Volume 15
Number 26

14 July 2024
Pages 2621-2712

Polymer
Chemistry

rsc.li/polymers

ISSN 1759-9962

ROYAL SOCIETY COMMUNICATION

Jeffrey M. Ting et al.

O F CH EMIST RY Predictive design of multimonomeric polyelectrolytes

enables lung-specific gene delivery




Published on 22 May 2024. Downloaded on 2/1/2026 9:26:53 PM.

Polymer
Chemistry

COMMUNICATION

’ '.) Check for updates ‘

Cite this: Polym. Chem., 2024, 15, .
2627 delivery+t

Received 21st February 2024,
Accepted 16th May 2024

DOI: 10.1039/d4py00196f

Jeffrey M. Ting,

rsc.li/polymers

We present a class of programmable polymer nanoparticles
capable of intravenous pDNA delivery with ~350000-fold
enhancement of specificity to the lung by gPCR in mice. Molecular
level insight of these polyelectrolytes is connected to bioperfor-
mance, exemplifying how robust, data-driven workflows can expe-
dite synthesis/screening campaigns for gene therapy.

The scarcity of safe, effective delivery technologies is the single
largest barrier to the development of a new wave of genetic
therapies. Significant shortcomings exist in current modalities
including immunogenicity and payload size limitations for
viral vectors," and manufacturing and intellectual property
constraints for lipid nanoparticles.> Furthermore, the vast
majority of nonviral delivery systems are cleared by the liver via
hepatic clearance after systemic administration,® presenting
significant challenges for non-hepatic gene delivery. This
feature can be somewhat mitigated by controlling the nano-
carriers’ physical characteristics (such as size/shape® or
PEGylation®), adopting active targeting strategies,® or by
exploiting circulating plasma protein interactions in vivo.”
However, it remains unclear how a genetic cargo packed
within heterogeneous nanocarriers overcomes extracellular
barriers to reach the intended site of action. This biodistribu-
tion challenge has been well recognized in nanomedicine for
decades.® To expand tropism outcomes to clinically relevant
gene therapy targets such as the spleen,” lungs,'® heart,'
eye,'? or nervous system,"’ greater investigation of the biologi-
cal consequences from the integrated chemical and biophysi-
cal features of nanoparticles is needed.

Polymer nanoparticles (PNPs, or polyplexes formed from
tailored cationic polymers and therapeutic nucleic acids) offer
distinct advantages as multifunctional delivery systems.'*'*
Advanced polymer chemistry techniques now offer access to
nearly any conceivable chain structure and architecture from a
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diverse array of building blocks.'®'” Despite these synthetic
advances, there remain two major limitations to wider adop-
tion of polymers as gene therapy excipients. First, the chemical
design space of organic small molecules relevant to drug deliv-
ery'® is estimated to be on the order of 10°°— a vast number
that, even if reduced to more surmountable subsets via exhaus-
tive data mining, cannot be practically interrogated with the
current state of polymer informatics.'® Second, in vitro cellular
assays, while amenable to high-throughput screening for
highly valuable transfection data across cell types,”®*" often
provide poor predictions on the crossing of complex physio-
logical barriers in vivo.”>** Thus, unclear in vitro-in vivo corre-
lation results represent a difficult obstacle in PNP optimization
in translating genetic drugs from cellular level assays to living
systems.

In this communication, we report the discovery of a three-
component polyelectrolyte system that was identified while
developing PNP candidates for localization to the lung.
Nanite’s proprietary platform SAYER™ couples experimental
data generation with artificial intelligence (AI) to identify high-
performing PNPs for efficient delivery of diverse genetic cargo
to tissues outside of the liver®* (Fig. 1). The details of how PNP
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Fig. 1 Overview of designing tissue-specific gene delivery polymer
nanoparticles using data-driven workflows and prediction from in vivo
screening. This work shows how lead polymer candidates are character-
ized and optimized for lung delivery.
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complexation, in vitro, and in vivo probabilistic models predict
ex-hepatic delivery from the vast polymer design space are
described elsewhere.*>*® Large chemical, materials, and bio-
logical datasets are stored and used for PNP down-selection
and screening in our general workflow. We focus here on
developing a mechanistic understanding of this polyelectrolyte
candidate, and establish structure-property relationships that
support nonintuitive design strategies for potent therapeutic
PNPs with lung specificity. This framework further reveals new
Al opportunities for universal tissue-specific gene delivery.

