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Messenger RNA (mRNA) technology is a potent platform for new vaccines and therapeutics. To deliver
RNA medicines effectively, safe delivery vectors are crucial. Among these, poly(B-amino ester)s (PBAEs)
complexes with nucleic acids have been shown as promising alternatives to conventional lipid nano-
particles, but toxicity and colloidal stability concerns still remain. Conjugation of poly(ethylene glycol)
(PEG) has been used to mitigate these issues, but challenges associated with PEG-induced reactogenicity
have emerged. Polysarcosine (pSar) has shown promise as a PEG alternative, demonstrating reduced
reactogenicity when incorporated into lipid nanoparticles. We therefore developed a synthetic route to
conjugate pSar on to PBAE end-groups, resulting in a pSar-PBAE-pSar triblock copolymer. Polyplexes
containing various ratios (0, 20, 50, 80, 100% pSar) of the pSarylated and a non-pSarylated PBAE were
prepared with self-amplifying messenger RNA, to examine the effect of surface pSar density. RNA encap-
sulation efficiencies, formulation properties and gene transfectability in vitro were then assessed indicat-
ing complete encapsulation of the cargo and sub-200 nm particle diameters in all cases. Despite high
gene transfection in HEK293T cells, only the 50%-pSar displayed significantly higher expression of the
reporter gene than the negative control in Caco-2. Further evaluation of 50%-pSar was conducted using
3D human colorectal cancer organoids, which displayed high transfection ability within the core of the
organoid indicating high penetration of these nanoparticles. As a result, these findings indicate that
pSarylated PBAEs have the potential to serve as a promising component material for enhancing delivery
of nucleic acid therapeutics.

Introduction

Messenger RNA (mRNA) technology is now recognised as a ver-
satile and potent medicinal platform that enables the transient
expression of selective proteins either as vaccines against infec-
tious disease, or therapeutics for a range of indications,
including genetic disorders, and cancer.> The successful
demonstration of safety and efficacy for Moderna (SpikeVax)
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and BioNTech-Pfizer’'s (Comirnaty) mRNA-based vaccines
against COVID-19, has significantly accelerated this techno-
logy, with many more mRNA vaccines and therapeutics now in
clinical trials.®

One of the most important components of an effective RNA
medicine is a safe and efficient delivery system to protect the
genetic sequence from endogenous nucleases and facilitate
translocation to the cytosol of the target cells for expression.*™®
A variety of nonviral delivery strategies have therefore been
investigated to deliver nucleic acids, including lipid nano-
particles (e.g. liposomes, cubosomes) and polyelectrolyte
complexes (polyplexes).>”™ Polyplexes are self-assemblies of
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positively charged polymers which condense negatively
charged nucleic acids into small (50-200 nm) nanoparticles
driven by opposing electrostatic interactions. One of the prom-
ising classes of polycations broadly tested as RNA delivery
vectors are poly(f-amino ester)s (PBAE)s.'®'' Due to ester
bonds within the PBAEs’ main chain, these polymers are
readily biodegradable via hydrolysis, decreasing their potential
long-term accumulation and enhancing RNA release.'” These
features, together with high flexibility of chemical functional-
ity allowing for simple structural manipulation for a variety of
nucleic acid types'*'* render PBAE-based polyplexes prospec-
tive candidates for RNA formulations. However, the polycatio-
nic and hydrophobic nature of some specific sub-classes of
PBAEs can result in cytotoxicity via membrane disruption,
which has prevented their clinical application. Previous
reports have shown that PBAEs coupled with poly(ethylene
glycol) (PEG) exhibit decreased surface cationic charges when
complexed with nucleic acids, and this can mitigate toxicity as
well as decrease interactions with serum proteins.">"® Such an
approach has been proven to prolong systemic circulation time
of nanoparticles by shielding their surface from aggregation
and phagocytosis and increase in-serum in vitro and in vivo
transfection efficacy.'”>°

Despite the popularity of PEG to confer “stealth” properties
to nanoparticles in serum and the fact that PEG is classified as
generally regarded as safe (GRAS)"® there is a growing number
of reports on strong reactogenicity induced by PEG or
PEGylated drugs.”" This issue has become more prevalent fol-
lowing the widespread use of PEGylated lipids within SpikeVax
and Comirnaty COVID-19 vaccines, which have boosted pre-
existing PEG antibody titers by up to 60-fold.>* This creates an
urgent need to develop PEG alternatives, as future mRNA
therapeutics which include PEG components may be highly
immunogenic, thereby reducing potency and tolerability.>* >
One emerging PEG alternative is polysarcosine (pSar), a poly-
peptoid - a non-toxic, endogenous and non-proteinogenic
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amino acid which therefore endows it with key advantages
over other potential “stealth” polymers such as poly(vinyl pyr-
rolidone)s,”® polyphosphoesters,”” polyglycerols,® polypep-
tides,> and poly(2-alkyl-oxazoline)s.>* Despite pSar’s polya-
mide backbone, there is no evidence for degradability of pSar
under physiological conditions to its monomeric form of sar-
cosine, unlike its counterpart polypeptides. However, as pSar
is commonly synthesised at low molar masses this enables
clearance vig renal filtration potentially alleviating the need for
biodegradability.**

Despite the similar physicochemical properties to PEG,
recent examples of polysarcosinylated lipid nanoparticles have
shown colloidal stability and, importantly, substantially
reduced immunogenicity compared to PEGylated derivatives.*?
However, to our knowledge pSar-PBAE conjugation has not
been reported and may offer a versatile approach to a tuneable
RNA delivery system combined with the advantages offered by
pSar.

