Open Access Article. Published on 15 September 2022. Downloaded on 2/23/2026 4:05:40 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Polymer
Chemistry

7® ROYAL SOCIETY
P OF CHEMISTRY

View Article Online

View Journal | View Issue

{ M) Check for updates ‘

Cite this: Polym. Chem., 2022, 13,
5707

Received 13th July 2022,
Accepted 4th September 2022

DOI: 10.1039/d2py00914e

rsc.li/polymers

Introduction

Linear ABC amphiphilic triblock copolymers for
complexation and protection of dsRNAfY

a

Charlotte E. Pugsley, 2 *@ R. Elwyn Isaac,” Nicholas J. Warren and

Olivier J. Cayre (2 *@

We herein report the synthesis and characterisation of linear ABC triblock copolymers, investigation of
their self-assembly in aqueous solution, and complexation and protection with double stranded-RNA
(dsRNA). The amphiphilic triblock copolymers were synthesised via reversible addition—fragmentation
chain transfer (RAFT) polymerisation. The precisely controlled polymerisation allowed for modification of
the degree of polymerisation of quaternised 2-(dimethylamino)ethyl methacrylate (QDMAEMA, Q), tert-
butyl acrylamide (tBAA, B) and N,N-dimethyl acrylamide (DMA, D) blocks, tailoring hydrophobicity. The Q
homopolymer was synthesised as a macromolecular chain-transfer agent. The cationic functionality pro-
vides the ability for electrostatic interaction of the triblock copolymers with anionic biomolecules, such as
dsRNA, for therapeutic or agrochemical delivery applications. The B second block was designed to
provide strong anchoring of the assembled structures for enhanced stability. As illustrated by *H NMR
spectroscopy, Q-b-B-b-D linear ABC triblock copolymers were prepared with molecular weights 30, 37
and 44 kDa. The self-assembly of these amphiphilic triblock copolymers in aqueous solution was
confirmed by dynamic light scattering (DLS) and transmission electron microscopy (TEM). Furthermore,
the potential of these tailored block copolymers as vehicles for dsRNA delivery was demonstrated
through complexation and protection of the anionic biomolecule dsRNA against destabilisation at high
salt concentration and enzymatic degradation by RNase A, confirmed by ethidium bromide exclusion and
agarose gel electrophoresis assays.

targeting.*” Our group utilises a commonly practiced RDRP
technique, reversible addition-fragmentation chain transfer

Amphiphilic block copolymers are suited as vehicles for cargo
delivery in therapeutic or agrochemical applications. These
polymers consist of, at least, one hydrophilic block and one
hydrophobic block, which typically self-assemble in aqueous
environments to form aggregated objects such as micelles or
vesicles."”

The advent of controlled ‘living’ polymerisation has
brought about a number of reversible deactivation radical poly-
merisation (RDRP) techniques, which allow the precise design
of block copolymers,®™ where functionalities can be tailored
through the choice of monomers to suit the intended appli-
cation. Additional moieties can be incorporated through
further chemical reaction post-polymerisation, for example,
conjugation of a folic acid moiety to enhance cellular
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(RAFT) polymerisation, to synthesise precisely controlled block
copolymers.

Block copolymers with cationic moieties have been widely
explored for their potential for nucleic acid delivery.®™?
Nucleic acids, such as DNA, double stranded-RNA (dsRNA),
short interfering-RNA (siRNA) and short hairpin-RNA (shRNA)
etc., require delivery in therapeutic applications such as gene
therapy'*™'® or CRISPR/Cas9 genome editing,'” and agrochem-
ical applications such as in species-specific bioinsecticides.>"®
Nucleic acids are anionic, water-soluble molecules with nega-
tively charged phosphate groups present along the backbone
of the nucleotide chain. The hydrophilicity and anionic charac-
ter of nucleic acids make them suitable as cargo for polymeric
micelles. Inclusion of a cationic polymer block as a component
of the block copolymer induces electrostatic interaction with
the nucleic acid."® The DNA or RNA can therefore be carried
within the hydrophilic corona of the micelle, or within the
hydrophilic core of the vesicle. In particular, RNA is a fragile
biomolecule that can be easily degraded by RNase nucleases
present in the environment and within in vivo subjects.”
Encapsulation of the RNA biomolecule within a polymeric
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delivery vehicle can provide protection against ex vivo or in vivo
degradation by RNase nucleases.”*

As far as we are aware, triblock copolymers have not yet
been synthesised to complex dsRNA. Instead, research thus
far has focused on the complexation, protection and delivery
of either short interfering-RNA (siRNA) or plasmid-DNA
(pDNA). As demonstrated by Brissault et al., the efficient
delivery of pDNA and siRNA requires different polymer
architectures depending on the specific cargo. In their work
using ABA triblock copolymers (where B refers to the hydro-
phobic polymer block), the fully water soluble polymer was
more effective for pDNA transfection, whereas a self-
assembled polymer (due to a longer hydrophobic block) was
instead more effective at delivering siRNA for gene knock-
down.*?

Recent studies on the use of amphiphilic triblock copoly-
mers have investigated the impact of the hydrophilic, neutral
block (typically poly(ethylene glycol) (PEG)) on the self-
assembled objects themselves or when complexed to pDNA,
siRNA or messenger-RNA (mRNA).%'"?*72% 1t was found that as
hydrophilic block length is increased, the size of the self-
assembled objects decreases (with or without nucleic
acid).»**?* A more compact complex (polyplex or micelleplex)
is linked to improved complexation with nucleic acids,*® and
the incorporation of a hydrophilic, neutral block has been
shown to enhance colloidal stability, and shield the charge of
the formed complex."** In some cases, such as work by
Cheng et al. and Gary et al., a longer hydrophilic, neutral block
protected complexes against destabilisation, and enhanced
gene silencing.>** However, in work by Sharma et al, the
introduction of a PEG block led to weakened binding to pDNA
and less efficient transfection.>?

