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Messenger RNA (mRNA) technology serves as a powerful foundation for novel vaccines and treatments.
Ensuring the effective delivery of RNA medicines requires vectors due to the poor cellular association of
naked mRNA and its susceptibility to degradation by endogenous nucleases. Recently, nanoparticle-
based carriers have attracted significant attention, particularly poly(beta-amino esters) (PBAEs), which
have shown promise as mRNA delivery systems. The first generation of nanoparticle-encapsulated mRNA
vaccines has been highly successful in protecting against severe COVID-19 disease, but the durability of
the immune response remains short; hence, there is a need for delivery systems that enhance the robust-
ness of the immune response. In this study, we report the development of a TLR7-adjuvanting PBAE
through the direct conjugation of Loxoribine, a potent TLR7 agonist. We observed that the Loxoribine-
conjugated PBAE was able to condense self-amplifying RNA (saRNA) efficiently into small (100-200 nm)
polyelectrolyte nanoparticles with complete incorporation of the nucleic acid. Formulations specifically at
a w/w ratio of 128 showed high transfection in HEK293T and DC2.4 cell lines with good cytotoxicity
profiles. In addition, TLR activation assays using TLR7 reporter HEK-Blue cells showed that Loxoribine-
conjugated formulations can efficiently agonise TLR7, with some synergy observed between Loxoribine
and the delivered saRNA. Although potent activation was observed in model cell lines, evaluation in
primary bone marrow-derived dendritic cells showed minimal upregulation of CD86, an established acti-
vation marker, and a transfection efficiency of less than 2%. Consequently, these findings suggest the
potential of adjuvanted PBAE nanoparticles for enhanced RNA vaccines; however, further development is
needed to improve their activity in primary immune cells.

Introduction

Messenger RNA technology represents a safe, potent and manu-
facturer-friendly route to express transiently endogenous or engin-
eered proteins in target cells or tissues. Therefore, mRNA has
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against infectious diseases and immunotherapies for a variety of
malignancies."” These vaccines operate by administering mRNA
encoding pathogen or malignant cell surface protein epitopes to
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sing them, either upon infection by the pathogen or in cancer
tumours/cells.>* In both applications, the quality and robustness
of the immune response are critical to the eventual adaptive
immune response against the target antigen and therefore to the
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Naked mRNA displays poor cellular association and is sus-
ceptible to degradation by endogenous nucleases, indicating
that a suitable delivery vector is required to protect the nucleic
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cytosol.>® These delivery systems are typically nanoparticle-
based materials, such as lipid nanoparticles (LNPs), which
have been clinically used for three approved nucleic acid pro-
ducts (Onpattro, Spikevax and Comirnaty).” However, their
chemical versatility and limited intellectual property space
create an urgent need for alternative delivery systems. Among
these, polycations are recognised as a potent but clinically
immature delivery approach.®® These systems operate by con-
densing negatively charged mRNA into small (50-200 nm)
polyplex nanoparticles with positively charged cationic poly-
mers through opposing electrostatic interactions.'®'! One
promising subclass is poly(beta-amino esters) (PBAEs), which
contain hydrolysable ester bonds in their backbone, enabling
biodegradability and facilitating RNA release.’*** Their highly
tunable chemistry supports adaptation to different nucleic
acid cargos, making them strong candidates for RNA
delivery.”>™"” In addition to their delivery capacity, certain
PBAEs can influence immune responses, providing a platform
that can be further tailored with immunostimulatory com-
ponents.'® The significantly broader chemical versatility of
these materials makes them ideal systems for improving the
immune response of mRNA vaccines.

In principle, messenger RNA vaccines and immunothera-
pies display self-adjuvanting behaviour due to the agonist pro-
perties of exogenous RNA on endosomal (Toll-like receptor 7/
8) and cytosolic (RIG-I, MDA-5) single-stranded RNA sensors,
which mimic the inflammatory process of an infective RNA
virus.'®?° However, the condensation of mRNA into nano-
particles and the use of modified nucleotides, such as
1-methylpseudouridine (m1y), hinder the activation of these
processes in antigen-presenting cells (APCs), weakening the
initial steps of the adaptive immune response.”’ However, the
excessive activation of these inflaimmatory processes simul-
taneously puts APCs into an ‘anti-proliferative’ state, thus shut-
ting down the protein synthesis machinery of the cells and
reducing the translation efficiency of the delivered mRNA
construct.*"**

Traditional vaccines and immunotherapies achieve a robust
immune response by utilising adjuvants and immunostimula-
tory molecules, which are co-formulated with the active ingre-
dient.*® Adjuvanticity can be introduced either from a humoral
immunity perspective, through controlled release of the
antigen, or preferably through direct activation of cellular
immunity through the co-formulation of molecules, which
simulates the natural infection process by binding to pathogen
recognition receptors (PRRs) at the immune cell surface.** Key
examples of these are agonists for Toll-like receptors (TLRs), a
specific PRR class found in APCs, macrophages and other
cells, which, when stimulated, elicit downstream expression of
pro-inflammatory cytokines that form the innate immune
response.”®

The development of adjuvanted mRNA formulations, which
co-deliver the antigen encoding nucleic acid and adjuvant to
the same cells, could therefore represent a powerful strategy to
strengthen and broaden the immune response of mRNA vac-
cines while providing a flexible platform to mitigate any
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inflammation-induced inhibition of mRNA translation.”®?’
There is significant evidence that LNP formulations display
intrinsic adjuvanticity, but these effects are not always predict-
able and are dependent on cationic/ionisable lipid
structures.”®?® In contrast, there has been significant progress
in targeted adjuvant formulations for mRNA vaccines and
therapies, often through the co-formulation or conjugation of
TLRa’s, such as polyinosine-cytosine (polyl:C, TLR3a), imida-
zoquinolines (TLR7/8a) and CG-rich oligonucleotides
(CpG-ODN, TLR9a) from an LNP perspective.’’*> Meanwhile,
the few limited reports of adjuvanted polycation delivery
systems focus on the co-formulation of polyl:C and
CpG-ODNs; however, to the best of our knowledge, direct con-
jugation of a TLR agonist adjuvant has not been reported for
polymer-based mRNA formulations.***

Herein, we report the development of a TLR7a-conjugated
polycation as a potential adjuvanted formulation for mRNA
and self-amplifying mRNA, an mRNA technology that includes
replicase genes, amplifying the construct within the cytosol.
saRNAs can therefore enhance protein expression levels at sig-
nificantly lower doses, lengthening the expression half-life and
reducing the cost compared to mRNA.>>*® We utilised the
intrinsic chemistry of Loxoribine (a guanosine analogue
known as a TLR7 agonist) to conjugate it to the end-groups of
a PBAE cationic polymer, which is a well-established polymeric
delivery system for mRNA and saRNA modalities. The
Loxoribine-PBAE conjugate was then formulated with saRNA
to form adjuvanted polyplexes, which were characterised for
their delivery efficiency, transfectability and ability to stimulate
the TLR7 pathway in cells. Finally, the polyplexes were further
evaluated in bone marrow dendritic cell (BMDC) experiments
to assess dendritic cell activation (Fig. 1).

