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The design of nanomaterial-based nucleic acid formulations is one
of the biggest endeavours in the search for clinically applicable
gene delivery systems. Biopolymers represent a promising subclass
of gene carriers due to their physicochemical properties, biode-
gradability and biocompatibility. By modifying melanin-like poly-
dopamine nanoparticles with poly-L-arginine and poly-L-histidine
blends, we obtained a novel catch-and-release gene delivery sys-
tem for efficient trafficking of pDNA to human cells. A synergistic
interplay of nanoparticle-bound poly-L-arginine and poly-L-
histidine was observed and evaluated for pDNA binding affinity,
cell viability, gene release and transfection. Although the functio-
nalisation with poly-L-arginine was crucial for pDNA binding,
the resulting nanocarriers failed to release pDNA intracellularly,
resulting in limited protein expression. However, optimal pDNA
release was achieved through the co-formulation with poly-L-
histidine, essential for pDNA release. This effect enabled the design
of gene delivery systems, which were comparable to Lipofectamine
in terms of transfection efficacy and the catch-and-release surface
modification strategy can be translated to other nanocarriers and
surfaces.

In the early 1990s innovative vaccination strategies based
on the administration of genetic material,"”” deoxyribonucleic
acid (DNA) or ribonucleic acid (RNA), emerged as a promi-
sing therapeutic strategy for the treatment of allergies,®*
infectious>® and autoimmune diseases,”® as well as cancer.’
In contrast to conventional vaccines, which were based on the
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New concepts

Developments in gene therapy, vaccine design and engineering biology
require controlled delivery of nucleic acid cargo. Nanocarriers are excel-
lent alternatives to viral vector, polymers and strategies such as electro-
poration and nanoneedles. Required nanocarriers to be
biocompatible and cost effective, easy to manufacture and modify, all

need

while enabling binding, delivery and release of nucleic acids. To fulfil
these requirements, we have developed biopolymer-based nanocarriers
characterised by high stability and cell uptake ability, which enable
delivery and release of active DNA cargo. Our system is inspired by
histone proteins and employs surface modification with poly-arginine
and poly-histidine elements. Once attached, DNA cargo remains bound
under physiological conditions, successfully crosses cell membrane, and
is then released in the cell, which is confirmed by successful expression of
Our
biopolymeric core with facile surface modification, resulting in a
dynamic system capable of catching and releasing DNA cargo.
Simplicity of the surface tuning opens the route to modification of
other core materials (both nanocarriers and planar surfaces for

fluorescent protein. system combines easy-to-manufacture

implantable continuous release chips) broadening the application to a
range of delivery modes and cargo sizes.

use of live or inactivated pathogens or their proteins, genetic
vaccines rely on the expression of antigen-encoding nucleic
acids. However, early formulations were often characterised by
insufficient transfection efficacies and low stability under phy-
siological conditions."™! In order to stabilise the delicate
genes and boost their therapeutical value, a broad variety of
nanomaterials, including liposomes, micelles, virosomes, pep-
tides, dendrimers and polymers, were investigated as gene
carrier materials."””™> Liposome-mediated gene delivery was
particularly successful resulting in the rapid production of
the first globally employed mRNA-vaccine used during the
recent SARS-CoV-2 caused pandemic.®

Despite the outstanding potential of liposomal gene
delivery systems, safety concerns and the incessant drive to
improve therapeutical efficacy have prompted the exploration
of other delivery systems.’”” Among nanocarriers, polymeric

This journal is © The Royal Society of Chemistry 2023
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Scheme 1 Schematic representation of the synthesis, pDNA binding and
gene delivery using pHis-pArg-PDA NPs.

nanoparticles (NPs), in particular those made of biopolymers,
are characterised by favourable physicochemical properties,
biocompatibility and degradability, as well as cost-effective
manufacturing.’®!® In addition, their size, charge and surface
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functional groups can be tuned to modulate circulation time,
cell uptake and nucleic acid attachment.>®