In this report, we demonstrate successful conjugation of
pSar with a PBAE to yield a pSar-PBAE-pSar triblock copolymer
(Fig. 1). To test application in an RNA delivery setting, the
pSarylated PBAE was formulated with self-amplifying RNA, an
alternative mRNA technology which includes replicase genes
derived from the alphavirus genome within the construct.
When saRNAs are translated, they not only express the
encoded protein, but also cause replication of the RNA within
the cytosol, enhancing protein expression levels at significantly
lower doses, lengthening expression half-life and reducing the
cost compared to mRNA.*?*° The saRNA constructs were for-
mulated into polyplexes with varying content of pSarylated and
non-pSarylated PBAEs to evaluate the effect of pSar density.
The in vitro tolerability and transfection efficiency of these
blended pSarylated-PBAE polyplexes was then examined in two
immortalised cell lines, (HEK293T and Caco-2). Finally, the
cellular uptake and transfection efficiency in 3D human color-
ectal cancer organoids were investigated.
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Fig. 1 Schematic representation of PBAE synthesis, polyplex assembly, in vitro analysis and the cellular uptake and transfection efficiency in 3D col-

orectal cancer organoids.
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Materials and methods

Materials

1,4-Butanediol diacrylate (BDD), 5-aminopentan-1-ol (5-AP), tri-
ethylamine (TEA), N-Boc-sarcosine, fluorescein isothiocyanate
(FITC), diethyl ether, tetrahydrofuran, sodium acetate (NaOAc)
buffer (pH: 5.0), dye gel red and goat-anti-mouse IgG, Fc
biotin and red CellMask™ plasma membrane stain were pur-
chased from Sigma-Aldrich. Dichloromethane (DCM), N,N-di-
methylformamide (DMF), acetonitrile (ACN), tetrahydrofuran
(THF), hexane, diethyl ether, dimethyl sulfoxide (DMSO),
loading buffer, Tris-acetate-EDTA (TAE) buffer, tris-(2-hydro-
xyethyl)phosphine (THP), Lipofectamine Messenger MAX™,
Hoechst 33342, Lysotracker red and 96-well plates were
obtained from ThermoFisher. Dulbecco’s modified Eagle’s
medium (DMEM) cell culture medium, RPMI 1640 cell culture
medium, fetal bovine serum (FBS) and Opti-MEM were bought
from Gibco, Invitrogen, Carlsbad, CA, USA. PrestoBlue reagent
and ONE-Glo b-luciferin substrate were purchased from
Promega, UK. HEK293T and Caco-2 cell lines were purchased
from the ATCC.

Instrumentation and analysis

NMR spectroscopy. All '"H-NMR spectra were recorded in
ppm (8) at 400 MHz in dg-DMSO using a Bruker Avance III
MHz spectrometer that was maintained at 25 °C. To analyse
the spectra MestReNova 6.0.2 copyright 2009 (Mestrelab
Research S.L.) was applied.

Gel permeation chromatography. The gel permeation
chromatography (GPC) analysis was performed using the PL-50
instrument equipped with a dual angle light scattering (LS),
viscometry (VS) and differential refractive index (DRI) detection
system. The chromatography components were a PLgel 5 pm
guard column and a 2x PLgel mixed D columns (300 x
7.5 mm). Dimethylformamide (DMF) with LiBr (0.1% wt/wt)
was utilised as an eluent with a flow rate of 1 mL min™" at
50 °C. The instrument was calibrated through poly(methyl
methacrylate)  standards (Agilent EasyVials) between
955 500-550 g mol~'. Using conventional calibration, Cirrus
GPC software, dispersity (P) values, molecular weight (M,,) and
experimental molar mass (M, SEC) were measured.

DLS and zeta potential. A dynamic light scattering (DLS),
Zetasizer nano-ZS90 (Malvern, Inc.), instrument was used to
characterise the particles in terms of the size, PDI and zeta
potential. The instrument was used at 25 °C to determine the
zeta potential, average hydrodynamic diameters, and polydis-
persity index (PDI) of polyelectrolyte complexes.

Transmission electron microscopy. Briefly, glow discharged
Formvar/carbon coated TEM grids were used, on which were
placed the formulation samples (13 pL), which were left for
15 minutes, then the excess solution was removed and the
samples allowed to dry at room temperature. Following this,
10 pL of 2% aqueous uranyl acetate was applied to each grid
and left for 10 seconds. After air drying, imaging was per-
formed using a Tecnai G2 Spirit TEM with BioTwin lens con-
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figuration (Thermo Fisher Scientific, Eindhoven, The
Netherlands) at an accelerating voltage of 100 kv.

Polymer synthesis and characterisation

Sarcosine N-carboxyanhydride (SarNCA). A magnetically
stirred solution of Boc-sarcosine (5.00 g, 26.5 mmol) and
methyloxirane (18.5 mL, 265 mmol) in CH;CN (100 mL) was
cooled down in an ice bath and solid triphosgene (3.93 g,
13.5 mmol) was added in stepwise. Then, the reaction flask
was half-closed to allow carbon dioxide to escape from the
vessel. After 1.5 hours stirring at the ice bath, 50 mL of cold
water was carefully added stepwise to quench the reaction. The
mixture was extracted with ethyl acetate (2 x 100 mL), and the
combined organic layers were washed with brine (2 x 100 mL),
dried over anhydrous MgSO,, and the solvent was removed
using a rotatory evaporator. The obtained crude product was
purified by recrystallization from hexane/THF at a freezer
(=20 °C) yielding 2.10 g (69%) of white crystals. "H NMR
(400 MHz, DMSO-de) 6 4.22 (s, 2H, -CH,-), 2.87 (s, 3H, -CHz);
13C NMR (400 MHz, DMSO-dg) & 167.36, 152.59, 51.12, 29.79.

Cystamine. To a solution of cystamine hydrochloride (8.0 g,
35.8 mmol) in water (20 mL) a 10% w/w solution of NaOH,q
(20 mL) was added and the mixture was stirred at room temp-
erature for 15 minutes. Afterwards, it was extracted 3-times
with DCM (3 x 30 mL), the organic phase was dried over
MgSO, and concentrated on a rotatory evaporator yielding
4.2 g (78%) of a colourless oil.

'H NMR (400 MHz, DMSO-dg) § 2.81 (t, J = 6.6 Hz, 4H,
-CH,-NH,), 2.73 (t, J = 6.6 Hz, 4H, S-CH,-), 2.20 (s, 4H, -NH,);
3C NMR (400 MHz, DMSO-d,) & 42.09, 41.28.