Materials and methods

Materials

1,4-Butanediol diacrylate (BDD), 5-aminopentan-1-ol (5-AP), 2,2'-
(ethylenedioxy)bis(ethylamine),  3-mercaptopropanyl-N-hydroxy-
succinimide ester, tris(2-carboxyethyl)phosphine (THP), triethyl-
amine (TEA), fluorescein isothiocyanate (FITC), diethyl ether,
tetrahydrofuran, sodium acetate (NaOAc) buffer (pH: 5.0) and the
dye Gel Red were purchased from Sigma-Aldrich. Loxoribine was
purchased from InvivoGen. 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-hydroxyethyl) phos-
phine (THP), Lipofectamine Messenger MAX™, Hoechst 33342,
Lysotracker red and 96-well plates were obtained from
ThermoFisher Scientific. Dulbecco’s Modified Eagle’s medium
(DMEM), RPMI 1640 cell culture medium, HEK-Blue Detection
medium, fetal bovine serum (FBS) and Opti-MEM were bought
from Gibco, Invitrogen, Carlsbad, CA, USA. PrestoBlue reagent
and ONE-Glo p-luciferin substrate were purchased from Promega,
UK. Self-amplifying RNA was synthesised as previously
described.>® mRNA was purchased from TriLink Biotechnologies.
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Fig. 1 Schematic of the PBAE synthesis, polyplex assembly, analysis of in vitro transfection and toxicity profiles, and evaluation of TLR7 activation
and bone marrow dendritic cell (BMDC) experiments to assess dendritic cell activation.

Instrumentation and analysis

NMR spectroscopy. All "H-NMR spectra were recorded in
ppm (8) at 400 MHz in d6-DMSO using a Bruker Avance III
MHz spectrometer maintained at 25 °C. To analyse the
spectra, MestReNova 6.0.2 copyright 2009 (Mestrelab Research
S.L.) was applied.

Gel permeation chromatography. Gel permeation chromato-
graphy (GPC) analysis was performed using the PL-50 instru-
ment equipped with a dual angle light scatter (LS), viscometry
(VS) and differential refractive index (DRI). The system was
equipped with a PLgel 5 pm guard column and a 2 x PLgel
Mixed D column (300 x 7.5 mm). Dimethylformamide (DMF)
with LiBr (0.1% wt/wt) was utilised as the eluent with a flow
rate of 1 mL min~" at 50 °C. The instrument was calibrated
with poly(methyl methacrylate) standards (Agilent EasyVials)
in the range of 955 500-550 g mol ™", Using conventional cali-
bration and Cirrus GPC software, dispersity (D) values, mole-
cular weight (M,,) and experimental molar mass (M,, SEC)
were determined.

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

Transmission electron microscopy. Briefly, glow-discharged
Formvar/carbon-coated TEM grids were used, on which the for-
mulation samples (13 pL) were placed and left for 15 minutes.
Then, the excess solution was removed, and the samples were
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 performed using
a Tecnai G2 Spirit TEM with a BioTwin lens configuration
(Thermo Fisher Scientific, Eindhoven, The Netherlands) at an
accelerating voltage of 100 kV.

Polymer synthesis and characterisation

pBDD-5AP. To BDD (1000 mg, 5 mmol) in DMSO (0.95 mL),
5-AP (470 mg, 4.56 mmol) in DMSO (2 mL) was added, and the
reaction mixture 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-
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dissolving in THF (3 mL) and precipitation in diethyl ether
(40 mL) thrice. The product was dried under vacuum overnight,
yielding 1250 mg (85%) of a yellowish oil. The molecular weights
were determined by SEC (M, = 6.2 kDa, M,, = 8.0 kDa, and P =
1.3); for "H NMR, see Spectrum S1 in the SL

H,N-(pBDD-5AP)-NH,. To produce end-capped
PBAEs, an excess amount of 2,2-(ethylenedioxy)bis(ethyl-
amine) (300 mg, 2.02 mmol) was added to the BDD-5AP
(1000 mg) in DMSO (10 mL) in a 20 mL vial, and the mixture
was stirred for 24 hours at room temperature. Polymers were
isolated by diluting the reaction mixture with THF (10 mL), fol-
lowed by dropwise precipitation in diethyl ether (40 mL)
thrice. The polymer was collected via centrifugation and dried
under reduced pressure at 37 °C, and a yellow viscous liquid
was obtained. Finally, the polymers were stored at —20 °C as a
100 mg mL™" solution in DMSO. Molecular weights were deter-
mined by SEC (M, = 6.6 kDa, M,, = 9.1 kDa, P = 1.4); for '"H
NMR, see Spectrum S2 in the SI.

SH-(pBDD-5AP)-SH. To produce SH-end-capped PBAEs, an
excess amount of mercaptopropanyl-N-hydroxysuccinimide
ester (84.5 mg, 0.42 mmol) was added to H,N-(pBDD-5AP)-
NH, (500 mg) in DMSO (5 mL) in a 20 mL vial. Then, TEA
(16.8 mg, 0.16 mmol) and THP (2.5 mg, 20 pmol) were added
to the mixture. The mixture was stirred for 3 hours at room
temperature under argon and UV light to avoid polymer cross-
linking. Polymers were isolated by diluting the reaction
mixture with 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, and
a yellow viscous liquid was obtained. Finally, the polymers
were stored at —20 °C as a 100 mg mL™" solution in DMSO.
Molecular weights were determined by SEC (M, = 6.9 kDa,
M,, = 9.9 kDa, P = 1.4); for '"H NMR, see Spectrum S3 in the SI.