There is a clear need for further investigation into the
impact of different polymer block lengths on the complexa-
tion, stability and protection of nucleic acids when using
amphiphilic triblock copolymers, particularly for the delivery
of longer dsRNA, as the impact of the nucleic acid subject to
delivery has been shown to be significant. It is also worth
exploring alternative polymer blocks, such as N,N-dimethyl
acrylamide.

In this work, we describe the synthesis and characterisation
of a series of novel linear ABC amphiphilic triblock copolymers
via RAFT polymerisation. A cationic and hydrophilic quater-
nised poly(2-(dimethylamino) ethyl methacrylate)
(PQDMAEMA, Q) block was first synthesised as a macromol-
ecular chain-transfer agent (macro-CTA). The macro-CTA was
successively chain-extended with a hydrophobic poly(tert-butyl
acrylamide) (PtBAA, B) block and a hydrophilic poly(N,N-
dimethyl acrylamide) (PDMA, D) block thereafter. The degree
of polymerisation (DP), and thus the length, of the B and D
blocks were varied in order to modify the extent of hydropho-
bicity of each amphiphilic triblock copolymer in the series, as
well as to explore the influence of each polymer block. The
amphiphilic triblock copolymers were characterised by 'H
NMR spectroscopy (400 MHz) in order to ascertain degree of
polymerisation by characteristic peak analysis. Subsequently,
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dynamic light scattering (DLS) and transmission electron
microscopy (TEM) were employed in aqueous environments to
determine the self-assembling properties of the triblock copo-
lymers and to perform size analysis.

Further to the synthesis and characterisation of the ABC
triblock copolymer series, we investigated the complexation
of dsRNA by the polymeric delivery vehicles, in salt-free and
high salt concentration environments, and the resulting pro-
tection against degradation by a RNA-specific nuclease
(RNase A). Therefore, we illustrate the promising potential of
these linear ABC amphiphilic triblock copolymers as delivery
vehicles for cargo such as nucleic acids for therapeutic or
agrochemical applications. The triblock copolymers showed
enhanced stability in high salt concentration environments,
with respect to previous work on diblock copolymer/dsRNA
polyplexes,?” and thus may prove more suitable for commer-
cial formulations.

Materials and methods
Materials

[2-(Methacryloyloxy)ethyl] trimethylammonium chloride solu-
tion (QDMAEMA, 75 wt% in Milli-Q water), tert-butyl acryl-
amide (¢BAA, 97%) N,N-dimethylacrylamide (DMA, 99%),
sodium chloride (NaCl, 99.5%), D,O (99.9%), methanol-d,
(MeOD, 99.8%) and hydrochloric acid (HCIl, 12 M) were pur-
chased from Sigma Aldrich. 4-((((2-Carboxyethyl)thio)carbo-
nothioyl)thio)-4-cyano-pentanoic acid (CCCP, 95%) was pur-
chased from Boron Molecular. 4,4'-Azobis(4-cyanovaleric acid)
(ACVA, 97%) was purchased from Acros Organics. V-ATPase
222 bp dsRNA was synthesised by Genolution AgroRNA
(4.68 pg pL™"), sequence specific to the pest insect, Drosophila
suzukii. Ethidium bromide (EB, 10 mg mL™") and regenerated
cellulose dialysis membrane (molecular weight cut off
(MWCO) < 3500 g mol™') were purchased from Fisher
Scientific. 100 bp DNA ladder (500 pg ml™') and RNase A
(20 mg mL™") were purchased from New England Biolabs.
Blue/orange loading dye (6x) was purchased from Promega.
Ultrapure Milli-Q water (resistivity of minimum 18.2 MQ cm)
was used for solution preparation and dialysis, and nuclease-
free water was used for biological assays.

Synthesis of quaternised poly(2-dimethylamino ethyl
methacrylate) macro-chain transfer agent

The homopolymer Q macro-CTA was synthesised by RAFT poly-
merisation, as shown in the scheme in Fig. 1.

DQMAEMA (6.6 g, 75 wt% in Milli-Q water, 32 mmol),
CCCP (78 mg, 0.25 mmol) and ACVA (7.1 mg, 0.025 mmol)
were dissolved in Milli-Q water, at a ratio of
[DQMAEMA] : [CCCP]: [ACVA] = 126 : 1: 0.1 and 50 wt% in solu-
tion. The solution was degassed with N, and then stirred at
70 °C for 1.5 h. The reaction was quenched by exposure to air.
Product was purified by dialysis against Milli-Q water (MWCO
<3500 g mol™") and subsequent lyophilisation.

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Reaction scheme for the aqueous RAFT polymerisation of qua-
ternised poly(2-dimethylamino ethyl methacrylate).

Chain extension of quaternised poly(2-dimethylamino ethyl
methacrylate) with tert-butyl acrylamide

Amphiphilic diblock copolymers were prepared via chain
extension of the Q4o macro-CTA with tert-butyl acrylamide (see
scheme in Fig. 2).

An example of the reaction procedure is as follows: Qg
macro-CTA (0.40 g, 0.017 mmol), ACVA (1.0 mg, 0.0036 mmol)
and ¢BAA (0.11 g, 0.87 mmol) were dissolved in 100% ethanol
to 30 wt%, giving a ratio of [tBAA]:[macro-CTA]:[ACVA] =
50:1:0.2. The solution was degassed with N, for 15 min and
then stirred at 70 °C for 24 h before being quenched by
exposure to air. The product was purified by dialysis against
100% ethanol (MWCO < 3500 g mol™'), and remaining solvent
was removed by rotary evaporation.