N,N-Bis(poly(sarcosine))-cystamine (pSar-cystamine). To a
solution of SarNCA (1.00 g, 8.7 mmol) in anhydrous DMF
(3.2 mL) a solution of cystamine (36.7 mg, 0.24 mmol) in anhy-
drous DMF (2 mL) was added under argon atmosphere. After
stirring overnight at room temperature, the product was iso-
lated by precipitation in diethyl ether (80 mL) and purified by
dissolving in MeOH (5 mL) and precipitation from diethyl
ether (80 mL) two more times. The product was dried under
vacuum overnight yielding 520 mg (80%) of white powder.
Molecular weight determined by SEC: M,, = 3.1 kDa, M,, = 3.5,
b =1.1; for "H NMR see spectrum S2 in ESL

pBDD-5AP. To 1,4-butanediol diacrylate (BDD, 1 g,
5.0 mmol) in DMSO (0.95 mL) 5-aminopentan-1-ol (5-AP,
470 mg, 4.59 mmol) in DMSO (2 mL) was added and the reac-
tion was stirred at 90 °C overnight. Then, the mixture was
diluted with THF (2.94 mL), the product was isolated by pre-
cipitation from diethyl ether (40 mL), and further purified by
re-dissolving in THF (2 mL) and precipitation in diethyl ether
(40 mL) thrice. The product was dried under vacuum overnight
yielding 1250 mg (85%) of a yellowish oil. Molecular weight
determined by SEC: M,, = 6.2 kDa, M,, = 8.0 kDa, b = 1.3; for
'H NMR see spectrum S1 in ESL

OH-(pBDD-5AP)-OH. To produce non-pSarylated PBAEs, an
excess amount of 5-AP (260 mg, 0.26 mL, 2.52 mmol) was
added to the pBDD-5AP (1000 mg, 5.04 mmol) in DMSO
(5 mL) and the mixture was stirred for 24 hours at room temp-

This journal is © The Royal Society of Chemistry 2024
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erature. Polymers were isolated by diluting the reaction
mixture into THF (5 mL) followed by dropwise precipitation in
diethyl ether (40 mL) thrice. The polymer was collected via
centrifugation and dried under reduced pressure at 37 °C to
yield 800 mg (80%) a yellow viscous liquid. Finally, polymers
were stored at —20 °C as 100 mg mL™" solution in DMSO.
Molecular weight determined by SEC: M, = 6.2 kDa, M,, =
13.5 kDa, P = 2.1; for "H NMR see spectrum S4 in ESL{

pSar-(pBDD-5AP)-pSar. pBDD-5AP (100 mg, 0.02 mmol),
pSar-cystamine (108.1 mg, 0.07 mmol), triethylamine
(2.27 mg, 3.13 pL, 0.02 mmol) and tris-(2-hydroxyethyl)phos-
phine (6.84 mg, 0.03 mmol) were added in DMF (4 mL) and
the reaction was stirred at room temperature overnight. Then,
the mixture was dialysed against DMF (1 L) for 30 hours and
DMF solution was changed once. Afterwards, the mixture was
precipitated in diethyl ether (40 mL) and to remove remaining
DMF re-dissolved in methanol (2 mL) and was precipitated in
diethyl ether (40 mL) twice. The product was dried under
vacuum overnight yielding 85 mg (78%) of a sticky yellowish
oil. Molecular weight determined by SEC: M,, = 7.6 kDa, M,, =
22.0 kDa, P = 2.9; for '"H NMR see spectrum S3 in ESL{

Calculation of pSar theoretical molar masses from stoichio-
metry and NMR spectroscopy. Theoretical molar masses for
pSar were calculated either from the polymerisation stoichio-
metry or from "H NMR analysis. Eqn (1) is used to calculate
the theoretical number average molar mass (M, ), initial reac-
tion stoichiometry, where [M], and [I], are the initial concen-
tration (mol L") of the SarNCA and cystamine bifunctional
initiator respectively; p is the monomer conversion; and My
and M; are the molar mass of the monomer repeating unit and
initiator respectively.

Calculation of the theoretical number average molar mass
of

+ M (1)

An experimental number average molar mass from '"H NMR
spectroscopy M, nmr can also be calculated using by dividing
integrals of methyl signals for the sarcosine repeating units at
2.80 ppm (3H) and cystamine signals 3.70 ppm (2H).

Synthesis of fluorescently labelled polymers. BDD and BDD-
PSAR polymers were dissolved in 5 mL DMSO (0.5 mg mL™")
in a 20 mL vial. The dye FITC was added to the vials at a 1:10
(moles of end amine : FITC) molar ratio and triethylamine was
added to the mixture at a 0.1 molar ratio to polymer. The reac-
tion mixture was allowed to stir for 24 hours in the dark at
room temperature. The reaction mixture was then dialysed in
the dark using molecular weight cut-off 3.5 kDa against
250 mL NaOAc buffer (pH: 5.0). Purification was continued for
4 days and the dialysis medium refreshed 2 times in a day.
After freeze drying, FITC-labelled polymers were collected as a
yellow solid and were stored at —20 °C as 100 mg mL ™" solu-
tion in DMSO.

Polymer buffering capacity assay. The buffering capacity of
pSarylated and non-pSarylated polymers was evaluated by

This journal is © The Royal Society of Chemistry 2024
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acid-base titration over the pH range of 10.0-3.0. Briefly, 2 mg
of polymer was dissolved in 30 mL of 0.1 M NaCl aqueous
solution, and the solution was adjusted to pH 10.0 using 0.1 M
NaOH. Then, precise volumes (between 10-20 pL) 0.1 M HCI
were added until a pH of 3 was achieved. The pH after each
addition of HCI was recorded. 0.1 M NaCl was set as negative
control. The proton buffering capacity of polymers when pH is
changed from 7.4 to 5.0 was calculated using equations below,
where AVyq is the volume of HCl(,q) required to change pH
from 7.4 to 5.0, [HCI] is the concentration of HCl(,q), which
was 100 mM, m is the mass of the polymer, which was 2 mg, n
was the moles of ionisable amines used in the titration, calcu-
lated from M, xmr and DP of PBAE block.

Calculation of buffering capacity of polymer between pH
7.4 to 5.0 normalised to mass of polymer

AVycl [HCI]

Buffering capacity(mass) = o

(2)
Calculation of buffering capacity of polymer between pH
7.4 to 5.0 normalised to moles of ionisable amines

A HCI
Buffering capacity(mol N) = AVial [HCI

3)

Synthesis of saRNA

For firefly luciferase saRNA synthesis, luciferase encoded
PDNA was linearised with Mlul-HF (NEB, UK) for 3 hours at
room temperature. Uncapped RNA was synthesised in a
MEGAscript reaction (Ambion, UK) using 1 pg of linearised
DNA as a template. The RNA was then purified by LiCl precipi-
tation (1:1 volume ratio) for 24 hours at —20 °C. Then, tran-
scripts were centrifuged at 14 000 rpm at 4 °C for 20 minutes,
washed once with 70% ethanol, centrifuged for 5 minutes, the
ethanol wash was removed, and the pellet was dried at room
temperature for 5 minutes. The purified RNA was then capped
using ScriptCap Cap 1 capping system kit (CellScript,
Madison, WI, USA) and used according to the manufacturer’s
protocol. Capped transcripts were again purified by LiCl pre-
cipitation. The purified capped saRNA was resuspended in
RNAase/DNAase free water and stored at —80 °C at 800 pg
mL ™.