LOX-(pBDD-5AP)-LOX. Finally, to obtain LOX-end-capped
PBAESs, an excess amount of Loxoribine (141 mg, 0.41 mmol)
was added to HS-(pBDD-5AP)-SH (500 mg) in DMSO (5 mL) in
a 20 mL vial. Then, TEA (16.8 mg, 166 umol) and THP (2.5 mg)
were added to the mixture. The mixture was stirred for 3 hours
at room temperature under argon and UV conditions to avoid
polymer crosslinking. Then, the mixture was dialysed (3.5 kDa
molecular weight cut-off) against DMSO (1 L) for 24 hours,
and the DMSO solution was changed once. Afterwards, the
mixture was precipitated in diethyl ether (40 mL), and to

amine
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remove the remaining DMSO, it was redissolved in THF (5 mL)
and precipitated in diethyl ether (40 mL) thrice. The product
was dried under a vacuum overnight, and a dark yellowish
viscous liquid was obtained. Molecular weights were deter-
mined by SEC (M, = 7.8 kDa, M,, = 11 kDa, P = 1.4); for 'H
NMR, see Spectrum S4 in the SI.

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

Polymer buffering capacity assay. The buffering capacity of
the polymers was evaluated by acid-base titration over a pH
range of 10.0-3.0. Briefly, 2 mg of the 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
(in the range of 20-40 pL) of 0.1 M HCI were added until a pH
of 3 was achieved. The pH was recorded after each addition of
HCI. 0.1 M NaCl was used as the negative control.

Preparation of polyplexes

Polyplexes were prepared by electrostatic interactions between
positively charged polymers and negatively charged saRNA or
mRNA by mixing various w/w ratios (32, 64 and 128). First, the
working dilutions of the polymers and saRNA or mRNA were pre-
pared in 25 mM NaOAc buffer (pH: 5.0). Depending on the
desired w/w ratio, different 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 temp-
erature for 30 minutes. Although preparing the PBAE/saRNA com-
plexes, 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
pipetting using a 25 mM NaOAc buffer.

Encapsulation efficiency using a RiboGreen assay

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

Determination of drug loading

The evaluation of Loxoribine amount in LOX-(pBDD-5AP)-LOX
nanoparticles was conducted through high-performance liquid
chromatography (HPLC) quantification. Initially, 1 mg of the
LOX-end-capped formulation was suspended in 1 mL of 1 M
HCI and subjected to 4-hour incubation at 37 °C to facilitate

This journal is © The Royal Society of Chemistry 2026
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nanoparticle degradation and release of the therapeutic agent.
Subsequently, the drug content was analysed using a
Shimadzu UFLC system (Shimadzu Corporation, Kyoto, Japan)
equipped with a Hichrom 5 C18 column (250 x 4.6 mm) at
room temperature. The mobile phase, composed of water and
acetonitrile in a 20: 80 ratio, flowed at 1 mL min™". A 20 pL
injection volume was used, and the drug was monitored at
254 nm. Loxoribine exhibited a retention time of 2 minutes.
The method demonstrated linear responses within a concen-
tration range of 0.6-200 pg mL™". The results are presented as
the mean + standard deviation (SD). The drug loading was cal-
culated using the following equation:

weight of drug (mg)

Drugload (%) = weight of formulation (mg)

x 100.

Determination of drug loading using ultraviolet-visible
spectroscopy

To assess the drug loading efficiency of the polymer formu-
lations, UV-Vis spectroscopy was employed. Polymers were dis-
solved in 25 mM sodium acetate (NaOAc) buffer (pH 5.0) at a
concentration of 1 mg mL™", ensuring complete solubilization.
Serial dilutions of Loxoribine (ranging from 3 to 100 pg mL™")
were also prepared using the same buffer to generate a stan-
dard calibration curve.

All solutions were transferred into quartz cuvettes and sub-
jected to UV-Vis spectral analysis using a Tecan Spark spectro-
photometer. Absorbance measurements were recorded at Apax
=251 nm and 300 nm, which correspond to the characteristic
absorption peaks of Loxoribine. The drug loading was deter-
mined by comparing the absorbance values of the polymer-
loaded drug solutions to the standard calibration curve.

In vitro experiments

Cell culture. Human embryonic kidney 293T (HEK293T)
cells were a gift from Imperial College London and cultured in
10% (v/v) FBS containing high glucose DMEM. DC2.4 cells
were obtained from ATCC and cultured in RPMI 1640 cell
culture medium. Media containing r-glutamine was sup-
plemented with 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (10 mM), non-essential amino acids (0.1 mM) and 10%
FBS. Human TLR7-transfected HEK cells (HEK-Blue™) were
purchased from InvivoGen and cultured in 10% (v/v) FBS con-
taining high glucose DMEM. The absence of mycoplasma was
confirmed using a polymerase chain reaction. The cells were
grown to 90% confluence in a humidified incubator at 37 °C
(5% CO2) 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, DC2.4 and HEK-BLUE 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 aspi-
rated, and the cells were treated with 200 pL of Opti-MEM con-
taining various w/w ratios of formulations complexed with 10 pg
mL ™" fluc saRNA concentration (20 pL of polyplex solution). After
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4 hours, the nanoparticles were aspirated, and 100 pL of complete
medium was added to the wells. At 24 hours post-treatment, each
well was treated with 100 pL of 10% PrestoBlue reagent and
allowed to incubate for 1 hour. Then, the total volume was trans-
ferred to a black 96-well plate, and the FLUOstar Omega plate
reader (BMG LABTECH, UK) was used to determine the fluo-
rescent intensity (540-590 nm) of each well and normalized to
the medium control.

In vitro transfection experiments. In vitro transfection
experiments were performed in HEK293T and DC2.4 cell lines,
and the commercially available transfection reagent
Lipofectamine Messenger MAX™ was used as a 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, the cells were
transfected with 200 pL of Opti-MEM containing various w/w
ratios of formulations complexed with 10 ug mL™" fluc saRNA
concentrations (20 pL of polyplex solution). After 4 hours, the
nanoparticles were aspirated, and 100 pL of medium was
added to the 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 pipetting. Finally,
the total 100 pL was placed in a 96-well plate, and the
FLUOstar Omega plate reader (BMG LABTECH, UK) was used
to determine the luminescence.