Biopolymeric polydopamine nanoparticles (PDA NPs)
recently emerged as a particularly interesting drug delivery plat-
form due to their size tunability,”*** chemical versatility®>** and
ease of preparation. However, PDA NPs are inherently negatively
charged and therefore unsuitable for efficient nucleic acid immo-
bilisation. A strong, yet reversible interaction of nanocarriers and
nucleic acids is crucial, as it protects the nucleic acid from
nuclease degradation while preventing its premature release.>
Previously, the only reported PDA-based gene delivery system was
reliant on the modification of the nanocarriers with the efficient
but cytotoxic transfection agent polyethyleneimine (PEI).>*2®

In nature, packing and protection of DNA is commonly
achieved by protamines, which are exceptionally rich in
cationic arginine residues.>® Taking this inspiration into
account, the modification of PDA NPs with arginine-rich com-
pounds, such as poly-t-arginine (pArg) blends, represented a
promising approach to broaden the scope of PDA-based nucleic
acid delivery. Although pArg were shown to facilitate cellular
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Fig. 1 Synthesis and characterisation of pArg-PDA and pHis-pArg-PDA NPs. (A) Scheme showing the functionalisation of PDA NPs with pArg and pHis-
pArg. (B) SEM micrographs of PDA, pArg-PDA, pHis-pArg-PDA_1, pHis-pArg-PDA_2 and pHis-pArg-PDA_5 NPs. The NPs were dispersed on a glass slide
and coated with 10 nm sputtered Pt. Scale bar is 500 um. (C) Zeta ({)-potential and (D) hydrodynamic size of PDA, pArg-PDA, pHis-pArg-PDA_L, pHis-
pArg-PDA_2 and pHis-pArg-PDA_5 NPs obtained from dynamic light scattering measurements (DLS) in water.
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uptake,*® low buffering capacity of pArg may hinder intracel-
lular gene release and its endosomal escape. To overcome
this challenge, a proton-buffering compound could be co-
formulated with pArg to aid nucleic acid release and the
rupture of endosomal compartments. Poly-i-histidine (pHis)
was previously reported as an endosomal escape agent in
various drug and gene delivery formulations, including silica
and polymeric NPs.*’*” Due to the abundant presence of
ionisable imidazole moieties, pHis significantly contributes to
proton buffering inside the endosomes, which in turn may
cause their rupture through the hypothesised proton-sponge
effect.>

Herein, we report the design of an efficient non-viral gene
delivery system based on PDA nanocarriers functionalised with
cationic pArg and pHis blends. The resulting nanomaterials
were characterised by strong pDNA binding affinities and facile
syntheses. Furthermore, we explored the synergistic effect of
pArg and pHis on gene delivery and transfection efficacy
(Scheme 1).

PDA NPs were prepared through self-polymerization of
dopamine in Tris-buffer (pH 8.5).>* The obtained spherical
NPs had an average hydrodynamic radius of 158.4 £+ 39.2 nm
and the characteristic negative surface potential (—29.2 £+ 1.9 mV),
owing to the abundant presence of imine and quinone moieties
within the PDA backbone.*>*® To obtain positively charged
carriers and facilitate nucleic acid binding, PDA NPs were
incubated with poly-r-arginine (pArg, M,, = 5-15 kDa) under
mild basic conditions (10 mM NH,OH, aq.) for 24 h, resulting
in the formation of pArg-PDA NPs. In addition, to explore the
impact of pHis on the endosomal escape and intracellular
release of the genetic cargo,”” PDA NPs were modified with a
mixture of pArg and poly-i-histidine (pHis, M,, = 5-25 kDa),
(Fig. 1A). Different ratios of pHis and pArg (1:1,2:1 and 5:1
(w/w)) were added to PDA NPs, resulting in pHis-pArg-PDA_1,
PHis-pArg-PDA_2 and pHis-pArg-PDA_5 NPs, respectively.