Chain extension of amphiphilic diblock copolymers with N,N-
dimethyl acrylamide

Linear triblock copolymers were prepared via chain extension
of the Q-b-B macro-CTA with N,N-dimethyl acrylamide (see
scheme in Fig. 3).

An example of the reaction procedure is as follows: Q-b-B
macro-CTA (0.22 g, 8.0 pmol), ACVA (1.0 mg, 3.0 pmol) and
DMA (0.10 g, 10 mmol) were dissolved in 100% ethanol to
30 wt%, giving a ratio of [DMA]:[macro-CTA]:[ACVA] =
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Fig. 2 Reaction scheme for the chain extension of Q macro-CTA with
tert-butyl acrylamide by RAFT polymerisation.
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Fig. 3 Reaction scheme for the chain extension of Q-b-B macro-CTA
with N,N-dimethyl acrylamide by RAFT polymerisation.
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250:1:0.4. The solution was degassed with N, for 15 min and
then stirred at 70 °C for 1.5 h before being quenched by
exposure to air. The reaction solution became cloudy after
~1 h. The product was purified by dialysis against Milli-Q
water (MWCO < 3500 g mol ™). This solvent switch induced
particle formation, and the resulting particles
lyophilised.

were

'H NMR spectroscopy

'"H NMR spectroscopy was conducted post-purification at
400 MHz. Q homopolymer was diluted in D,0O, and Q-b-B and
Q-b-B-b-D were diluted in MeOD, with concentrations of 5 mg
mL~". The DP was confirmed in each case by comparison of
characteristic peaks. For Q macro-CTA, a peak on the pendant
amine group (b) was compared to a peak from the RAFT-end
group (d). Q-b-B: a peak from the B block (g) was compared
with a peak on the pendant amine group (b). Q-b-B-b-D: a peak
from the D block (e) was compared to a peak on the pendant
amine group (b) (see Fig. 4 for example spectra, and Fig. S1
and S2 in ESIf for remaining spectra).

Dynamic light scattering

To prevent dust contamination upon sample preparation, all
glass vials, lids and stirrer bars were washed 3x with filtered
ultrapure Milli-Q water (filtered through two 0.2 pm pore-size
nylon membrane non-sterile Fisherbrand® filters mounted in
series) and filtered isopropanol (IPA) (filtered through two
0.2 pm pore-size polytetrafluoroethylene (PTFE) membrane
non-sterile Fisherbrand® filters mounted in series) before
drying at ~50 °C in a dust-free environment. Samples were
measured in the pre-washed glass light scattering (LS) tubes
(rimless Pyrex® culture tubes 75 x 10 mm).

For triblock copolymer alone in aqueous solution. Triblock
copolymer solutions were prepared by directly mixing Q-b-B-b-
D in Milli-Q water to a concentration of 1 g L™".
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Fig. 4 H NMR (400 MHz) spectra of the homopolymer Qoo the
diblock copolymer Q;g0-b-Ba4 and the triblock copolymer Qipo-b-Bys-
b-Dgg, respectively.
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For complexed solutions with dsRNA. Polymer and dsRNA
solutions were prepared through dilution of a mother solution
48 h before measurement. Micelleplexes were formulated at a
low concentration (0.1 g L") approx. 24 h before measurement
to allow for equilibration.

Experiments were performed with a 3D LS spectrometer (LS
instruments, Switzerland) using the ‘2D mode’. The spectro-
meter is fitted with a diode-pumped solid state (DPSS) laser
operating at 660 nm with a maximum power of 105 mW
(Cobolt FlamencoTM, Cobalt). Laser attenuation was auto-
mated, and two avalanche photodiode detectors were used, the
light was vertically polarised. All experiments were performed
at a temperature of 25 + 0.5 °C controlled by using a water
bath. A pseudo-cross correlation mode was used. The angle of
measurement was altered from 30-130°.

A dynamic light scattering instrument (Zetasizer Nano-ZS,
Malvern) was used for measurement of the hydrodynamic radii
of complexes under the influence of varying NaCl concen-
tration. This instrument uses back scatter (173°) detection
angles with measurements in triplicate.

The associated scattering vector was calculated using eqn (1).

4nn ., 0
g=—-sing (1)
where g is the scattering vector, n the refractive index of the
solvent, A the wavelength and € the angle of detection.

The intensity auto-correlation (IAC) data were fitted using

the Levenberg-Marquardt algorithm to eqn (2).*

SOt [Saen(-2)] o

where the coherence factor, o, allows normalisation of the data
so that the y-intercept equals 1, and 7z and 4; are the relaxation
time and the relative amplitude associated with the relaxation
mode i, respectively.

Diffusion coefficients, D, and hydrodynamic radii, Ry, were
subsequently calculated from the decay rate, I, and Stokes—
Einstein equations (eqn (3) and (4)), in which #» is solvent
viscosity.

_ 1 _p

r= . Dq (3)
kT

N 6nnD (4)

Electrophoretic mobility

Electrophoretic mobility was measured at 25 + 0.5 °C using the
phase analysis light scattering technique. Measurements were
carried out using a standard folded capillary cell (DTS1070,
Malvern) with a Zetasizer Nano-ZS instrument (Malvern). Data
were collected in triplicate with the average taken over three
runs. { potential, when used, was calculated by the instrument
as determined by the Henry equation using the Smoluchowski
approximation. Aqueous suspensions were prepared at concen-
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trations of 0.1 (when complexed with dsRNA) or 1 g L™, 24 h
before measurement.