The conventional paradigm to design polymeric systems for
gene delivery is to combine cationic interactions offered
by alkyl substituted amine,”?®  imidazolium,**°
guanidinium,*"*?> or even non-nitrogenous monomers (e.g.,
sulfonium,**** phosphonium®*?®) with hydrophilic, hydro-
phobic, or stimuli-responsive comonomers.**?° The general
rationale is to balance trends in charge type and density trends
against complementary polymer/cargo associations in solu-
tion. In the current work, we took a broader approach by gen-
erating not only two-component polyelectrolytes to test tra-
ditional PNP hypotheses, but also multimonomeric statistical
analogs, which are known to offer rich (and sometimes, unin-
tuitive) dynamics in solution.’®*' By scanning a more diverse
landscape of multimonomeric polyelectrolytes, we aimed to
determine whether unique PNP assemblies can be trafficked to
the lung with minimal liver accumulation via systemic admin-
istration. Lung-specific delivery is often attributed to the
entrapment of large nanopatrticles in pulmonary capillaries,**>
a passive targeting approach that is difficult to recapitulate
in vitro. In the present work we aimed to rigorously generate
polymers that do not rely solely on passive targeting to deliver
PDNA to the lung.

In the current work, aqueous reversible addition-fragmen-
tation chain transfer (RAFT) polymerization®*** was employed
to prepare a prototypical library via automated liquid
handling.*>*® After screening over 1300 polymers synthesized
in house and digitally labelled for training AI models from
PNP characterization, in vitro assays, and in vivo biodistribu-
tion data,”* unique monomer candidates emerged for plasmid
DNA (pDNA) delivery, based on N-(3-aminopropyl)methacryla-
mide hydrochloride (APMAm), 2-(trimethylammonio)ethyl
methacrylate chloride (TMAEMA), and 3-phenoxy-2-hydroxy-
propyl methacrylate (PhHPMA). APMAm offers a pH-responsive
primary amine that is expected to bind strongly to nucleic
acids. TMAEMA exhibits a permanently charged ammonium
group that can assist with cellular uptake. PhHPMA provides
complementary non-covalent interactions in hydrophobicity
and hydrogen bonding through an aromatic ring and hydroxyl
group. However, it was unclear how to combine them at the
nanoscopic level to assemble with pDNA into PNP candidates
for lung delivery.

To further characterize the properties and behavior of the
APMAmM/TMAEMA/PhHPMA polymer, a series of six represen-
tative samples were prepared (Scheme 1). For close consistency
with the degree of polymerization (DP) and compositions of a
polymer library investigated by Kumar et al,”® we targeted
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Scheme 1 RAFT synthesis of multimonomeric polyelectrolytes.

DP = 80 using thermal initiator VA-044 and RAFT chain transfer
agents  4-((((2-carboxyethyl)thio)carbonothioyl)thio)-4-cyano-
pentanoic acid (CTA1) and poly(ethylene glycol) (PEG) 4-cyano-
4-(phenylcarbonothioylthio)  pentanoate (CTA2) at a
10:1 molar ratio for 18 h. PEG coatings in micellar PNPs are
known to inhibit aggregation in the blood and prolong circula-
tion.”” The inclusion of PEG allows for modulation of colloidal
nanoparticle sizes from known physical scaling laws of poly-
electrolyte complex micelles,*® where the charged block length
predominately drives its core size. PEGylated PNPs can con-
dense pDNA payloads into 10-100 nm discrete domains
depending on chemistry and solution conditions.*® As shown
in Table 1, we varied APMAm/PhHPMA ratios at fixed
TMAEMA for non-PEGylated polymers (P1, P2, and P3) and
PEGylated block polymers (P4, P5, and P6) so that the total
charge (i.e., APMAm + TMAEMA) was 75, 50, and 25 mol% rela-
tive to neutral PhHPMA. By aqueous size-exclusion chromato-
graphy PEGylated samples show a reasonable molar mass (M,
~ 10-20 kg mol™" relative to PEG standards) with reasonable
dispersity (P < 1.4). We were unable to quantify the molar
mass of P1-P3 due to known solubility challenges**** of multi-
component water-soluble polymers and column interactions.
Because reactions were carried out to near complete conver-
sion, we chose to investigate the statistical distribution of
monomers by measuring pairwise reactivity ratio (r) values and
evaluating composition drift effects.”® This approach has pre-
viously demonstrated utility in characterizing multimonomeric
RAFT polymers that can impart various non-covalent
interactions.’’> Three standard radical polymerization runs

Table 1 Polymer characterization summary

Polyelectrolyte (DP)*

ID PEG(DP) APMAm TMAEMA PhHPMA M, (kgmol™) B

P1 0 52 8 20 14.1° —
P2 0 32 8 40 15.1% —
P3 0 12 8 60 16.2° —
P4 45 52 8 20 9.86 1.3
P5 45 32 8 40 10.4 1.4
P6 45 12 8 60 19.9 1.3

“Based on targeted feed ratio. ” Targeted molecular weight; samples
not fully soluble in tested aqueous mobile phase.