Functionalisation with pArg and pHis-pArg did not result in
significant changes in NP morphology, shape nor size distribu-
tion, as observed from SEM micrographs (Fig. 1B and Fig. S1,
ESIt). However, both pArg and pHis-pArg modifications
resulted in strong positively charged PDA NPs (Fig. 1C and
Table S2, ESIT). A high zeta ({)-potential of +51.6 £ 11.7 mV was
obtained for pArg-PDA NPs, while the addition of pHis-pArg
combinations resulted in a slight reduction of the {-potential
for pHis-pArg-PDA NPs (+39.1 + 7.2 to +46.5 + 6.6 mV).
Additionally, an increase in the hydrodynamic diameters
for pArg- and pHis-pArg-functionalised NPs was observed
compared to the unmodified PDA NPs (Fig. 1D and Fig. S1,
Table S2, ESIt). This may be attributed to the strong cationic
nature of the obtained particles and the resulting association of
water molecules.*®

In order to assure successful gene delivery, the carriers need
to strongly bind a nucleic acid cargo.'® For this study, EGFP-
encoding pDNA was selected, as its successful transfection
could be precisely monitored using confocal microscopy and
flow cytometry. The abilities of pArg-PDA NPs and pHis-pArg-
PDA NPs to immobilise genetic material into nanostructured
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Fig. 2 Binding studies of pDNA to pArg-PDA and pHis-pArg-PDA NPs.
(A) Gel electrophoresis (1% agarose gel) of pDNA@pArg, pDNA@pHis.
pDNA@pArg-PDA, pDNA@pHis-pArg-PDA_1, pDNA@pHis-pArg-PDA_2
and pDNA@pHisp-pArg-PDA_5 formulations ranging from WR1 — WR50.
(B) Hydrodynamic size of pDNA@pArg-PDA and pDNA@pHis-pArg-PDA_1
measured for WR1, WR6, WR15 and WR30. (C) Zeta potential of pDNA@-
pArg-PDA and pDNA@pHis-pArg-PDA_1 obtained for WR1, WR6, WR15
and WR30.

PDNA@NP complexes were evaluated by agarose gel electro-
phoresis. Formulations were prepared in different weight ratios
(WR) of NPs to pDNA, ranging from 1:1 (WR1) to 50: 1 (WR50),
as displayed in Fig. 2A and Fig. S2, S3, ESL.f As expected, bare
pArg polymer achieved complete pDNA binding below WR1,
due to its strong cationic nature at neutral pH and the for-
mation of hydrogen bonds between the guanidino moieties in
pArg and the phosphate backbone of pDNA.**** Contrary to
this, pHis alone was not able to fully bind pDNA, even at WR50,
which might be partially attributed to the low solubility of pHis
in water. Similarly to pArg, pArg-PDA NPs were immobilising
PDNA at WRé. Interestingly, the addition of pHis did not
significantly influence the binding affinity of pDNA for all
prepared pHis-pArg-PDA NP formulations. A slight increase in
binding affinity was observed for pHis-pArg-PDA_2 and pHis-
pArg-PDA_5, which were able to immobilise pDNA at WR3.
Similar effects were observed for dextran carriers modified with
arginine and histidine peptides.*®

This journal is © The Royal Society of Chemistry 2023
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In vitro EGFP transfection study using pArg and pHis-pArg-functionalised PDA nanocarriers. Confocal microscopy images of pDNA@pArg-PDA,

pDNA@pHis-pArg-PDA_1, pDNA@pHis-pArg-PDA_2 and pDNA@pHis-pArg-PDA_5 NP formulation (WR 30) 24 h after administration to HEK-293 cells.
Lipofectamine was used as a positive control. Cells were incubated with CellMask (deep red) and Hoechst 33342 (blue) to stain cell membrane and nuclei,
respectively. Green channel captured the fluorescence of EGFP. The scale bar is 200 um.