Preparation of polyplexes

Polyplexes were prepared by electrostatic interactions between
positively charged polymers and negatively charged saRNA by
mixing various w/w ratios (32, 64 and 128). Firstly, the working
dilutions of polymers and saRNA were prepared in 25 mM
NaOAc buffer (pH: 5.0). Depending on the desired w/w ratio,
differing amounts of polymer stock solutions (100 mg mL™" in
DMSO) were mixed with nucleic acids in the buffer, gently
mixed using a pipette and incubated at room temperature for
30 minutes. Whilst preparing the PBAE/saRNA complexes,
taking a w:w 64 ratio as an example, 10 pg mL ™" of the RNA
stock solution was mixed with 2.560 mg mL~" PBAE by pipette
using a 25 mM NaOAc buffer.

Polym. Chem., 2024,15,1862-1876 | 1865


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4py00064a

Open Access Article. Published on 11 April 2024. Downloaded on 1/11/2026 10:13:00 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Encapsulation efficiency determination using ribogreen assay

A fluorescence-based Quant-iT RiboGreen assay
(ThermoFisher, UK) was utilised to be able to detect free RNA
in solution after polymer encapsulation. Samples were diluted
in 1x TE buffer (v/v 1:1) and the assay was performed accord-
ing to the manufacturer’s protocol. Samples were then loaded
on a black, 96-well plate, and analysed for fluorescence on a
microplate reader at an excitation of 485 nm and emission at
528 nm.

In vitro experiments

Cell culture. Cell line HEK293T was cultured in 10% (v/v)
FBS containing high glucose DMEM cell culture medium. The
human colon colorectal Caco-2 cell line was cultured in RPMI
1640 cell culture medium. Media used for cell culture studies
contained r-glutamine and 10% FBS, and the absence of myco-
plasma was confirmed using standard polymerase chain reac-
tion assays. Cells were grown to 90% confluence in a humidi-
fied incubator at 37 °C, 5% CO, and detached with 1x trypsin/
EDTA. Viability was assessed using Trypan blue staining.

Cell viability assays. To investigate the cytotoxicity of the for-
mulations, a cell viability assay was performed in the HEK293T
and Caco-2 cell lines. 24 hours prior to treatment, cells were
seeded in a clear 96-well plate at a density of 20 x 10° cells per
well. For the treatment, the medium was aspirated, and cells
were treated with 200 pL of opti-MEM containing various w/w
ratios of formulations complexed with 10 ug ml™" fluc saRNA
concentration (20 pL of polyplex solution). After 4 hours, nano-
particles were aspirated and 100 pL of complete medium was
added to wells. At 24 hours posttreatment, each well was
treated with 100 puL of 10% PrestoBlue reagent and allowed to
incubate for 1 hour. Then, the total volume was transferred to
a black 96-well plate and the FLUOstar Omega plate reader
(BMG LABTECH, UK) was used to determine the fluorescent
intensity (540 nm-590 nm) of each well and normalized to the
medium control.

In vitro transfection experiments. In vitro transfection
experiments were performed in HEK293T and Caco-2 cell
lines, and the commercially available transfection reagent
Lipofectamine Messenger MAX™ was used as positive control.
24 hours prior to treatment, cells were seeded in a clear
96-well plate at a density of 20 x 10° cells per well. For the
treatment, the medium was aspirated, then cells were trans-
fected with 200 pL of Opti-MEM containing various w/w ratios
of formulations complexed with 10 pg mL™" fluc saRNA con-
centrations (20 pL of polyplex solution). After 4 hours, nano-
particles were aspirated and 100 pL of medium was added to
wells. At 24 hours post-treatment, 50 pL of media was removed
then 50 pL of the ONE-Glo p-luciferin substrate was placed
into each well and mixed well by pipette. Finally, the total
100 pL was placed in a 96-well plate and FLUOstar Omega
plate reader (BMG LABTECH, UK) was used to determine the
luminescence.

Cellular uptake of saRNA using confocal microscopy. Caco-2
cells were seeded in CellView™ 35 mm diameter glass bottom
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cell culture dishes at a density of 30 x 10* cells per well. For
the treatment, the medium was aspirated, and cells were trans-
fected with Opti-MEM containing FITC labelled BDD-pSAR +
saRNA (0.01 mg mL™"). Cells were incubated for 1 and 4 hours
at 37 °C with 5% CO,. Then, nanoparticles were aspirated, and
cells washed 3 times with PBS and stained with 10 pg mL ™"
Hoechst 33342 and 75 nM Lysotracker red applied in PBS solu-
tion. After 30 minutes, solution was aspirated, and cells were
washed 3 times with PBS then FluoroBrite DMEM was added
to cells. Imaging was performed using Leica confocal
microscopy with LAS X software on DAPI, FITC and
Lysotracker filters. Image] software was used to process the
pictures.

Imaging flow cytometry. Caco-2 cells were seeded in a clear
6-well plate at a density of 40 x 10° cells per well. For the treat-
ment, the medium was aspirated, and cells were transfected
with Opti-MEM containing BDD-pSAR + saRNA (0.01 mg
mL™") formulation. After 4 hours, nanoparticles were aspirated
and 150 pL of 0.05% trypsin was used for detachment of cells
from wells. After incubation for 15 minutes, 300 pL FACS
buffer was used to neutralise the trypsin and cells were centri-
fuged at 1500 rpm for 10 minutes. Following this, cells were
stained with Zombie Violet (1:500) dye for 30 minutes at
room temperature in order to help with gating on live cells.
Then, cells were fixed with 100 pL of 4% paraformaldehyde in
PBS for 20 minutes. Fixed cells were centrifuged, and pellets
resuspended in 50 pL of PBS. Data were acquired using an
Image Stream 100 (Amnis, Seattle, US) and on single cell in
focus events was used for analysis. Ideas Software (Amnis,
Seattle, WA, USA) was used for data analysis. Total cell fluo-
rescence was calculated by default total cell masks for the
measurement of the nanoparticle internalisation and cell
interiors were identified using the area erode tool (brightfield
channel). Internalisation index was shown as percentage of
maximum internalisation (percentage of interior cell fluo-
rescence to total cell fluorescence).