Transmission electron microscopy

Triblock copolymer solutions were formulated by directly
mixing Q-b-B-b-D in Milli-Q water to a concentration of 10 g
L™". Solutions were vortexed to ensure thorough mixing, and
were prepared immediately prior to deposition onto 400-mesh
carbon-coated copper grids. Deposition was conducted by
addition of 5 pL of triblock copolymer solution onto the grid,
prior to washing with Milli-Q water and staining with 1%
uranyl acetate. Images were captured using an FEI Tecnai G*-
Spirit microscope, with a Gatan Ultrascan 4000 CCD camera,
operated at 120 keV with a tungsten filament.

Ethidium bromide exclusion

Ethidium bromide (EB) was used as a nucleic acid-intercalat-
ing fluorophore. EB solution was stored in an opaque con-
tainer at 4 °C prior to use. Fluorescence intensity was deter-
mined using an Omega FLUOstar® (BMG LABTECH GmbH)
multi-mode micro-plate reader, with A, set at 320 nm and Aep,
set at 594 nm. Samples were measured in a Corning® Costar
96-well opaque microplate. Gain was set at 1600-1900.

Endpoint measurements were taken with 10 flashes per
well. The volume of each well was made up to 200 pL with
nuclease-free water. For all samples, 8 pL (0.468 g L™") dsRNA
were added to each well alongside 2.9 L of EB (0.4 mg mL™")
that provided sufficient fluorescence intensity with the Omega
FLUOstar® (BMG LABTECH GmbH) at the ratio [EB]: [P] = 0.12
(molar concentration of EB in relation to molar concentration
of dsRNA phosphate groups, approximately one molecule of
intercalated EB per four pairs of dsRNA bases). The dsRNA-EB
solutions were left to incubate for at least 10 min prior to ana-
lysis for full intercalation of EB. An equilibration time was
incorporated after each polymer addition prior to endpoint
measurement.

Fluorescence intensity (F;) was normalised using eqn (5) with
respect to the fluorescence intensity of dsSRNA-EB alone (F,), sub-
tracting the weak fluorescence intensity of EB in water (Fgg).

I _Fy—Fgs

T (5)

Iy  Fo—Fgp

Agarose gel electrophoresis retardation assay

Aliquots of Q-b-B-b-D were added to 1 pg dsRNA, in quantities
to vary the N/P ratio, with solutions left to incubate at RT for
1.5 h to allow for complexation. 2 pL of 6x blue/orange loading
dye were added to each sample, and solutions were loaded
onto a 2% (w/w) agarose gel containing 3.5 puL of EB, prepared
with 1x TAE (Tris base, acetic acid and EDTA) buffer. Assays
were run for 25 min at 90 V. A 1 pL aliquot of a DNA ladder,
alongside 1 pL 6X purple non-SDS dye and 4 pL nuclease-free
water, was run for comparison. The gel was imaged under a
UV transilluminator at 365 nm. When RNase A (0.5 puL, 5 g
L") was added to the polyplex solutions, the samples were
incubated at 37 °C for 30 min prior to analysis.

This journal is © The Royal Society of Chemistry 2022
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Results and discussion
Polymer synthesis

Linear, amphiphilic ABC triblock copolymers were synthesised
by reversible addition-fragmentation chain transfer (RAFT)
polymerisation, allowing control over chain length to produce
triblock copolymers with multiple blocks of differing function-
alities. The synthesis of amphiphilic block copolymers can be
challenging as the combination of both hydrophobic and hydro-
philic blocks demands careful consideration of solvent choices
for their synthesis and subsequent purification method. The
solvent must be carefully selected to ensure solubility of starting
reagents and final products, and, typically, care must be taken
to purify the desired product at each stage of the synthesis.*®
The solubility of monomers, homopolymers, diblock and tri-
block copolymers were tested in a variety of solvents to deter-
mine the optimal conditions for each stage of the polymeris-
ation, the results of which can be found in Table S1 in the ESL}

In the synthesis, aqueous RAFT polymerisation was first
used to prepare the macro-CTA, Q. The product was purified
by dialysis in Milli-Q water and lyophilised. The second poly-
merisation, of the hydrophobic B block, was conducted in
100% ethanol, with purification by dialysis against 100%
ethanol. The amphiphilic diblock copolymer (Q-b-B) was iso-
lated by evaporation in vacuo. The final polymerisation of the
third and hydrophilic polymer block (D) was conducted in
100% ethanol. The final purification was performed by dialysis
in Milli-Q water, which is further discussed in the next section.

Due to the charged nature and aqueous self-assembly of the
triblock copolymers, gel permeation chromatography (GPC)
analysis was inaccessible. The reaction efficiency was instead
assessed as percentage of target DP achieved via "H NMR spec-
troscopy (400 MHz) as described in the Materials and Methods
section. The "H NMR spectra for each stage of the synthesis of
the Qqpo-b-Bas-b-Doo triblock copolymer are shown in Fig. 4
(spectra for the remaining triblock copolymers in the series
can be found in Fig. S1 and S2 of the ESI}).

Peak (b) represents the Q block of the triblock copolymer,
with peaks (g) (in the red spectrum) and (e) (in the blue spec-
trum) representing the B and D blocks, respectively. Molecular
weight (M,) was calculated via block composition analysis. A
summary of the percentage of target DP achieved and compo-
sition analysis of each triblock copolymer is included in Table 1.