The size and surface charge of gene delivery systems
play an important role in the cellular internalisation and
cargo release.’*® Therefore, the hydrodynamic diameter
and surface charge were evaluated for different WRs of
pPDNA@pArg-PDA and pDNA@pHis-pArg-PDA NP formula-
tions (Fig. 2B, C and Fig. S4, Table S3, ESIf). The pDNA®@
NP complexes with equivalent masses of NPs and pDNA
(WR1) resulted in particle aggregation and negative surface
potential. Interestingly, the surface charge of the pDNA@
pArg-PDA formulation (—32.3 + 5.4 mV) was significantly
more negative compared to the pDNA@pHis-pArg-PDA
(—10.8 + 4.1 to —7.6 £ 4.2 mV). However, an increased
relative amount of the NPs (WR > 6) facilitated the conden-
sation and complexation of pDNA resulting in strong positive
surface potential and particle size similar to their pDNA-free
counterparts (WRO). Additionally, no change in shape and
surface morphology was observed for WR > 6, while signifi-
cant structural heterogeneity was noted with WR1 as shown
for pDNA@pArg-PDA (Fig. S5, ESIT), which further corrobo-
rated the hydrodynamic size evaluation. This indicated that
PDNA was tightly compacted and neutralised by pArg-PDA
and pHis-pArg-PDA NP formulations at higher WRs (WR > 6),
thereby mimicking pDNA packing in cells by arginine-rich
peptides, such as protamines.?*78

This journal is © The Royal Society of Chemistry 2023

Following successful binding of EGFP-encoding pDNA to the
pArg and pHis-pArg functionalised PDA nanocarriers, their
transfection efficacy was evaluated in HEK-293 cells after 24 h
of administration. Since full pDNA immobilisation for all tested
formulations was achieved above WR6, the EGFP expression
was determined for WR6, WR15 and WR30 using confocal
microscopy (Fig. 3 and Fig. S6, S7, ESIT). Lipofectamine 2000/
PDNA was used as a positive control. Although pDNA was
bound to bare pArg and pArg-PDA NPs, EGFP expression was
not observed upon administration of these formulations to
HEK-293 after 24 h. In contrast, pHis-pArg-PDA NPs success-
fully delivered pDNA and their administration resulted in
strong EGFP expression. An increase in transfection efficacy
was observed depending on pHis to pArg ratio with pHis-pArg-
PDA 5 > pHis-pArg-PDA 2 > pHis-pArg-PDA_1. In addition,
an increase in WRs resulted in higher transfection rates for
all pHis-pArg-PDA formulations (WR30 > WR15 > WR6). To
further elucidate the role of pHis in the formulation, CX-
Rhodamine-labelled pDNA was immobilized on pArg-PDA NPs
and the complex administered to HEK-293 cells. The rhoda-
mine signal within the cells indicated successful pDNA cell
internalisation. However, lack of EGFP fluorescence indicated
that pArg-modified NPs were either not able to release pDNA
from the carrier or escape the endosomes (Fig. S8 and S9, ESIf).
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Fig. 4 Quantification of the transfection efficacy and viability of pArg- and pHis-pArg-functionalized PDA NPs. (A) Percentage of EGFP expression
determined by flow cytometry analysis of HEK-293 cells after treatment with pArg- and pHis-pArg-PDA NPs. Lipofectamine was used as a positive
control. (B) Viability of HEK-293 cells treated with pDNA complexes of PDA, pArg-PDA and pHis-pArg PDA NPS. The effect on cell viability was evaluated
for all NPs at WR6, WR15 and WR30 corresponding to 15, 37.5 and 75 pg mL™* NP concentrations after 24 h treatment using MTS assay. As controls
the viability of unmodified PDA NPs and lipofectamine were determined. Data are expressed as mean + SD obtained from three separate measurements.
One-way ANOVA was used to compare the viability to the untreated cells, control (—). Significance levels are defined as the following: ns for
p > 0.05, * forp < 0.05, ** for p < 0.0, *** for p < 0.001, and **** for p < 0.0001. (C) Transfection efficacy of pHis-pArg PDA NPs monitored over
48 h using Incucyte live-cell imaging for WR6, WR15, WR20, WR40 and WR50. (D) Summary of EGFP expression and cell viability for the tested pArg-

PDA and pHis-pArg-PDA formulations.

This emphasized the importance of adding pHis to the gene-
delivery formulation.