Isolation of tissue-derived colorectal cancer organoids. Fresh
colorectal tumour tissue harvested from surgical human speci-
mens was used to obtain patient-derived colorectal cancer
organoids (ethics: 17/EM/0126). The harvested tissues were
fragmented using a scalpel blade and scissors to mechanically
dissociate intestinal glands. Additionally, DNase I and
Liberase were added for 1 hour at 37 °C to prevent cell clump-
ing and to increase single-cell yield. After incubation, the
sample was diluted with Advanced DMEM and FBS to inacti-
vate the enzymes and filtered using a 70 pm cell strainer to
remove clumps. The filtered mixture was centrifuged, and the
cell pellet was resuspended with cold Matrigel. In a pre-
warmed 48 well plate, Matrigel with cells was drop casted and
transferred to the incubator 10 minutes allowing the gel to
form before the addition of IntestiCult™ organoid growth
medium (OGM) (Stem Cell Technologies).

Colorectal patient-derived organoids culture. The culture
media for colorectal patient-derived organoids was a complete
cell culture medium for intestinal 3D organoids, IntestiCult™
OGM. To split organoids and dissolve Matrigel mechanical dis-

This journal is © The Royal Society of Chemistry 2024
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sociation (vigorous pipetting) with cold advanced DMEM was
used. The diluted sample of Matrigel with organoids was cen-
trifuged and the organoid pellet was resuspended with TrypLE
cell dissociation reagent for 10 minutes at 37 °C. After incu-
bation, the cell suspension was diluted with advanced DMEM,
centrifuged and the supernatant was discarded. Single cells
and small clusters derived from fragmented organoids were
encapsulated with fresh cold Matrigel and drop casted in a
pre-warmed 48 well plate. After 10 minutes of incubation at
37 °C to allow the gel formation, IntestiCult™ OGM was
added. The passage of colorectal patient-derived organoids in
Matrigel was performed every 5-10 days.

Nanoparticles transfection in patient-derived organoids.
Once colorectal patient-derived organoids had reached the
desired compaction level (5 days after splitting), a formulation
of 50%-pSar (w/w 128) (1.28 mg mL™") containing GFP-saRNA
(10 pg mL™") was mixed with the above-mentioned organoid
media, using 300 pL of the polyplex solution and 2700 pL from
the organoid media. Then this solution was added onto the
colorectal patient-derived organoids. After 4 hours incubation,
nanoparticles were removed, and fresh media was replaced
onto the organoids. GFP expression was imaged after 24 and
48 hours using a Leica confocal microscope with LAS X soft-
ware and GFP filters. Image] software was used to process the
images.

Statistical analysis

Graphs and statistics were prepared in GraphPad Prism 9.5.1
version or higher. Statistical differences were analysed using
either one-way or two-way ANOVA adjusted for multiple com-
parison (either Tukey’s or Dunnet’s), p value lower than 0.05
was considered as statically significant and the levels of stat-
istical significance were set p* < 0.05, p** < 0.01, p*** < 0.001
and p**** < 0.0001.

Results and discussion
Synthesis and characterisation of PBAEs

In the first step a poly(f-amino ester) was prepared from 1,4-
butanediol diacrylate (BDD) and 5-aminopentanol (5AP), via a
Michael-addition based step-growth polymerization with
10 mol% excess of BDD in relation to 5AP, to ensure termin-
ation of the polymer with acrylate groups (pBDD-5AP). After
purification by precipitation in diethyl ether, acrylate end
groups (6.1 ppm) were confirmed using "H NMR spectroscopy
which when integrated against signals from the methylene
BDD-5AP repeating unit (1.62 ppm), revealed an average DP of
15 for the pBDD-5AP PBAE (Fig. 2A and Scheme S1t and spec-
trum S1). SEC analysis revealed an M, ggc = 6200 g mol " com-
pared to an My, e = 4500 g mol ™" and P = 1.3. Although P =2
is the expected theoretical value for step-growth polymeris-
ations at high conversion, the lower D observed is likely due to
the precipitation procedure removing low molar mass oligo-
mers thus narrowing the molar mass distribution and increas-
ing the average molar masses, which was indeed observed.

This journal is © The Royal Society of Chemistry 2024
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The selection of this PBAE composition was based on prior
pre-clinical investigations, which demonstrated that pBDD-5AP
PBAEs can display good formulation characteristics (such as
small particle size, high colloidal stability, and high zeta
potentials) and potent transfection performance, both in vitro
and in vivo, with various types of nucleic acid cargoes.*®

Before producing our pSar conjugated PBAE, we first gener-
ated a sarcosine N-carboxyanhydride (SarNCA) from N-Boc-sar-
cosine (Boc-Sar) using a moisture-tolerant protocol developed
by Lu and co-workers (Scheme S11 and Fig. 2A).>” SarNCA was
then converted into pSar-cystamine, a pSar derivative contain-
ing a single disulfide bond in the middle of the chain, using
ring opening polymerisation from a bifunctional cystamine
initiator targeting a DP of 18 on each side (DP = 36 in total).
This relatively low DP was chosen to mimic the low molar
masses used for the DMG-PEG lipid (M,, = 2000 g mol ") in the
lipid nanoparticles for the commercially available
SARS-CoV-2 mRNA vaccines.?® After purification and isolation
through precipitation in diethyl either, pSar-cystamine was
characterised by '"H NMR spectroscopy revealing an experi-
mental DP of 20 on each side of the disulfide. This was calcu-
lated using integrals of cystamine signals at 3.70 ppm and
methyl signals for the sarcosine repeating units at 2.80 ppm
(Fig. 2A and spectrum S2). The higher-than-expected DP may
be due to a slight initiator inefficiency or impurities within
cystamine for NCA polymerisation. DMF-SEC analysis of pSar-
cystamine exhibited a monomodal chromatogram with low
dispersity (P = 1.1) which as expected for NCA polymerisation.
The M, sgc = 3100 g mol~" was close to theoretical values for
DP40 pSar + cystamine (M, = 3700 g mol™') however the
deviation observed is likely due to the use of PMMA standards
in the SEC calibration which do not accurately represent pSar
(Fig. S17).