This journal is © The Royal Society of Chemistry 2024
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were conducted for each monomer combination, keeping total
monomer conversion below ~15%. The monomers’ conversion
from the initial feed composition (f) and polymer compo-
sition (F) were assessed by "H NMR spectroscopy (see ESIT).
We fitted the data directly to the Copolymerization equation F;
= (rifi® + fif)l(rifi + 2fifs + T21fa°). We further constructed
Mayo-Lewis plots (Fig. S3t) and determined the r values under
these specific reaction conditions to be rapyvam-tvagma = 0.38
0.02, Fappam-phipma = 1.01 £ 0.32, Frvasmaapmam = 0.14 + 0.02,
FrMAEMA-PhipMA = 0.52 £ 0.16, Fppmpmaapmam = 1.59 + 0.51, and
Tphupma-tMaEma = 0.13 +0.08.

Determination of r values allows us to describe the poly-
mers’ microstructure and reveal the consequences of compo-
sitional drift from carrying out RAFT polymerizations to high
conversion. Smith et al. developed a practical visualization tool
using Monte Carlo methods from measured r values.”® This
compositional drift program uses the relative reactivities from
r values, adding one repeat unit from a large pool of mono-
mers (set to 200000) to growing chains per activation/de-
activation cycle. Fig. 2A-C shows the results for P1, P2, and P3.
For the charged monomers, we observe that TMAEMA (green)
are quickly incorporated into polymer chains as single units,
whereas APMAm (red) are distributed throughout the chain.
For instance, the instantaneous polymer composition of P2 at
10% and 50% conversion are 0.37/0.26/0.37 and 0.36/0.06/

View Article Online
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0.58 mole fractions of APMAmM/TMAEMA/PhHPMA, respect-
ively. It is also clear that depending on the targeted compo-
sition seen in P1 and P3, the APMAm and PhHPMA blockiness
run lengths can be modulated. Unreacted TMAEMA monomers
are quickly consumed as the target composition decreases,
whereas APMAm is added throughout monomer conversion
(Fig. 2D). This observation implies that ammonium moieties
are physically localized in the resultant chains’ microstructure
because of the relative reactivities of monomers under these
reaction conditions. For PEGylated polymers, TMAEMA units
are incorporated into the chain closer to the PEG block.

Based on the multiple chain instantiations of the Monte
Carlo simulation,” we computed the probability of a
monomer X polymerized in a chain position i as p(X;). Thus,
for monomer j in polymer P, the Shannon entropy of the
monomer is given by: H(X)= -5 p(X;)log(p(X;)). The
Shannon entropy will be higher for cohstitutional monomers
that are randomly distributed across the polymer. Fig. 2E pre-
sents the calculated entropies for each monomer in each
polymer. TMAEMA shows the lowest entropy across P1, P2 and
P3, confirming its physical localization and early depletion in
the resultant chain microstructures.

Such insights are challenging to obtain experimentally but
may offer a unique feature of multimonomeric polyelectrolytes’
ability to control complexation dynamics. From random phase
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Fig. 2 Predicted distribution of APMAm (red), TMAEMA (green), and PhHPMA (blue) using the compositional drift program for (A) P1, (B) P2, and (C)
P3 from determined reactivity ratios. In (A)—(C) on the left, plots show the instantaneous polymer composition as a function of monomer conversion;
on the right, Monte Carlo simulation results show the normalized frequency of monomers as a function of run lengths; in the inset ten representa-
tive simulated chains are shown from a pool of 200 000 monomers. (D) For simulated P3 chains, the effect of varying the APMAM/TMAEMA charge
composition for the unreacted monomers remains tunable as a function of monomer conversion. (E) Heatmap array plot shows the calculated
Shannon entropy of constituent monomers (left) for corresponding polymers P1-P3 (bottom); darker blue indicates higher entropy.
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approximation theory and molecular dynamics simulations,
random polyelectrolyte sequences are expected to have a dra-
matic effect on the cooperativity of Coulomb interactions
between oppositely charged macromolecules.>**> While we do
not dwell on polyelectrolyte phase behavior in this current
work, compositional drift can potentially offer more funda-
mental understanding of the statistical distribution of charges
in multimonomeric polymers, for not only gene therapy but
also wastewater treatment/purification strategies,*® viral
vaccine formulation,” and enhancing viscoelastic response in
coacervation.”® Here, we hypothesize that blocky attributes of
P1 and P3 (as well as their PEGylated analogs P4 and P6) can
influence not only pDNA stabilization, but also blood plasma
protein interactions, distinguishing them from random binary
polyelectrolytes.