TLR7 activation assay. TLR7 activation was tested on human
TLR7-transfected HEK cells (HEK-BLUE). The commercially
available transfection reagent Lipofectamine Messenger
MAX™ was used as a positive control. 24 hours prior to treat-
ment, 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 transfected with 200 pL of HEK-Blue
Detection medium containing polymers only (without saRNA,
20 pL) with different w/w ratios and various w/w ratios of for-
mulations complexed with 10 pg mL™" fluc saRNA concen-
trations (20 pL of polyplex solution). At 24 hours post-treat-
ment, absorbance was measured at 620 nm using a FLUOstar
Omega plate reader (BMG LABTECH, UK).

Cellular uptake of saRNA USING CONFOCAL MICROSCOPY.
HEK293T and DC2.4 cells were seeded in CellView™ 35 mm
diameter glass bottom cell culture dishes at a density of 30 x
10* cells per well. For the treatment, the medium was aspi-
rated, and the cells were transfected with Opti-MEM contain-
ing FITC-labelled LOX-end-capped formulation (LOX-
(pBDD-5AP)-LOX) w/w 128 at 0.01 mg mL~". The cells were
incubated for 2 hours at 37 °C with 5% CO2. Then, nano-
particles were aspirated, and cells were washed 3 times with
PBS and stained with 10 ug mL™' Hoechst 33342 and 75 nM
Lysotracker red applied in PBS solution. After 30 minutes, the
solution was aspirated, and cells were washed 3 times with
PBS; then, FluoroBrite DMEM was added to the cells. Imaging
was performed using Leica confocal microscopy with LAS X
software on DAPI, FITC and Lysotracker filters. Image] soft-
ware was used to process the pictures.

Imaging flow cytometry. DC2.4 cells were seeded in a clear
6-well plate at a density of 40 x 10° cells per well. For the treat-
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ment, the medium was aspirated, and the cells were trans-
fected with an Opti-MEM containing LOX-(pBDD-5AP)-LOX
w/w 128 (0.01 mg mL™") formulation. After 4 hours, nano-
particles were aspirated, and 150 pL of 0.05% trypsin was used
for the detachment of cells from wells. After incubation for
15 minutes, 300 pL FACS buffer was used to neutralise the
trypsin, and the cells were centrifuged at 1500 rpm for
10 minutes. Following this, the 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, the cells were
fixed with 100 pL of 4% paraformaldehyde in PBS for
20 minutes. Fixed cells were centrifuged, and pellets were
resuspended in 50 pL of PBS. Data were acquired using
ImageStream 100 (Amnis, Seattle, US), and on single cell in
focus events was used for the analysis. Ideas Software (Amnis,
Seattle, WA, USA) was used for the data analysis. Total cell fluo-
rescence was calculated by default using total cell masks for
the measurement of nanoparticle internalisation, and cell
interiors were identified using the area erode tool (brightfield
channel). The internalisation index was shown as a percentage
of maximum internalisation (percentage of interior cell fluo-
rescence to total cell fluorescence).

In vitro bone marrow dendritic cell (BM DC) transfection
experiments. C57BL/6 female mice were purchased from
Charlie River, UK. In vivo femurs and tibias were collected
from 6- to 12-week-old C57BL/6 female mice, and bone
marrow cells were released by mortar and pestle in complete
RPMI media. Red blood cells were lysed with ACK lysis buffer
and washed with complete media. The remaining progenitor
cells were plated 2 x 10° cells per mL in a 24-well non-tissue
culture-treated plate with 150 ng mL ™" Flt3-L. On day 8, BM
DCs were transfected with polyplexes at 1 pg mL~" mRNA and
128 pg mL™' PBAE concentrations and left for 24 h of incu-
bation. On day 9, cells were harvested and labelled for surface
staining, as detailed in SI Table S1. Flow cytometer data were
collected using a Fortessa instrument and analysed using
Flow]Jo software Version 10.

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-
parisons (either Tukey’s or Dunnett’s). A p value lower than
0.05 was considered statistically significant, and the levels of
statistical significance were set to p* < 0.05, p** < 0.01, p*** <
0.001 and p**** < 0.0001.

Results and discussion
Synthesis and characterisation of PBAEs

A synthetic pathway consisting of four steps was employed to
synthesise the targeted poly(beta amino ester) (PBAE), modi-
fied covalently with TLR7 agonist Loxoribine (Fig. 2A). In the
first step, 1,4-butanediol diacrylate (BDD) was reacted with
5-aminopentanol (5AP) using a molar excess of BDD to yield a

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 Synthesis and characterisation of PBAEs. (A) Synthetic scheme for the step-growth Michael-addition polymerisation of BDD and 5-AP, fol-
lowed by end-capping with 2,2'-(ethylenedioxy)bis(ethylamine) and 3-mercaptopropanyl-N-hydroxysuccinimide ester to produce LOX-end-capped

PBAE (Step 4). (B) Molecular weights of PBAEs determined using GPC, a

nd (C) molecular weight distribution of pBDD-5AP, H,N-(pBDD-5AP)-NH,

SH-(pBDD-5AP)-SH and LOX-(pBDD-5AP)-LOX. (D) Buffering capacity of H2N-(pBDD-5AP)-NH, and LOX-(pBDD-5AP)-LOX compared with poly-

ethyleneimine (PEI) and a 0.1 M NaCl(aq) solution as the negative control.