To conjugate pSar to the acrylate functional PBAE
pBDD-5AP, first the disulphide bridge was reduced in situ into
reactive thiols using tris(hydroxypropyl)phosphine (THP) to
initiate a base catalysed thia-Michael addition reaction
between the pSar chains and acrylate functional PBAE. The
conjugation reaction was conducted with an excess of pSar per
acrylate end-group. Following the reaction, pSar-(pBDD-5AP)-
pSar was isolated and excess pSar was removed through dialy-
sis against DMF, followed by precipitation in a diethyl ether.
"H NMR spectroscopy confirmed the successful conjugation of
pSar to the PBAE, generating pSar-(pBDD-5AP)-pSar (Fig. 2 and
spectrum S3), revealing quantitative conversion of acryloyl
groups (no visible signals at 5.9-6.4 ppm) and the expected
ratio between pBDD-5AP and pSar repeating units, calculated
from the pBDD-5AP methylene signals at 1.62 ppm and
2.80 ppm from methyl groups from pSar. This also confirms
the removal of excess pSar that was available in the conju-
gation reaction. SEC analysis revealed a clear shift towards
higher molar mass (M, sec = 7600 g mol™") following the reac-
tion, indicating successful pSar conjugation.

As a control polymer without pSar, we also synthesised a
hydroxyl terminated PBAE, OH-(pBDD-5AP)-OH, by endcap-
ping the acrylate functional pBDD-5AP with further 5-AP, with
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Fig. 2 Synthesis and characterisation of PBAEs. (A) Synthetic scheme for step-growth Michael-addition polymerisation of BDD, 5-AP and pSar-
cystamine to produce pSar-PBAE-pSar triblock copolymer. *H NMR (400 MHz, DMSO-dg) spectra of pBDD-5AP, pSar-cystamine, and pBDD-5AP-
pSar (B) GPC chromatograms of pBDD-5AP, OH-(pBDD-5AP)-OH and pSar-(pBDD-5AP)-pSar, and (C) molecular weights and dispersity values of
the PBAEs produced determined using DMF-SEC, and the DP of each block of the PBAEs determined via *H NMR spectroscopy.

"H NMR spectroscopy confirming full disappearance of acry-
late end groups (Fig. 2A and spectrum S4). Size exclusion chro-
matographs of the synthesised polymers revealed the pre-func-
tionalised PBAE, pBDD-5AP, exhibited M, sz of 6200 g mol ™
and P = 1.3, similar to other reported PBAEs (Fig. 2B and C).
Upon functionalisation with 5AP to produce OH-(pBDD-5AP)-
OH, there was no significant increase in molar mass (My sgc =
6200 ¢ mol™', and P = 2.1). Overall, our characterisation data

1868 | Polym. Chem., 2024, 15, 1862-1876

confirmed the successful synthesis of our targeted pSar conju-
gated PBAE and control polymers.

The buffering capacities were assessed for OH-(pBDD-5AP)-
OH and pSar-(pBDD-5AP)-pSar as the pK, of polycations has
been recognised as crucial for enhancing endosomal buffering
and endo/lysosomal escape of polymer-based nucleic acid deliv-
ery systems. Acid-base titration in the pH range of 10.0-3.0 for
PBAEs with and without pSarylation displayed similar titration

This journal is © The Royal Society of Chemistry 2024
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curves, implying that pSarylation did not impact their buffering
capacity (Fig. S2 and Table S11). Specifically looking at the range
related to endosomal acidification, considered between pH 7.4
and pH 5.0,>° PEI displayed a buffering capacity 12 mol of H"
per mol of ionisable nitrogen in this pH range, whilst OH-
(pBDD-5AP)-OH and pSar-(pBDD-5AP)-pSar displayed buffering
capacities of 4.0 and 3.5 respectively. The weaker buffering
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capacities observed for the PBAEs, compared to a branched PEI
control, was likely due to PEI's structure containing a high
density of primary, secondary and tertiary amines compared to
our PBAEs only exhibiting tertiary amines at a reduced density
across the polymer chain. This therefore broadens the buffering
capacity of PEI and the high density also imparts a neighbour-
ing group effect commonly seen with ionisable polycations.
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Fig. 3 Formulation of PBAEs with saRNA to produce polyplex nanoparticles. (A) Schematic representation of saRNA formulation with OH-
(pBDD-5AP)-OH, pSar-(pBDD-5AP)-pSar or different mixtures, called ‘'mix’ of pSar-(pBDD-5AP)-pSar and OH-(pBDD-5AP)-OH as a weight% which
is termed as 0%-pSar, 20%-pSar, 50%-pSar, 80%-pSar and 100%-pSar. The nanoparticles were prepared in pH 5.0 25 mM sodium acetate at a final
saRNA concentration of 10 ug mL™. (B) Zeta potential and (C) particle size for the OH-(pBDD-5AP)-OH, pSar-(pBDD-5AP)-pSar and ‘mix’ polyplexes
at a PBAE/saRNA w/w ratio of 32, 64 and 128 determined by dynamic light scattering at 25 °C. Bars represent the mean + SD. (D) Encapsulation
efficiency of saRNA within polyplexes evaluated using Ribogreen assay. (E) Representative transmission electron micrograph of all polyplexes.
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Effect of pSar density on polyplex physicochemical properties