We next formed PNPs with enhanced-green fluorescent
protein (EGFP)-encoding pDNA and evaluated complexation.
Ionic strength and buffer additives are known to affect poly-
electrolyte assembly formation and stability of phase separ-
ation over time.***® To this end, all PNPs were prepared at N/P
(the ratio of the nitrogen on polymer to the phosphate on
nucleotide) of 5 as a starting point from previous work? for
structural analysis under various solution conditions. We
mixed P1-P6 with pDNA to form nanoparticles PNP1-PNP6.
The size distributions of PNP1-PNP6 were characterized using
dynamic light scattering (DLS) in an automated plate reader as
a function of added salt (50, 100, and 250 mM NaCl) and
sugar (0, 5, 10% glucose) after 30 min equilibration. Adding
salt and sugar provides annealing® and isotonicity®" for bio-
applications, respectively. The apparent mean hydrodynamic
radius (R,) and polydispersity (PDI) were determined from a
cumulant fitting to DLS autocorrelation functions that exhibi-
ted a single decay. Fig. 3 shows a representative size compari-
son of PNPs as a function of NaCl at 25 °C. Non-PEGylated
PNP1-3 showed evidence of aggregation from 50 to 100 mM
NaCl, followed by size reduction at 250 mM NaCl suggesting
complex disassembly. We therefore excluded these from con-
sideration for preliminary in vivo testing. By comparison, the
mean R;, of PEGylated PNP4-6 grew by ~15-20% as NaCl

10% Glucose

1400
Salt Concentration

== 50mM NaCl
1200 = 100mM NaCl

mmm 250mM NaCl
1000
800 I

pr s
-L.!l:] . [‘] 12 m [ﬁ T
1 2 3 4 5 6
PNP

Radius (nm)

0

Fig. 3 Representative summary of the apparent radius of PNP1-PNP6
with 50, 100, and 250 mM added NaCl at 10% added glucose at 25 °C.
All values show the mean + standard deviation of 15 acquisitions from
dynamic light scattering.
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increased from 50 to 250 mM. Of these samples, PNP5 and
PNP6 were the smallest (70-90 nm) and most salt resistant
(PDI 0.3-0.4). Overall size and stability did not vary strongly as
a function of added sugar, temperature, or CaCl,, a divalent
salt that disrupts short-range cation-n interactions.>®®* To
make a decision on prioritizing PNP testing in vivo, we per-
formed high-content analysis of conventional HEK293T cells
across all PNPs as a function of N/P = 1.25 to 40 (Fig. S187).
The mean effective transfection capability by EGFP expression
in vitro was demonstrated for PNP5 (14% at N/P = 2.5) and
PNP6 (19% at N/P = 20), with PNP6 showing less cytotoxicity at
higher N/P (Fig. S1971). Because of the multiplicity of PNP pro-
perties that may impact in vitro translation to in vivo delivery to
the lung, we limit discussions of transfection here and direct
interested readers to the ESIt for full details.

With an understanding of polymer features, PNP pro-
perties, and trained AI models, we down selected PNP6 to be
tested as a proof-of-concept for in vivo biodistribution of pDNA
(5 pg dose) in 10 mice via intravenous administration. After
6 h, major organs (liver, lung, spleen, heart, and kidney) were
harvested and analyzed. Fig. 4A shows the biodistribution
from processed organs using real-time quantitative polymerase
chain reaction (qPCR). We analyzed gene expression using the