Fig. 5 provides a schematic representation of the relative
degrees of polymerisation of the polymer blocks that make up
each ABC triblock copolymer, to aid visualisation.

View Article Online
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Fig. 5 Schematic illustration of the relative proportions of polymer
blocks within each amphiphilic triblock copolymer, according to the
degree of polymerisation as confirmed via characteristic peak analysis of
*H NMR spectra. Green = Q block, red = B block, blue = D block. This
illustration is included to give perspective on the proportions of each
polymer block, and is not representative of the true size/length of the
triblock copolymers.

Characterisation of triblock copolymer self-assembly in
aqueous environment

Following RAFT polymerisation of the final D block of the ABC
triblock copolymers, purification was accomplished via dialy-
sis. This stage of the synthesis was carried out in 100%
ethanol and dialysis was subsequently conducted in Milli-Q
water using a MWCO < 3500 g mol™" regenerated cellulose
membrane. Throughout the dialysis procedure, self-assembly
was observed with the appearance of some precipitation due to
the solvent switch taking place as the 100% ethanol was slowly
replaced with Milli-Q water. Lyophilisation of the purified
polymer resulted in dried white-coloured triblock copolymer
particles, which could be re-dispersed in pure water with no
subsequent precipitation observed. Direct mixing of the lyo-
philised particles into aqueous solution at desired concen-
trations was used to assess the characteristics of the self-
assembled triblock copolymers.

Particle size analysis was performed via DLS measurement
of 1 g L™" aqueous solutions (see Table 2).

These measurements demonstrate that the triblock copoly-
mers form self-assembled objects that can also be identified in
the TEM images, which suggest a large polydispersity of the
self-assembled particles, Fig. 6.

Table 2 Summary of hydrodynamic radii determinations by DLS and
electrophoretic mobility measurements of each self-assembled ABC tri-
block copolymer in agqueous solution. Standard deviation is shown

Triblock Hydrodynamic radius Electrophoretic
copolymer of objects in aqueous mobility/

code solution (¢ = 0.1 mg mL™")/nm pmem Vst
Q100-b-B17-b-Dy1s 119+ 4 2.3£0.2
Q100-b-Bys5-b-Ds5 214 + 10 3.5+0.1
Q100-D-Baa-h-Dos 154 + 20 3.2+0.1

Table 1 Summary of characterisation of triblock copolymers by *H NMR spectroscopy (400 MHz). The numbers associated with each letter of the
triblock copolymer name is related to the degree of polymerisation of each polymer block. For example, Qio0-b-B17-b-D;;» indicates that a
PQDMAEMA block of DP = 100 is connected to a DP = 17 PtBAA block and then a DP = 212 PDMA block. The bold wt% values indicate the highest
proportion of that particular polymer block within the series of amphiphilic triblock copolymers synthesised in this work

Triblock copolymer code  M,/kDa  Q-block % of target DP  B-block % of target DP  D-block % of target DP  Wt% Q Wt% B  Wt% D
Q100-b-B17-b-Ds 44.1 80 64 85 47 5 48
Q100-b-Bs-h-Dss 29.7 80 50 22 71 11 19
Q100-b-Bas-h-Dog 36.5 80 44 40 57 15 27

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 Representative Transmission Electron Micrographs obtained for
the 3 triblock copolymers (A) Qio0-b-B17-b-D212, (B) Qip0-b-B2s-b-Dss
and (C) Qjop-b-B4s-b-Dgg. Solutions were formulated at 10 g L™, with
5 pL deposited onto 400-mesh carbon-coated copper grids. Grids were
then washed with Milli-Q water and stained with 1% uranyl acetate.

Q100-b-B25-b-Dss, the triblock copolymer with the greatest
proportion of charged Q block, resulted in the formation of
the largest polymeric objects with an average apparent radius
of >200 nm as measured by DLS. However, the particles
appeared to be the most polydisperse in size when investigated
by TEM, with some large objects present with radii ~500 nm,
Fig. 6B.

Q100-b-B17-b-D315, the triblock copolymer with the largest
proportion of hydrophilic, uncharged D block, appeared to
form the smallest objects by DLS and visually by TEM, Fig. 6A.
These objects were less polydisperse than in the case of the
Q100-b-By5-b-Ds5 polymer. Similar results have been reported
elsewhere, with longer hydrophilic, neutral blocks inducing
smaller self-assembled object formation.>

The triblock copolymer with the highest proportion of
hydrophobic B block, Q;9-h-B44-b-Dgo (Fig. 6C), formed par-
ticles that were more polydisperse than Qigo-b-B17-b-D,1, and
slightly larger in size on average, but were smaller in apparent
size (on average) than the Qqo-b-B,5-b-Ds;5 particles.

Measuring the electrophoretic mobility of the self-
assembled objects revealed a positive surface charge in all
cases, however, Q,0-b-B17-b-D,;, particles had a lower electro-
phoretic mobility from a dampened positive surface charge.
This is in agreement with literature, in which the hydrophilic,
neutral block is found to shield charge on the surface of self-
assembled objects.*®

Complexation of triblock copolymers with dsRNA

Amphiphilic triblock copolymers can be used as delivery vehicles
for genetic material such as double stranded-RNA (dsRNA). The
Q-b-B-b-D triblock copolymers synthesised in this work contain a
hydrophilic and positively charged polymer block, Q, which can
electrostatically interact with the anionic phosphodiester back-
bone of the dsRNA. The interaction is entropically favourable
due to the release of counterions, and leads to the formation of
complexes that we term here ‘micelleplexes’.>**"

A common tool used to interpret the strength of dsRNA
binding by polycations is the quenching of ethidium bromide
(EB) fluorescence. EB intercalates between the base pairs of
double-stranded genetic material, inducing a strong fluo-
rescence in comparison to its weak fluorescence in water,
and upon addition of a competitive cationic macromolecule,
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EB is displaced from the genetic material resulting in the
observation of fluorescence quenching.***® The relative
amount of quenching can be used as a measure of binding
strength of the polycation to the genetic material.