Polyplex preparation was performed at three different polymer/
fluc saRNA weight-to-weight ratios (w/w ratios of 32, 64 and 128)
for OH-(pBDD-5AP)-OH and pSar-(pBDD-5AP)-pSar PBAEs to
optimise the physicochemical properties of the polyplex. These
include particle size, surface charge, encapsulation efficiency,
biocompatibility, and RNA expression. To assess the effect of
pSar density on the nanoparticle surface, we also prepared poly-
plexes prepared with 20%-pSar, 50%-pSar and 80%-pSar which
are mixtures of pSar-(pBDD-5AP)-pSar and OH-(pBDD-5AP)-OH
as a weight% (Fig. 3A). Briefly polyplexes were prepared by
mixing the desired polymers and saRNA in pH 5.0 sodium
acetate buffer. Varying quantities of polymer stock solutions,
depending on the desired w/w ratio, were then combined with
saRNA manually using a micropipette and allowed to incubate
at ambient temperature for 30 minutes. It should also be noted
that in the literature there are different approaches to modulate
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the ratio of nucleic acid cargo to the polymer delivery vector.
One common approach is a simple weight ratio between the
nucleic acid and polymer, which is more common in the PBAE
literature for pharmaceutical development. However, many
researchers also consider the nitrogen to phosphate ratio (N/P)
as a way to identify a charge ratio and normalise for different
materials. In this study we opted for weight to weight ratios to
be consistent with previous literature on PBAEs and polymer-
conjugated PBAEs,”® however we have also reported the N/P
ratios for comparison with other literature (Table S27).
Hydrodynamic diameters of all nanoparticles were observed
to be between 100-150 nm with low polydispersity index (PDI)
values (<0.2), regardless of pSar content, determined by
dynamic light scattering (DLS) (Fig. 3C). Some particles e.g.
50%-pSar and 100%-pSar possessed a significantly decreasing
size with w/w ratio. In addition, zeta potential of the particles
was measured to be between 20-25 mV and no significant
difference was observed between the groups (Fig. 3B). The
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Fig. 4 Metabolic activity and transfection efficiency of PBAE derived saRNA polyplexes. Effect of PBAE polyplexes formulated with firefly luciferase
encoding saRNA at PBAE/saRNA w/w ratios of 32, 64 and 128 on metabolic activity (A and B) and transfection efficiency (C and D) on HEK293T cells
(A and C) and Caco-2 cells (B and D). Cells were treated with polyplexes containing saRNA at a concentration of 500 ng mL™ (100 ng per well) in
serum-free Opti-MEM. Metabolic activity was compared against Triton X (positive control) and untreated cells (negative control), and calculated by
normalizing metabolic activity to untreated cells. In vitro transfection efficiency was analysed after 24 h post-transfection using the Promega
ONE-GLO luciferase assay and compared against Lipofectamine Messenger MAX™ (positive control) and naked saRNA (negative control) expressed
as relative light units (RLU) for luciferase expression. Bars represent the mean + SD.
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encapsulation efficiency of nanoparticles was analysed utiliz-
ing Ribogreen assay and revealed full RNA encapsulation for
nanoparticles produced at all pSar-(pBDD-5AP)-pSar/OH-
(pBDD-5AP)-OH ratios (Fig. 3D). Finally, TEM micrographs of
all polyplexes prepared at a w/w ratio of 128 displayed spheri-
cal complexes between 35 to 220 nm in diameter consistent
with DLS analysis and taking into account some particle
shrinking in the dry state (Fig. 3E). Furthermore, as DLS ana-
lysis can over represent larger particles present in hetero-
geneous particle distributions, it is likely that any smaller
species visible by TEM may not have been included in the par-
ticle size averages."' Overall, these results indicate that all five
formulations were capable of encapsulating saRNA and produ-
cing particle sizes below the typical 200 nm diameter
threshold for efficient gene delivery.

In vitro evaluation of saRNA delivery

Transfection and metabolic activity of pSarylated polyplexes.
The toxicity and saRNA delivery/expression efficiency of the
individual OH-(pBDD-5AP)-OH, pSar-(pBDD-5AP)-pSar and co-
formulated polyplexes were examined in HEK293T and Caco-2
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cell lines. These cell lines were chosen as HEK23T human
kidney cell line is the main cell line used for pilot transfection
studies as are they are easy to transfect, and culture, whilst
Caco-2 colon cancer cell line is a model of intestinal barrier
integrity and can spontaneously differentiate into a heteroge-
nous mixture of intestinal epithelial cells as occurs in the
intestine. Similar to the formulation characterisation study
above, polyplexes were prepared at polymer/saRNA w/w ratios
of 32, 64, and 128, utilising a firefly luciferase encoding saRNA
and compared against Lipofectamine MessengerMAX™ ( posi-
tive expression control) and Triton X-100 (positive toxicity
control). All the formulations exhibited more than 50% cell
viability, as determined from the metabolic activities. Similar
to previous studies, increasing w/w ratio, specifically above
w/w 32, resulted in increased toxicity due to increased polyca-
tion concentration which is known to disrupt the negative
phospholipid bilayer*? (Fig. 4A). In general, Caco-2 cells dis-
played high metabolic activity compared to HEK293T cells
which may be due to the lower transfectability of the intestinal
epithelial cells (Fig. 4B).** Notably, using HEK293T cells, for-
mulations prepared at higher w/w ratios yielded greater trans-
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Fig. 5 Cellular uptake of PBAE derived saRNA polyplexes. (A and B) Imaging cytometry histograms of fluorescence intensity and internalisation for
Caco-2 cells after 2 h and 4 h following treatment with FITC-labelled 50%-pSar polyplexes at a PBAE/saRNA w/w ratio of 128 at a concentration of
500 ng mL~* saRNA. Data were analysed using IDEAS software. (C) Representative confocal microscopy images of Caco-2 cells treated saRNA poly-
plexes derived from FITC-labelled pSar-(pBDD-5AP)-pSar at a PBAE/saRNA w/w ratio of 128 for 50%-pSar polyplexes after 4 h at 100 ng per well

(500 ng mL™?) saRNA. Scale bar 10 pm (63x).
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fection efficacy explicitly for co-formulated groups (20%-pSar,
50%-pSar and 80%-pSar) (Fig. 4B). For the w/w ratio 128 the
transfection efficiency was close in extent to the positive
control, Lipofectamine MessengerMAX™. Unlike in HEK293T
cells most of the formulations did not show statistically signifi-
cantly higher luciferase expression than naked saRNA in Caco-
2 cells; however, only the polyplexes 50%-pSar and 80%-pSar
yielded increased saRNA expression in this cell line.
Particularly, no substantial difference was detected between
the 50%-pSar and positive control lipofectamine. Similarly, a
previous study showed that mixed of PEGylated and non-
PEGylated polymers (50: 50) displayed the most effective gene
delivery vector for glioblastoma cells.*