PBAE terminated with the acrylic group, pBDD-5AP. This PBAE
was chosen due to previous preclinical studies, showing high
mRNA transfection capability both in vitro and in vivo.>” The
successful synthesis of the acrylic-terminated PBAE,
pBDD-5AP, was confirmed using 'H NMR spectroscopy, as
signals around 6.3-5.9 ppm on the 'H NMR spectrum indi-
cated the presence of double bonds (Spectrum S1).
p(BDD-5AP) was then end-capped with 2,2'-(ethylenedioxy)bis
(ethylamine) via a further aza-Michael addition reaction to
yield the amine-terminated PBAE H,N-(pBDD-5AP)-NH,,
which was confirmed, as the '"H NMR spectrum indicated the
complete disappearance of acrylic end-groups (Spectrum S2).
H,N-(pBDD-5AP)-NH, further transformed  with
N-hydroxysuccinimidyl-3-mercaptopropanoate to yield the
thiol end-capped PBAE HS-p(BDD-5AP)-SH polymer. The
success of this modification was proven by the appearance of
two signals characteristic of the 3-mercaptopropionate group:
at 2.90 ppm from the alpha-methylene group of the thiol
moiety and at 2.20 ppm from the thiol group (Spectrum S3).
The thiol groups were then used as a reactive handle to conju-
gate Loxoribine to the PBAEs, which contain a double bond,
making them suitable for thiol-ene chemistry under UV
irradiation, leading to the final product LOX-p(BDD-5AP)-LOX.
Due to difficulties with the analysis of an NMR spectrum of
the final product, as a small molecule was conjugated with the
polymer (Fig. 2), successful conjugation with Loxoribine was
demonstrated using HPLC and UV-Vis spectroscopy experi-
ments (see SI, Fig. S3). These methodologies allowed the deter-
mination of the total content of Loxoribine in the final

was

This journal is © The Royal Society of Chemistry 2026

polymer, which was found to be approximately 27 pg per mg
PBAE (wW/w 2.7%). All intermediate products and the final
product were characterised by means of GPC (Fig. 2B and C),
where the molar mass was observed to increase after each end
modification step (6200, 6600, 6900 and 7800 g mol™'), and
monomodal chromatograms with around P = 1.4 were
revealed. The buffering capacities were assessed for H,N-
(pBDD-5AP)-NH, and LOX-(pBDD-5AP)-LOX, as the pK, of poly-
cations has been recognised as crucial for enhancing endo-
somal buffering and endo/lysosomal escape of polymer-based
nucleic acid delivery systems (Fig. 2D). Acid-base titration in
the pH range of 10.0-3.0 for amine-end-capped PBAE titration
curve was observed between the negative control (NaCl) and
the positive control (PEI). However, with LOX-end-capped
PBAE, the titration curve was similar to that of PEI, indicating
that LOX-end-capping increased their buffering capacity
(Fig. 2D) likely due to the purine rings of LOX even though
only 2 drug molecules were added to each polymer chain.

Polyplex physicochemical properties of different end-capped
polyplexes

Polyplex preparation was performed at three different polymer/
fluc saRNA weight-to-weight ratios (w/w ratios of 32, 64 and
128) for H,N-(pBDD-5AP)-NH, and LOX-(pBDD-5AP)-LOX
PBAEs. Solutions of saRNA and the polymers were prepared
using 25 mM NaOAc buffer; then, the nucleic acid solution
was dropwise added to the polymer solution at a 1:1 volume
ratio using a pipette. The prepared nanoparticles were incu-
bated at room temperature for 30 minutes prior to use.
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Experiments were then performed to define the physico-
chemical and biological characteristics of the polyplexes,
encompassing particle size, surface charge, encapsulation
efficiency, biocompatibility, and RNA expression (see Fig. 3A).

Hydrodynamic diameters of all nanoparticles were observed
to be in the range of 100-200 nm with low polydispersity index
(PDI) values (<0.2) determined by dynamic light scattering
(DLS) (Fig. 3B), with no major changes in particle size observa-
ble across different w/w ratios. Notably, the LOX-( pBDD-5AP)-
LOX polyplexes were larger than the H,N-(pBDD-5AP)-NH,
polyplexes, suggesting that end modification of the polymer
with LOX affected the structures of the polyplexes. We
reasoned that this could be due to the removal of the free NH,
end groups to the more bulky but possibly less protonated (at
ambient pH) purine groups of LOX, which changed the sterics
and electrostatics of the complexation interactions with RNA.
However, the hydrodynamic diameters of LOX-(pBDD-5AP)-
LOX polyplexes were significantly decreased with increasing
w/w ratios possibly due to the increased cation content that
can induce more compact structures, which is consistent with
previous reports on polyplexes.*®

Next, the zeta potentials of the particles were measured
using DLS. Notably, higher zeta potential values were revealed

H,N-(pBDD-5AP)-NH,

Encapsulation efficiency (%)

LOX-(pBDD-5AP)-LOX

View Article Online
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for LOX-(pBDD-5AP)-LOX polyplexes (24 + 8 mV) compared
to H,N-(pBDD-5AP)-NH,, (20 + 2 mV), which could be due to
the addition of LOX, as mentioned above due to the purine
rings of LOX and increased surface-exposed charges on the
polyplexes (Fig. 3C). The encapsulation efficiency of nano-
particles was analysed utilizing a RiboGreen assay and
showed full RNA encapsulation for all nanoparticles pro-
duced at all ratios (Fig. 3D). Finally, TEM micrographs of all
polyplexes prepared at a w/w ratio of 128 indicated mostly
spherical complexes from 25 to 280 nm in diameter, which
is consistent with DLS analysis, and allowed for some par-
ticle shrinking during dehydration for TEM (Fig. 3E).
Furthermore, as DLS analysis can overrepresent larger par-
ticles present in heterogeneous particle distributions, it is
likely that any smaller species visible by TEM may not have
been included in the particle size averages.”®> TEM images
are intended for qualitative visualisation; apparent aggrega-
tion may result from negative staining and may not fully
reflect the native nanoparticle structure. Overall, these

results indicate that all six polyplexes were capable of encap-
sulating saRNA and producing particle sizes below the

typical
delivery.

200 nm diameter threshold for efficient gene
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In vitro evaluation of RNA delivery

Transfection and metabolic activity of different end-capped
polyplexes. The acute toxicity and saRNA delivery efficiency of
individual formulations H,N-(pBDD-5AP)-NH, and LOX-
(pBDD-5AP)-LOX were evaluated in HEK293T cells (as a model
cell line) and DC2.4 cells (a relevant dendritic cell line for vac-
cines). Similar to the formulation characterisation study
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Paper

described earlier, polyplexes were prepared at polymer/saRNA
w/w ratios of 32, 64, and 128 using firefly luciferase encoding
saRNA. The  resulting polyplexes were compared with
Lipofectamine (the positive expression control) and Triton
X-100 (the positive toxicity control).