In this work, dsRNA was combined with EB and incubated
for full intercalation. Triblock copolymer solutions were then
incorporated to complex with dsRNA. As the N/P ratio (ratio of
ammonium groups of the polymer with respect to the phos-
phate groups of the dsRNA) increases from 0 (with no polymer
added to the dsRNA solution) to 1 (equal proportion of number
of ammonium to number of phosphate groups) in Fig. 7, the
fluorescence intensity (normalised, I/I,) decreases to 50-65%.

As N/P ratio is further increased, the normalised fluo-
rescence intensity decreases to a plateau (25-35%) reached at
N/P ratio = 3. Interestingly, the Q;0o-b-B44-b-Doo-based micelle-
plex appears to quench EB fluorescence more significantly
over the N/P ratio = 3-8, whereas Qqgy-b-B,5-b-Ds5 and Qqgo-b-
By7-b-Dy;, triblock copolymers are not significantly different
from one another (except at N/P ratios 4, 9 and 10). These
results suggest that a proportionally higher hydrophobicity of
triblock copolymers may strengthen binding to dsRNA. It has
been previously found that a hydrophilic, neutral block may
weaken binding to pDNA.>® However, in this present study, it
is clear that all amphiphilic triblock copolymers indeed
complex with dsRNA at N/P ratio > 2. In addition, the results
of the EB assay suggest that the binding of triblock copolymers
with dsRNA appears to be stronger than the binding of homo-
polymer or diblock copolymer, containing the same hydro-
philic blocks, with dsRNA (with no hydrophobic block
present), as reported in our previous work.””

The hydrodynamic radii of micelleplexes formulated at N/P
ratios = 1, 5 and 10 were measured by DLS (see Table 3).

1.0
38— Q40p-b-Bs-b-Dygs
0.8 Qigo-b-B44-b-Dog
Q4pp-b-B16-b-Dy1
= 0.6
0.4- -
\\.\.\j\./i———i—’i -
0.2 4 T T
0 5 10

N/P ratio

Fig. 7 Normalised fluorescence intensity (//lo, where Iy is the fluor-
escence intensity of dsRNA-EB complexes prior to triblock copolymer
addition) of micelleplexes formed between different amphiphilic triblock
COpOlymel’S (oloo'b‘st'b'Dss, Qloo'b'B44'b'D99 and oloo'b‘Bj]'b‘
D,1») and 222 bp V-ATPase dsRNA at varying N/P ratios 0—10. Standard
deviation is shown, n = 3.
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Table 3 Hydrodynamic radii (hm) measured by dynamic light scattering
of micelleplexes in aqueous solution (c = 0.1 mg mL™) at N/P ratios 1, 5
and 10

N/P ratio
Triblock copolymer code 1 5 10
Q100-b-B17-b-Dy1s 91 =22 100 £ 10 122 £11
Q100"b-B;5-b-Dss “ 126 + 3 160 £ 5
Q100-6-B44-b-Dogy 92+9 120 £ 12 134 +9

“Indicates that aggregates were visibly forming in solution and thus LS
is inaccessible.

The Qq00-b-B,5-b-Dss-based micelleplex, at N/P ratio = 1,
formed aggregates that were visible to the naked eye. We pre-
viously found that a similar phenomenon occurs with cationic
homopolymers when electrostatically interacting with an
anionic macromolecule at a charge ratio close to 1, which is
likely due to electro-neutralisation and thus precipitation of
the formed complexes.”” In the case of Qjoo-b-Bys-b-Dss, the
neutral D block may not be of significant length to counteract
the hydrophobicity introduced by the B block and electro-neu-
tralisation of the Q block. Despite the longer hydrophobic B
block in the Qqpo-b-Bis-b-Dgg polymer, the length of the D
block is likely sufficient to stabilise the complexes formed with
dsRNA at N/P ratio = 1. These results indicate that the length
(or DP) of the neutral, hydrophilic block is critical for the
stabilisation of RNA-based complexes near the isoelectric
point, and must make up more than 19 wt% in amphiphilic
ABC linear triblock copolymers.

As N/P ratio is increased from 1 to 10, the average hydrodyn-
amic radii of the micelleplexes increases. In comparison to the
triblock copolymers self-assembled in aqueous solution
without complexation of dsRNA, the micelleplexes are
measured by DLS to be smaller. This suggests that significant
chain rearrangement of the initially self-assembled triblock
copolymer objects occurs during the complexation process
with dsRNA. This chain rearrangement is further confirmed
through TEM (see Fig. S3 and S4 in ESI}) which identifies sig-
nificantly altered structures as compared to the micellar aggre-
gates of the triblock copolymers alone in aqueous solution.
Further studies of the detailed morphologies of complexes
formed between triblock copolymers and dsRNA is required,
and future work will focus on additional transmission electron
microscopy and small-angle X-ray/neutron scattering to eluci-
date their structure further.