(A) Biodistribution to Organs
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g
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Fig. 4 Delivery of PNP6 in vivo. (A) Biodistribution data of PBS (light
gray), In Vivo-JetPEl (dark gray), and PNP6 (dark yellow) in major organs
(liver, lung, spleen, heart, and kidney) in mice. pDNA tissue accumulation
was quantified by gPCR DNA amplification using the 2A(—AAC+) method
for analyzing the fold change in pDNA delivery. All values show the
mean + standard error of the mean for N = 3 (PBS, JetPEl) or N = 4
(PNP6). (B) Evaluation of ex-hepatic delivery with the 2A(-AACy)
method by taking the mean difference between the —AAC+ lung and the
—AAC+ liver values for PBS, JetPEl, and PNP6. * denotes statistical sig-
nificance using Student’s t-test at p = 0.05. (C) Use of PNP lung specifi-
city in Al optimization with polymer chemistry and MI for downstream
cellular delivery.
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conventional relative quantification (RQ) or 2-44%) method.®
Here, 2042 is defined as the fold change in pDNA delivered
between the treatment group and a control group, in this case,
PBS buffer only. See the ESIf for full qPCR analysis details. In
vivo-JetPEl, a commercial gold standard polyethylenimine opti-
mized for in vivo gene delivery, served as the positive control.
While the in vivo-JetPEI PNP exhibited broad gene delivery in
the liver, lung, and spleen, PNP6 delivered pDNA cargo near
exclusively to the lung with a ~350 000-fold enhancement of
specificity. Fig. 4B presents a linear comparison of this
enhancement in the exponential gene delivery process to illus-
trate the remarkable ex-hepatic delivery of PNP6 to the lung.
PNP6 outperforms in vivo-JetPEI by a factor of 4 with statistical
significance (p < 0.05). High lung-selectivity is also shown rela-
tive to all other major organs (Fig. S17).

We trace this exceptional lung specificity to the inherent
molecular design of PNP6. From literature ref. 64-66, it
appears that polymer- and lipid-based nanocarriers containing
ammonium motifs show lung targeting upon intravenous
administration. Cao et al. showed exquisite mRNA delivery to
the lung using poly(p-amino esters) (PBAEs) as hydrophobic
helper  polymers with DOPAT  (2-(dodecylthiocarbo-
nothioylthio)propanoic acid), a lipid comprising a quaternary
ammonium headgroup.®* Analogously, Dilliard et al. demon-
strated selective lung targeting of mRNA LNPs by formulating
DOPAT into conventional 4-component LNP formulations.®> By
altering the surface chemistry of PBAEs or LNPs and analyzing
animal plasma proteins, both groups showed how DOTAP pro-
motes vitronectin corona formation, which binds to the avf3
integrin present in pulmonary endothelium (but not liver or
other vascular cells). We believe that the multimonomeric
polyelectrolytes, with carefully tailored APMAmM, TMAEMA, and
PhHPMA compositions such as in PNP6, can exploit similar
design principles as nanocarriers without exhaustive formu-
lation efforts. Further strategies, such as blending polymers
for bioenhancement®”*® or bioconjugation to adopt endoso-
molytic agents,®®®® can then be carried out to selectively
increase targeted delivery to cells of interest.

These findings demonstrate an attractive approach to
deliver clinically relevant genetic cargo to the lung, thereby
expanding potential non-viral treatments for genetic disorders
such as cystic fibrosis.”® Using a data-driven discovery engine
that combines polymer chemistry, biology, and AI, we have
achieved lung selectivity of pDNA payload delivery with a
single multimonomeric polyelectrolyte nanocarrier from a
vast, generative PNP design space. Further polymer chemistry
campaigns combined with explanatory polymer microstructure
models can potentially expand structure-tropism relationships
developed for PNP6 to optimize PNPs for any nucleic acid
cargo for cellular delivery (Fig. 4C). Molecular engineering and
bioconjugation initiatives to address cell-specific uptake and
mucus penetration in vitro with cystic fibrosis treatment are in
progress. mRNA-based therapeutics are also being incorpor-
ated into multicomponent PNPs using this workflow. Further
reports will exemplify our vision of combining the ever-evol-
ving precision of polymer synthesis with the expanding reper-

This journal is © The Royal Society of Chemistry 2024
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toire of biologic medicines to offer powerful modalities for
non-viral gene delivery and to pioneer new eras of gene
therapy.

Notes

All animal procedures were performed according to the stan-
dards of the Association for Assessment and Accreditation of
Laboratory Animal Care and to the Guidelines and Use of
Laboratory Animals of Biomedical Research Models, Inc.
(Worcester, MA, USA). All mouse experiments were approved
by the Institutional Animal Care and Use Committee of
Biomere Biomedical Research Models, Inc. (Worcester, MA,
USA).
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