Flow cytometry (FACS) was used to quantify the transfection
efficacy of the nanoformulations (Fig. 4A and Fig. S10, ESI¥).
The percentage of EGFP-positive cells was quantified for 5
biological repeats with Lipofectamine 2000/pDNA as a positive
control (74.16 + 9.41%) and untreated cells as a negative
control (0.17 £+ 0.12%). In agreement with the confocal micro-
scopy studies, no significant EGFP expression was observed
upon administration of pDNA@pArg-PDA NP formulations. In
contrast, dosing of pDNA@pHis-pArg-PDA NPs resulted in

1592 | Nanoscale Horiz., 2023, 8,1588-1594

strong transfection. The highest EGFP expression was obtained
for pDNA@pHis-pArg-PDA_2 WR30 (59.93 + 5.17%), pDNA@
pHis-pArg-PDA_5 WR15 (65.58 & 7.13%) and WR30 (58.35 +
7.19%). FACS analysis further corroborated the general positive
correlation between transfection efficacy and higher pHis to
pArg ratio in pHis-pArg-PDA NPs, as well as an increased NP to
PDNA ratio. However, a slight decline in the mean transfection
efficacy was observed with pDNA@pHis-pArg-PDA 5 NPs
WR30, compared to the corresponding WR15.

Live-cell imaging, using the IncuCyte System (Sartorius,
Germany), was conducted to monitor the EGFP expression over

This journal is © The Royal Society of Chemistry 2023
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48 h after treatment with pDNA@pHis-pArg-PDA NPs. In addi-
tion to WR6, WR15 and WR30, WR20, WR40 and WR50 were
evaluated (Fig. 4C). The study of pDNA@pHis-pArg-PDA_5
indicated that transfection decrease occurs for WR20 and
further decreases at higher WRs, with WR40 and WR50 show-
ing even lower EGFP expression than the corresponding WR6. A
similar trend was also found for the other pHis-pArg-PDA 1
and pHis-pArg-PDA_2 NPs, which showed a decrease in EGFP
expression for ratios greater than WR30.

Additionally, the cell viability of HEK-293 was examined
using an MTS endpoint assay in presence of different weight
ratios of pDNA@pArg-PDA and pDNA@pHis-pArg-PDA nano-
carriers (Fig. 4B). No significant differences in cell viability were
observed comparing the pPDNA@NP complexes (Fig. 4B) to their
pDNA-free counterparts (Fig. S11, ESIT). While unmodified and
pArg-PDA NPs show no impact on cell viability, a decrease in
cell viability (29.98 + 8.92 to 53.76 + 4.80%) was observed at
higher concentrations (WR30), with pHis-pArg-DA_5 showing
significant decrease of 32.78 + 11.93% already at WR15. The
pHis-pArg-PDA_5 NPs at WR30 resulted in the lowest cell
viability (46.2 + 4.8%).

Higher ratios of NP-bound pHis to pArg and nanocarrier to
pDNA generally resulted in abundant transgene expression,
data analysis revealed that those samples impacted cell viability
the most (Fig. 4D). A similar correlation between toxicity and
transfection efficacy was previously noted for other gene deliv-
ery systems, such as PEL*>® However, the use of PDA nano-
carriers enabled surface tailoring and facile adjustment of pHis
to pArg ratios to achieve the highest transfection efficiency in
combination with the lowest cell toxicity.

In conclusion, we have demonstrated that the modification
of PDA NPs with pArg and pHis resulted in a catch-and-release
system for the trafficking of pDNA to human cells. Using self-
reporting EGFP-pDNA, we monitored high transfection effica-
cies, which were dependent on the ratio of pHis and pArg as
well as the ratio of NPs to pDNA. Although it was previously
demonstrated that the functionalisation of nanomaterials with
Arg-containing oligomers and peptides significantly improved
gene-binding properties, we showed that the introduction of
pHis was crucial for efficient cargo release and subsequent
protein expression. Furthermore, we employed commercially
available blends of pArg and pHis, thus making this approach
more cost-effective and scalable compared to using tailored
cationic peptides. Due to the tunability and high transfection
efficiency of our system, the synergistic effects between pHis
and pArg blends for catching and releasing DNA cargo may be
translated to other nanocarriers and surfaces, thus opening
routes not only to new gene delivery strategies, but also to
nucleic acid capture systems for biosensor design and liquid
biopsy.
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