Cellular uptake of pSarylated polyplexes. Due to the encoura-
ging results with 50%-pSar polyplex at w/w 128, we further
investigated cellular uptake of this polyplex formulation. To
evaluate the cellular association of 50%-pSar polyplexes in
Caco-2 cells, we first generated a FITC labelled pSar-
(pBDD-5AP)-pSar through alcohol isothiocyanate coupling on
the pendant hydroxyl groups of the 5-AP monomers within the
core PBAE. Cellular uptake was assessed through imaging flow
cytometry 2 h and 4 h after treatment (Fig. 5A). It was observed
that 76% of Caco-2 cells were FITC-positive, indicating success-
ful cell association within 2 hours of incubation. There was a
further increase to 80% FITC-positive at 4 h incubation time,
overall highlighting rapid association of the administered poly-
plexes. The median fluorescence intensity rose from 7900 arbi-
trary units up to 8100 between 2 h and 4 h incubation, indicat-

24 h Untreated

48 h
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ing an initial rapid uptake by the Caco-2 cells and release into
the cytosol occurred within 2 hours in this experiment.
Compared to traditional flow cytometry the images from each
cell can be analysed to compare internalisation vs. membrane
association. The median of internalisation score of the poly-
plexes was approximately 1.8 indicating a high proportion of
nanoparticles were internalised inside the cells since having a
score less than 0.3 can be considered to be surface bound
(Fig. 5B).**

To assess further the intracellular internalisation mecha-
nism of the pSar-(pBDD-5AP)-pSar in Caco-2 cells we employed
confocal microscopy to evaluate colocalization with a lysoso-
mal (Lysotracker™ red) and nuclear (Hoecht 33342) stain
(Fig. 5C). After 4 h post administration, confocal micrographs
showed that polyplexes successfully internalised within Caco-2
and merged images demonstrated with minimal co-localis-
ation with the acidic lysosomes with image analysis indicating
Pearson’s correlation coefficient between FITC labelled poly-
plexes and Lysotracker™ stained lysosomes were below 0.5.
Given the ~100 nm particle diameters it is likely that these for-
mulations were internalised by an endocytosis mechanism,
however the apparent low colocalization with the acidic lyso-
somes may indicate that the particles escaped before endo-
somal maturation to lysosomal compartments. Although
further endosomal escape studies would be needed to investi-
gate this phenomenon in more detail, it is possible that
enhanced endosomal escape was a factor in the high
expression efficiencies observed for these complexes. However,

Fig. 6 Penetration and saRNA expression of PBAE polyplexes in colorectal cancer organoids. Analysis of GFP expression of 50%-pSar in human
colon colorectal cancer organoids using confocal microscopy after 24 and 48 h (40x — scale bar 100 um).
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it should also be noted that fluorescein is a pH responsive dye
hence may exhibit reduced fluorescence within the acidic lyso-
somal compartments, adding an uncertainty to measures of
dye co-localisation, nonetheless the high transfection efficien-
cies observed for this formulation indicates clear propensity of
endosomal escape which may have all escaped within the first
2 hours.

Assessment of pSarylated polyplexes in colorectal cancer
organoids. Following successful in vitro saRNA transfection
and polyplex uptake of 50%-pSar (w/w 128) in Caco-2 cells, we
hypothesised that this material may be an effective in deliver-
ing saRNA to intestinal organoids. Organoids are 3D organ-
like structures that are cultivated from human tissue-derived
stem cells in a laboratory setting. For instance, colon orga-
noids comprise stem cells, goblet cells, enterocytes, endocrine
cells, paneth cells and transit amplifying cells. These orga-
noids naturally form complex structures, mimicking some
aspects of real organ physiology, which holds promise for
translating preclinical research into clinical applications.*?

We therefore evaluated our chosen formulation 50%-pSar
(w/w 128) encapsulating a GFP-saRNA in human colon colorec-
tal organoids to monitor saRNA expression via confocal
microscopy. The 50%-pSar saRNA formulation was incubated
with organoids once they had reached the desired compaction
level. After 4 h, nanoparticles were removed, and fresh media
was replaced onto the organoids. GFP expression was deter-
mined after 24 and 48 h. Confocal microscopy revealed GFP
expression within the central regions of the organoids at 24 h,
with increasing fluorescence intensity observable after 48 h
(Fig. 6). Previous studies have shown expression of exogenously
delivered nucleic acids at the surface of cancer organoids,
however the 50%-pSar PBAE formulations were substantially
improved compared to the prior systems in terms of generating
high expression levels deep within the core of the organoid,
indicating high penetration of these nanoparticles within the
dense matrix of cells.”>*” These results indicate that
pSarylated PBAEs may represent promising new materials for
tumour directed delivery of nucleic acid therapeutics.
Additionally, the full preservation of the organoid structure
over the 48 h transfection experiment may suggest that these
materials could be used to aid delivery of mRNA and saRNA to
further organoid models to examine how expression of exogen-
ously administered RNA varies within the surface and core of
these tumour models.

Conclusions

In this work we have developed a new methodology to produce
polysarcosinylated poly(beta amino esters) as an alternative
steric stabilising group to PEG. We used this new pSar-PBAE
conjugate to produce a library of polyplexes with different pSar
densities on the nanoparticle surface by mixing pSarylated
PBAEs with analogous unfunctionalized PBAEs in different
ratios. We observed that pSarylation had minimal effect on
polyplex physicochemical properties, while all pSar densities

This journal is © The Royal Society of Chemistry 2024
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yielded higher transfection efficiencies than the positive
control lipofectamine in HEK293T cells. In contrast, only the
50%-pSar polyplexes produced saRNA expression comparable
to lipofectamine in colorectal cancer cells (Caco-2), with
uptake studies indicating fast cellular uptake and limited colo-
calization in lysosomes indicating potential for endosomal
escape. Finally, the 50%-pSar polyplexes showed potential
translation for tumour delivery, exhibiting high expression of
saRNA within the core colorectal cancer organoids within 24 h,
likely due to the enhanced permeability of these polyplexes
endowed with the pSar coating. The efficient diffusion to the
organoid core may make these formulations amenable to
intratumoural delivery of genetic material encoding for pro-
inflammatory cytokines which are required for stimulation of
the immune system around the local tumour environment in
immuno-oncology applications. Overall, these results indicate
that pSarylation is a suitable alternative for PEGylation of
PBAEs, yielding potent gene delivery vehicles. As pSar is an
established PEG alternative, future research should focus on
studying the differences in immunogenicity between
PEG-PBAE and pSar-PBAE conjugates, which is especially
important for vaccine and immunotherapy nucleic acid
formulations.
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