All formulations demonstrated higher viability values (over
80% as inferred from metabolic activity) compared to the posi-
tive control Lipofectamine (50%) (Fig. 4A and B). It can be
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Fig. 4 Metabolic activity and transfection efficiency of PBAE-derived saRNA polyplexes. Effect of PBAE polyplexes formulated with firefly luci-
ferase-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 DC2.4 cells (B and D). The 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 with Triton X (positive control) and untreated cells (negative control) and
was calculated by normalizing metabolic activity to untreated cells. In vitro transfection efficiency was analysed 24 h post-transfection using the
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ditions. Statistical significance was determined using a two-way ANOVA test, with P < 0.05 considered significant.
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implied that the conjugation of Loxoribine did not affect the
metabolic activity in these cell lines. Similar to previous
studies, increasing w/w ratios of H,N-(pBDD-5AP)-NH,
resulted in increased toxicity due to increased polycation con-
centration, which is known to disrupt the negative phospholi-
pid bilayer’®*! (Fig. 4A). Interestingly, no substantial differ-
ence was detected for the LOX-(pBDD-5AP)-LOX formulations
despite the increasing w/w ratios. In terms of transfection
efficiency, in general, saRNA expression was slightly lower for
the LOX-(pBDD-5AP)-LOX formulations compared to the
amine end-capped analogues (Fig. 4C and D). This could be
due to the above-mentioned slightly larger nanoparticle dia-
meters of the LOX-end-capped formulations, where the cellular
uptake could be lower. Notably, increasing w/w ratios of the
formulations in both cell lines resulted in higher transfec-
tion.*? In HEK293T cells, the transfection efficiencies of the
w/w ratio 128 were lower than Lipofectamine; however, in
CD2.4 cells, both formulations (w/w 128) showed high trans-
fection efficiency as the positive control.

Given the lower transfection efficiencies of the Loxoribine-
conjugated PBAE in both HEK293Ts and DC2.4s, we wanted to
evaluate whether the co-incubation of free Loxoribine caused
the same effect. To decouple the effect of Loxoribine from
polymer end-group modification, cells were treated with
amine-end-capped PBAE/saRNA polyplexes (w/w 128) in the
presence of increasing concentrations of free Loxoribine
(0-100 ug mL™"), covering the LOX-equivalent range present in
LOX-(pBDD-5AP)-LOX formulations, and compared to naked
saRNA controls (Fig. 4E and F). Loxoribine addition at all con-
centrations did not significantly influence transfection
efficiency in both HEK293Ts and DC2.4s. This contrasts with
other studies, which show that when an mRNA delivery system
is co-formulated with a TLR agonist, the expression of the deli-
vered mRNA reduces by several orders of magnitude due to the
downstream expression of pro-inflammatory cytokines inhibit-
ing the cell’s ribosomal protein synthesis machinery.** This
effect seems to be TLR-dependent, with TLR3 activation exhi-
biting the most potent reduction in RNA expression, while
TLR7 and TLRY9 have a moderate effect and minimal effect,
respectively. Once stimulated, most TLR pathways lead to the
same pro-inflammatory pathways. This TLR-dependent mecha-
nism may instead be due to the non-selective activation of
other PRRs by specific adjuvants, such as polyl:C, which not
only antagonises TLR3 but also cytosolic RNA sensors. In our
case, the minimal effect on transfection efficiency when
spiked with free Loxoribine, especially in DC2.4s, which are
known to express TLR7, was an encouraging indication that
adjuvancy with Loxoribine should not compromise protein
expression.®!

TLR7 activation assay. Having observed high transfection
efficiencies from the Loxoribine-conjugated PBAEs in both
HEK293T and DC2.4 cell lines, we then evaluated the
Loxoribine-conjugated PBAEs and LOX-(pBDD-5AP)-LOX and
its counterpart polyplexes to stimulate intracellular TLR7 com-
pared with free Loxoribine. This was achieved using an engin-
eered HEK cell line, HEK-Blue™ TLR7, transduced to co-
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express TLR7 with an NF-kB-inducible secreted embryonic
alkaline phosphatase (SEAP) reporter gene, which can be
detected by the conversion of the SEAP-induced hydrolysis of
its corresponding substrate into a UV (650 nm) absorbing
product (Fig. 5A). Similar to the formulation characterisation
studies described earlier, polyplexes were prepared at PBAE/
saRNA w/w ratios of 32, 64, and 128 using firefly luciferase
encoding saRNA. Using the data from our quantification
assays to determine Loxoribine conjugation, we compared the
polyplexes produced to the equivalent concentrations of non-
formulated LOX-(pBDD-5AP)-LOX to examine the potential
synergy when complexed with saRNA, which itself can stimu-
late TLR7, and against free Loxoribine to determine the effect
of conjugation (Fig. S4D). All formulations were assessed
against Lipofectamine (serving as the positive expression
control) and Triton X-100 (serving as the positive toxicity
control). High metabolic activity values (>90%) were demon-
strated for all treatments with no major decrease in viability
for all free Loxoribine, LOX-(pBDD-5AP)-LOX and saRNA poly-
plex concentrations in accordance with the non-transgenic
HEK293T cells tested above and therefore would not impact
the expression of SEAP to assess TLR7 activation (Fig. S4A, S4C
and 5C).

Because Loxoribine is covalently conjugated to the polymer
backbone, its effective intracellular dose is governed by nano-
particle uptake and endosomal trafficking rather than extra-
cellular concentration. Thus, classical dose-response analyses
used for free small-molecule agonists are not directly translata-
ble to this system. Instead, we compared free and conjugated
Loxoribine at matched LOX-equivalent concentrations to
assess functional preservation and enhancement of TLR7
signalling.