With increasing N/P ratio, all micelleplexes undergo a nega-
tive to positive charge inversion, Fig. 8. At N/P ratio = 1, Qo0-b-
Bu4-b-Dgg and Qq00-b-B17-b-D,1, micelleplexes have electrophor-
etic mobilities that are close to 0 or slightly negative. As N/P
ratio is increased to 5 and 10, Q;99-b-By4-b-Dgg and Q;¢p-b-B;-
b-D,4, micelleplexes have positive electrophoretic mobility that
is not significantly different over this N/P ratio range.
Whereas, Q;00-b-B,5-b-D55 micelleplexes show a slight increase
in electrophoretic mobility between N/P ratio 5 and 10. In lit-
erature, the N/P ratio at which an electrophoretic mobility

This journal is © The Royal Society of Chemistry 2022

View Article Online

Paper
4
N
>
5 I
g
= 2 I
z I
S 1
£
0
o0
2 I
'§. B Qgp-b-Bps-b-Dss
<17 I Qigo7b-Byys~b-Dog
9 b-B,;-b-D
o Q409"b-B17-b-Dyy,
-2 T T T
1 5 10
N/P ratio

Fig. 8 Electrophoretic mobility of micelleplexes, at N/P ratio 1, 5 and
10. Triblock copolymer solutions were kept at constant concentration
(0.1 mg mL™), with dsRNA concentration varied to alter the N/P ratio.
Formulations were prepared at least 24 h prior to measurement, which
were taken at 25 + 0.5 °C. Standard deviation is shown, n = 3.

plateau occurs corresponds to ‘full’ complexation, meaning
the minimum concentration of polymer able to complex all
the dsRNA present in the solution. These results suggest that
Q100-b-By5-b-Dss micelleplexes may require higher N/P ratios
for full complexation, however this does not agree with the
observed EB exclusion around N/P ratio > 2 for these micelle-
plexes. Once again, Q;o0-b-B17-b-D,1,-based micelleplexes have
a dampened surface charge in comparison to Q;00-b-By5-b-Ds;
and Qo¢-b-Bis-b-Dgy micelleplexes, likely due to shielding of
charge by the D polymer block.'"**?°

Protection of dsRNA by triblock copolymers

Following successful complexation of triblock copolymers with
dsRNA, the protection afforded to dsRNA by the amphiphilic
triblock copolymers was tested using the synthetic enzyme,
RNase A. As a biomolecule, RNA is inherently unstable and
susceptible to degradation in the environment or upon appli-
cation in therapeutic or agrochemical settings.*>*® Thus to
ensure successful delivery of dsRNA, and to minimise loss of
costly dsRNA during the delivery process, the dsRNA must be
suitably protected to prevent enzymatic degradation.

Agarose gel electrophoresis retardation assays are used to
confirm the complexation of the triblock copolymers with
dsRNA, and to assess the degradation. Free dsRNA is able to
migrate freely in the agarose gel toward the anode, arriving at
a specific location that is relative to the length (number of
base pairs) of the dsRNA. The dsRNA used in the present work
is 222 bp, and runs slightly above the 200 bp band of the DNA
ladder. Thus, if complexation is unsuccessful, the free dsRNA
will migrate in the gel lane. If complexation is only partial, the
complexed dsRNA will be retained in the loading well, and the
free un-complexed dsRNA will migrate towards the anode,
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resulting in a ‘smear’ effect. If complexation of the triblock
copolymer with dsRNA is complete, dsSRNA migration will be
entirely prevented, and the dsRNA will be retarded in the
loading well. It is important to note that, as described above,
EB fluorescence is quenched upon strong binding of a polyca-
tion with dsRNA. Therefore, as N/P ratio is increased from 0 to
5, fluorescence is reduced due to this binding effect.
Degradation of dsRNA is assessed in comparison to the
control sample, comparing the fluorescence intensity of the
dsRNA when RNase A is added.

In the case of all three of the triblock copolymer micelle-
plexes, an N/P ratio > 2 is required for full complexation to be
achieved. This is confirmed by the fluorescence retardation in
the well of the gel at this N/P ratio and above, shown in
Fig. S5, S6 and S7 in the ESL lanes 13, 12 and 13, respectively.
Prior to this N/P ratio, smearing is observed along the gel lane,
indicating only partial complexation.

The fluorescence intensity (normalised with respect to
dsRNA alone) of free dsRNA that has migrated through the gel
is shown in Fig. 9. The intensity is measured via Image] ana-
lysis of the gel images provided in the ESLf The sharp
decrease in free dsRNA at N/P ratio = 2 in Fig. 9 demonstrates
that N/P ratio > 2 is required for full complexation. There is a
decrease in free dsRNA at N/P ratios = 0.75 and 1, particularly
with Qqg0-b-Bas-b-Dg9 micelleplexes. This complements EB
exclusion data (Fig. 7) in suggesting the stronger binding of
Q100-b-B4s-b-Dyy to dSRNA.

Fig. 10 shows an example of the protection of dsRNA upon
full complexation with triblock copolymer. The free dsRNA is
degraded by the presence of RNase A (Fig. 10A). When partial
complexation occurs the free dsRNA is degraded by RNase A
(Fig. 10B), however the complexed dsSRNA remains intact.
Upon full complexation (e.g. at N/P ratio = 3 in Fig. 10C), the
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Fig. 9 Proportion of free dsRNA when complexed with the three tri-
block copolymers as determined via gel electrophoresis fluorescence
intensity. Data are normalised against naked dsRNA fluorescence and
calculations are run using ImageJ.

5714 | Polym. Chem., 2022,13, 5707-5717

View Article Online

Polymer Chemistry

+ RNase A
+ RNase A

§ <«— Complexed
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T
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Fig. 10 Degradation of free dsRNA (A) when in the presence of RNase
A, in comparison to the partial protection of dsRNA when complexed
with triblock copolymer at N/P ratio = 1 (B) and the protection of dsRNA
when complexed with triblock copolymer at N/P ratio = 3 (C). This
example shows the complexation of Qig0-b-B17-b-D21,> with dsRNA, at
final concentrations 273 and 67 ng pL’i, respectively.

complexed dsRNA remains intact, with a similar fluorescence
level in the well of the gel lane as that shown for the control
micelleplex.

