery agent or could be a targeting functionality on the NANP
itself, such as an aptamer or small molecule [2,58–61]. In addition to a vast library of nanoscale platforms functioning
as nucleic acid delivery agents, viral vectors have also been shown to be efficient carriers, though they impose many
additional safety concerns [13]. These variable modes of delivery, which have different routes of trafficking, are likely
to result in variable immune pathways despite similarity in NANPs, which adds an additional level of customization
to potential immune modulation. Carriers are beneficial because they protect the NANP from serum RNases and
DNases as without the carrier, the NANP could be rapidly degraded in serum. The carrier is also a useful means of
modulating the physicochemical properties of the NANP, as it is able to be made with specific charges and sizes to
compensate for the overwhelming negative charge and direct NANPs’ biodistribution [58]. A variety of biologically
based carriers which are lipid-based or extracellular vesicles are a promising avenue for maintaining biocompatibility
and offering patient specificity while achieving high payloads. Inorganic carriers, mesoporous silica nanoparticles
and dendrimers have also been used for siRNA and NANP delivery (Figure 2) [4,60].

Control over the biodistribution and targeting of NANPs is especially beneficial for their applications in vivo,
where selective tissue targeting allows for more potent therapies without off-target effects. Many examples of
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antisense oligonucleotides are currently in clinical trials which exhibit high tissue specificity based on their chemical
modifications [62].

Long-term stability
Though nucleic acids are primarily repositories of genetic information, the instability of RNA as a reactive but
transient multifunctional molecule is also translated into the instability of RNA-composed NANPs, affecting their
long-term activity or storage. The presence of the 2′-OH group leads to RNA’s fragility manifested by spontaneous
cleavage of the phosphodiester backbone, mostly in single-stranded flexible regions, through a self-cyclization
reaction that is catalyzed by basic solutions and the presence of divalent cations. The catalysis by divalent cations
is particularly relevant, as a large number of tertiary structural motifs of RNA tend to be stabilized by these
cations, especially Mg2+. Additionally, when intended for clinical applications, a major impediment is that NANPs
encounter nucleases within the patient’s bloodstream, leading to a low overall retention time [30].

To overcome the barrier of chemical instability and increase the availability of NANPs, chemical modifications to
the bases, phosphate groups and 2′-OH have been explored and new frameworks including peptide nucleic acids,
polycarbamate nucleic acids and locked nucleic acids have been demonstrated. Though biological functions such as
processing through RNA interference can still be retained, these modifications can greatly alter the folding profile
of nucleic acids, which contributes to changes in the assembly of NANPs [16]. Furthermore, chemical modifications
are a distinctive challenge in the efforts to upscale production. To enzymatically produce chemically modified
RNAs, the yield from a mutant polymerase is generally much lower than its naturally occurring counterpart and
the purification of each strand prior to its incorporation into a NANP assembly takes a toll on the total yield
of NANPs. To overcome this, the cotranscriptional assembly of NANPs is especially useful. 2′-F-modified RNA
rings and cubes have been shown to assemble in a one-pot reaction which offers a greater and more cost-effective
yield [30]. There is still much work to be done in incorporating the known library of chemical modifications into
NANP assemblies to overcome the issue of stability and potentially alter immune recognition. Additionally, besides
chemical stability, the thermodynamic stability of NANPs should be considered in the design process so that smaller
concentrations of treatments may retain their integrity when introduced in vivo. The 2′-F modification of 3WJ
motif-containing NANPs have demonstrated that the combination of this modification with the incorporated
motif enhanced resistance to degradation [63]. Modifications improving biological stability should also positively
impact the long-term shelf-life of NANPs, increasing their robustness and affordability for downstream clinical
translation.

Future perspective
The last two decades of positive experimental perspectives in the development of NANP technology have also
revealed several complications toward their clinical progression. One of these hurdles is the requirement of mass
NANP production to provide larger scale volumes of high batch-to-batch consistency. While this is a major
challenge for nucleic acid synthesis in general, there is the equally necessary demand for large-scale synthesis of
chemically modified nucleic acids as well as multistrand NANP assemblies. As seen in large-scale production of
other bioactive compounds, biological systems are the most promising for the manufacturing of large quantities of
NANPs. Besides the current approaches relying on the harvesting of producing bacteria, other engineered cellular
systems may be developed including mammalian. In addition, produced NANPs have the potential to be exported
to media after being enclosed in vesicles or virus-like particles. Such an approach would allow for the continual
collection of particles containing NANPs as well as protection against nucleases. More advanced systems can
produce targetable vesicle–NANP complexes. Developments to NANP designs themselves could also introduce
programmable means for production and isolation. Dynamic RNA structures are intrinsically passive without an
induced signal required for activation to promote their functions [64,65]. These functional elements are already used
in NANP production, for example, ribozymes in self-scission during rolling-circle transcription or dissection of a
single strand into several [27,32]. However, we may expect the employment of more complex combinatorial systems,
including logic gates, in NANP synthesis. It is very probable for future directions of NANP management that
DNA/RNA processing with intracellular enzymes other than DNA or RNA polymerases will continue to emerge,
as has recently been demonstrated [40]. Furthermore, even upon the successful delivery of nanoparticle formulations
into the cytoplasm of target cells, intracellular interactions of NANPs with the cellular environment, including
cell surveillance systems, remains the final barrier. Recent work in the field has started to elucidate relationships
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between NANP design and immune response. We believe that the culmination of our mutual work will lead to
downstream NANP formulations with intentional immunomodulatory capabilities.
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