Quantification with the SEAP reporter revealed a dose-
dependent increase in ODgso nm With increasing free
Loxoribine concentrations (Fig. S4B). Both free H,N-
(pBDD-5AP)-NH, and the resulting polyplex exhibited a lower
or statistically insignificant difference in ODg5, compared to
the equivalent concentrations of free Loxoribine due to the
absence of Loxoribine or weak activation of TLR7 alone by
saRNA when encapsulated. Free LOX-(pBDD-5AP)-LOX exhibi-
ted a dose-dependent increase in TLR7 activation, with free
polymer concentrations at the equivalent of polyplex at w/w
128 exhibiting 50% higher ODg50 nm than the corresponding
concentration of free Loxoribine (25 pg mL™"). This indicates
that conjugation of LOX to the polymer enhances its TLR7
antagonisation effect (Fig. 5B). This may be due to the
enhanced uptake of Loxoribine or enhanced trafficking to the
endosome, where the receptor resides due to an increase in
apparent size when conjugated. In addition, the LOX-
(pBDD-5AP)-LOX polyplexes at w/w 128 exhibited the highest
ODgs0 nm Of 0.55; this was over 2-fold higher than the equi-
valent concentration of free Loxoribine and was likely caused
by the combination of saRNA and Loxoribine. From these
results, it is reasonable to suggest that TLR7 activation of con-
ventional mRNA polyplexes can be boosted by the addition of
a TLR7 agonist, which also exhibits an increase in activity

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5bm01812a

Open Access Article. Published on 14 April 2026. Downloaded on 6/21/2026 12:17:00 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Biomaterials Science Paper
A Il Controls [ Free polymers [ Polyplexes
B
0.8 Fokokok
mRNA polyplex . I skeskesk l
SEAP reporter expression for 0.6
detection of TLR7 activation X . ns l
Expression of ’E‘
J pro-inflammatory c
cytokine/sr § 0.4
Endosome o9 a -
00 °
0.2
o
\ Y | I
Ay A 0.0
(17 TLR7 + Ribosome : ' !
= Loxoribine %@é S &\(@ Q_\\v' &R S*
& & K AR &
N &g\\" & @ 20 Ob 0?3?'
NI «° QQ,O Q@O
- N R
TLR7 + mRNA 150 & o
; ’
* ¥ | Expressed g
— ' protein/antigen <
2
<
[*]
Expression of interferon and NF-kB genes 5
1 | 2 50
] 1 ©
7.NYNY7)\Y% SEAP ONTSTNONE0
0_
d & & & ¢ o 3
Fr LSS
S S T ¥ QN
AP GV R o 2
& & & & 00 Q
[ R 0
3 o L
&S *_.\‘2
QT Ny

Fig. 5 TLR7 activation assay using HEK-BLUE cells. (A) Schematic of nanoparticle uptake and TLR7 activation. (B) Determination of the TLR7 acti-
vation capacity of amine and Loxoribine-end-capped polymers and nanoparticles (w/w 128) compared to controls in HEK-BLUE cells. The concen-
tration of free lox was 25 ug mL™. (C) Metabolic activity of the amine and Loxoribine-end-capped polymers and nanoparticles (w/w 128) compared
to the controls in HEK-BLUE cells. All data are presented as mean + SD, with n = 3 for all conditions. Statistical significance was determined using a

two-way ANOVA test, with P < 0.05 considered significant (p*** < 0.001 a

from being transported to the endosome in either nanoparticle
or polymer forms. Interestingly, lipofectamine-delivered
saRNA did not exhibit any statistically significant TLR7 acti-
vation over the untreated control, which may suggest a differ-
ence between the lipid and polymer delivery systems (Fig. 5B).
Cellular uptake of polyplexes. Due to the encouraging trans-
fection, toxicity and TLR7 receptor activation profiles of the
LOX-(pBDD-5AP)-LOX polyplex at w/w 128, we further investi-
gated the extent of internalisation of these polyplexes.
Therefore, we first generated a FITC-labelled LOX-(pBDD-5AP)-
LOX through an isothiocyanate reaction at the pendant
hydroxyl groups of the 5-AP monomers within the core PBAE.
Imaging flow cytometry was utilised to evaluate the cellular
uptake of the selected polyplexes at 2 h and 4 h after treatment
(Fig. 6A-C). The successful cell association of the nano-
particles using DC2.4 cells was evaluated through FITC inten-
sity, and the histogram of the 2 h and 4 h indicated the
increased intensity of FITC fluorescence observed (Fig. 6B).
The median fluorescence intensity value at 2 h incubation was
around 60 000, and expectedly, the intensity further increased
to around 80000 at 4 h incubation. High internalisation can
explain the high transfection efficiencies of the LOX-
(pBDD-5AP)-LOX w/w 128 polyplexes. In addition to cellular

This journal is © The Royal Society of Chemistry 2026

nd p**** < 0.0001).

uptake scores, the internalisation vs. membrane association of
nanoparticles for each cell can be analysed using imaging flow
cytometry. In this study, the median internalisation score of
the polyplexes was approximately 1.7, indicating that a high
proportion of nanoparticles were internalised inside the cells,
since having a score less than 0.3 can be considered surface
bound (Fig. $3).**

In order to assess further the intracellular internalisation
mechanism of the selected nanoparticle LOX-(pBDD-5AP)-LOX
w/w 128 in HEK293T and DC2.4 cells, we employed confocal
microscopy to evaluate colocalization with a lysosomal
(Lysotracker™ red) and nuclear (Hoechst 33342) stain
(Fig. 6D). After 2 h post administration, confocal micrographs
showed that polyplexes successfully internalised within the
cells and merged images demonstrated minimal co-localis-
ation with the acidic lysosomes. This was analysed using
Image], indicating Pearson’s correlation coefficient between
FITC labelled polyplexes and Lysotracker™ stained lysosomes
was below 0.5 (0.3 for HEK293T and 0.4 for DC2.4 cells).
Slightly higher co-localisation values were detected for DC2.4
(0.4) cells compared to HEK293T cells (0.3), which may be one
of the reasons for the low transfection of dendritic cells. Given
the ~200 nm particle diameters, it is likely that these formu-
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Fig. 6 Cellular uptake of PBAE-derived saRNA polyplexes. (A) Imaging flow cytometry images for DC2.4 cells after 2 h and 4 h of treatment with FITC-

labelled LOX-(pBDD-5AP)-LOX polyplexes at a PBAE/saRNA w/w ratio of 128 at 500 ng per well (500 ng mL™). Scale bar: 10 um. (B) Histograms of fluor-
escence intensity and (C) median fluorescence values. The data were analysed using IDEAS software and Kaluza. (D) Representative live-cell confocal

microscopy images of HEK293T and DC2.4 cells for both control (untreated) and treated groups 2 h post-transfection with firefly luciferase-encoding

saRNA formulated with LOX-(pBDD-5AP)-LOX at a PBAE/saRNA w/w ratio of 128 at 100 ng per well (500 ng mL™) saRNA. Scale bar: 10 pym (63x).