Impact of salt concentration

It is also important to consider the impact of bulk salt concen-
tration on the stability of the micelleplexes, as formulations
for both therapeutic and agrochemical applications typically
contain various electrolytes as part of a buffer solution, or as
adjuvants to aid application. Here, we use NaCl as a simple
model salt to increase ionic strength of the aqueous solution,
measuring the resulting changes in hydrodynamic radii via
DLS.

Despite the stronger binding between Q;oo-b-B44-b-Dog and
dsRNA in salt-free, aqueous environments, the resulting micel-
leplexes appear to be the least stable as NaCl concentration
(Cnac1) increases, see Fig. 11. Above 150 mM, the apparent
average hydrodynamic radius of the micelleplexes steadily
increases, suggesting that the charge screening from the
increased ionic strength of the solution is causing aggregation
between the micelleplexes.

Q100-b-B5-b-Dss and Qqg0-b-B17-b-Dy15-based micelleplexes,
however, remain stable until Cyac) = 650-700 mM. In compari-
son to our previous work on the salt stability of hydrophilic
homopolymer and diblock copolymer polyplexes, the two tri-
block copolymers with the highest proportion of hydrophilic
polymer blocks (Q or D, respectively) provide stability over a
greater salt concentration range.”” Sharma et al similarly
found that amphiphilic triblock copolymer-based micelle-
plexes stabilised DNA more efficiently than diblock copolymer
or homopolymer polyplexes, and protected more effectively
against DNase enzymes.>*

Sharma et al. demonstrate the resistance of their ABC tri-
block copolymer complexes with pDNA to aggregation in salt
over 1 h. However, a salt concentration of 150 mM only is exam-

This journal is © The Royal Society of Chemistry 2022
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Fig. 11 Apparent hydrodynamic radii of micelleplexes formed between
dsRNA and each triblock copolymer, measured with DLS, as NaCl con-
centration is increased from 0 to 700 mM.

ined.”® Whilst this may be suitable for some therapeutic appli-
cations (for example, mammalian Na* and CI~ extracellular con-
centrations reach 145 mM and 116 mM, respectively'"*?),
demonstrating stability at higher salt concentration, as is shown
here, is valuable for assessing formulations of agrochemicals
that may require significantly higher salt concentrations.

In our previous work, using diblock copolymers (AC, cat-
ionic-hydrophilic) to complex with the same dsRNA, a similar
complexation pattern to the ABC triblock copolymers was
observed.”” An N/P ratio = 1 was not sufficient to provide full
complexation in either case, however full complexation was
achieved at N/P ratio > 2. The hydrodynamic radii of poly-
plexes formed between the AC diblock copolymers and dsRNA
ranged from 57-125 nm, and showed no significant change in
size across an N/P ratio range of 1-10. In comparison, whilst
the triblock copolymer/dsRNA complexes showed similar
hydrodynamic radii, they did show variation in size with chan-
ging N/P ratio, seeing an increase in radii with an increasing
N/P ratio. The AC diblock copolymers did not exhibit any self-
assembly prior to the addition of dsRNA, whereas the ABC tri-
block copolymers do show self-assembly in aqueous solution.
However, the similarity in size of diblock copolymer/dsRNA
complexes and triblock copolymer/dsRNA complexes suggests
that the triblock copolymers undergo substantial chain
rearrangement in order to complex with dsRNA. This is corro-
borated by TEM observations indicating the breakdown of the
self-assembled micellar structures observed for the triblock
copolymers in aqueous solution, when complexed with
dsRNA. The benefit of ABC triblock copolymers for complexa-
tion and protection of dsRNA can only be seen when consider-
ing the stability of these complexes against increased ion con-
centration. The more hydrophilic triblock copolymers showed
increased stability, in comparison to AC diblock copolymers,
in the presence of salt concentrations up to 700 mM.
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Conclusions

In this research we demonstrate the RAFT polymerisation syn-
thesis of novel linear ABC triblock copolymers, and their for-
mation of self-assembled objects in aqueous solution. We
examine the potential of these triblock copolymers as poly-
meric delivery vehicles for dsRNA cargo, and investigate the
impact of the proportion of each polymer block: hydrophilic,
cationic PQDMAEMA (Q) block, hydrophobic PtBAA (B) block
and hydrophilic, neutral PDMA (D) block. The D block was
found to be the most important for formation of more
compact micelleplexes and influenced electrophoretic mobility
by shielding the charge. This proved beneficial in producing
micelleplexes with greater stability at high salt concentrations,
up to 700 mM. In comparison, the hydrophobic B block was
found to induce the strongest binding to dsRNA, however the
micelleplexes were only stable until Cyac; = 150 mM. The tri-
block copolymer with the highest proportion of charged Q
block formed the most polydisperse self-assembled objects,
and also the largest objects when complexed with dsRNA. It
was discovered that, in the case of the triblock copolymers
tested in this work, >19 wt% hydrophilic, neutral block is
required to stabilise micelleplexes at N/P ratio = 1. All triblock
copolymers fully complexed with dsRNA at N/P ratios > 2, and
successfully protected dsRNA against enzymatic degradation.
We envision that ABC triblock copolymers could be useful
delivery vehicles for dsRNA, with optimised architecture to
prevent destabilisation at high salt concentrations, for com-
mercially viable therapeutic or agrochemical applications.
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