Representative control (untreated) live-cell confocal microscopy images of HEK293T and DC2.4 cells are shown in Fig. S4.
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Fig. 7 BMDC transfection efficiency and activation markers after treatment with H,N-(pBDD-5AP)-NH, or LOX-(pBDD-5AP)-LOX free polymers
and their polyplex formulations at 1 ug mL™ mRNA at an mRNA/polymer w/w ratio of 128. (A) Representative gating strategy of BM DCs. Cells were
gated on singlets, live CD45+, Lin- (Linage includes CD19, B220, CD3, Ly6c, Ly6G and CD64 to gate out monocytes, neutrophils, macrophages, plas-
macytoid DCs, CD4 T cells and CD8 T cells) MHC Il+ CD11c+ cells. (B) Bar graph showing the frequency of live CD45+ of live singlets under
different conditions. (C) Bar graph showing the percentage of eGFP+ cells out of the total live CD45+ cells. (D) Representative histogram of MHC I
expression of BM DCs gated, as shown in (A). (E) Bar graph showing the MHC Il mean fluorescence intensity (MFI) of each condition. (F)
Representative histogram of CD86 expression of BM DCs gated, as shown in (A). (G) Bar graph showing the CD86 (MFI) of each condition. All data
are presented as mean + SD, with n = 3 for all conditions. Statistical significance was determined using a one-way ANOVA test, with P < 0.05 con-
sidered significant.
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lations 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 into the lysosomal compartments. This suc-
cessful endosomal escape could also be due to TLR7 acti-
vation, as this is where the TLR7 receptor is and where it is
activated with LOX-conjugated carriers. Although further endo-
somal escape studies are required to investigate this phenom-
enon in more detail, it is possible that enhanced endosomal
escape was a factor in the high expression efficiencies observed
for these complexes.

Transfection and activation of bone marrow-derived dendri-
tic cells. To further investigate the ability of our Loxoribine-
conjugated PBAEs and derived polyplexes to activate conven-
tional Dendritic Cells (¢cDCs), we determined transfection and
activation of primary murine bone marrow-derived cDCs
(BMDCs). Given the wide body of evidence, indicating that
mly containing mRNA reduces the intrinsic stimulation of
TLRs and other PRRs,*>*® for these experiments, we opted to
formulate polyplexes using eGFP encoding mRNA instead of
saRNA. Polyplexes derived from LOX-(pBDD-5AP)-LOX and
H,N-(pBDD-5AP)-NH, were formulated at a polymer/mRNA
w/w ratio of 128, which exhibited the highest expression in
DC2.4s (Fig. 4D). The resulting polyplexes were then incu-
bated with BMDCs at 1 ug mL~" mRNA for 24 h and compared
with LOX-(pBDD-5AP)-LOX and H,N-(pBDD-5AP)-NH, as free
polymers, free Loxoribine as a positive control and fresh
media as an untreated control. Cells were analysed by flow
cytometry for the expression of eGFP as a marker for transfec-
tion efficiency and CD86 and MHC II indicators of DC acti-
vation (Fig. 7A).

We observed no statistically significant changes in cell via-
bility across the formulations. However, there was relatively
large variability across the three replicates due to each replicate
culture derived from individual mice (Fig. 7B). Only the LOX-
(pBDD-5AP)-LOX polyplex condition displayed statistically sig-
nificant eGFP expression over the untreated control, exhibiting
modest 1% eGFP+ cells of the total cells collected (Fig. 7C).
Free Loxoribine, the positive control, increased MHCII
expression in the majority of the BM DCs. We observed an
increase in MHCII expression with the polyplexes compared to
the untreated control. However, there was no clear difference
in MHC 1II expression between the control polymers (without
Loxoribine conjugation) compared to the Loxoribine-conju-
gated PBAEs, suggesting that the polymers themselves may be
intrinsically activating these pathways (Fig. 7D and E). There
was a small increase in cells producing high levels of MHC II
under the LOX-(pBDD-5AP)-LOX polyplex condition, indicating
strong activation (Fig. 7D).

A similar expression pattern is observed for CD86, with free
Loxoribine inducing high levels of CD86 with the polyplexes.
There was no significant difference in MHC II between the
polyplexes and polymers (Fig. 7F and G). In contrast to the
findings observed from the HEK-BLUE TLR7 assay (Fig. 5),
which showed that our Loxoribine-conjugated polyplex exhibi-
ted higher stimulation of the TLR7 receptor, the Loxoribine-
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conjugated PBAEs and derived polyplexes did not exhibit
higher CD86 expression or MHCII than free Loxoribine in the
BMDC model (Fig. 7D-G). This may be due to the difference in
the uptake of the polymers in the BMDCs relative to the
HEK-Blue cells.

Conclusion

In conclusion, the development of messenger RNA technology
has accelerated the translation of innovative vaccines and treat-
ments. The search for safe and effective delivery systems for
RNA medicines has led to a focus on nanoparticle-based car-
riers, particularly the promising avenue of polycations, such as
PBAEs. Despite challenges related to immune activation and
translation efficiency, recent advances have been made
towards improving these delivery systems. This study intro-
duces a new and potentially important advance: TLR7a-conju-
gated polycation using Loxoribine for self-amplifying mRNA
formulations. Through the synthetic pathway and formulation
process, these polymers successfully encapsulated the cargo,
resulting in small polyplex nanoparticles with notable transfec-
tion efficiency and minimal cytotoxicity. Importantly, the TLR7
activation assays demonstrated the significant potential of
LOX-end-capped formulations to induce TLR7 signalling, sur-
passing amine-end-capped PBAE-based formulations and
Lipofectamine. These findings highlight that the promise of
LOX-end-capped formulations at a w/w ratio of 128 enhances
mRNA delivery and activates crucial immune pathways.
Conjugating Loxoribine directly to the polymer, rather than
formulating it into an LNP, avoids the uncertainty around its
positioning and retention, which is typically challenging with
conventional cationic lipid-based systems. Although this work
employed photo-initiated thiol-ene chemistry due to its sim-
plicity and accessibility, we acknowledge that alternative
bioorthogonal chemistries, such as tetrazine-thiol exchange
with subsequent alkene locking, may offer advantages in terms
of selectivity and characterisation. Incorporating these strat-
egies represents a valuable direction for the future optimiz-
ation of these delivery systems.
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