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Nucleic acid-based drugs are changing the scope of emerging medicine in preventing and treating dis-
eases. Nanoparticle systems based on lipids and polymers developed to navigate tissue-level and cellular-
level barriers are now emerging as vector systems that can be translated to clinical settings. A class of
polymers, poly(f-amino esters) (PBAEs) known for their chemical flexibility and biodegradability, has been
explored for gene delivery. These polymers are sensitive to changes in the monomer composition
affecting transfection efficiency. Hence to add functionality to these polymers, we partially substituted
ligands to an identified effective polymer chemistry. We report here a new series of statistical copolymers
based on PBAEs where the backbone is modified with sugar alcohols to selectively facilitate the caveolae-

Received 20th October 2023,
Accepted 28th January 2024

DOI: 10.1039/d3nr05300h

mediated endocytosis pathway of cellular transport. These ligands are grafted at the polymer’'s backbone,
thereby establishing a new strategy of modification in PBAEs. We demonstrate that these polymers form
nanoparticles with DNA, show effective complexation and cargo release, enter the cell via selective
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Introduction

The advent of nucleic acid therapeutics has huge potential to
treat diseases." Establishing such molecules for gene therapy or
gene editing in clinical settings requires smart carriers that can
efficiently complex nucleic acids to overcome various cellular
and tissue level barriers. Viruses function as natural gene deliv-
ery agents and hence have been approved for the treatment of
human diseases.> However, the immunogenicity of viral vectors
hinders redosing for therapeutic efficiencies.” Nanoparticle-
mediated strategies provide effective and safe solutions to over-
come biological barriers for nucleic acid delivery.*

Among the materials investigated for nucleic acid delivery,
poly(B-amino esters) (PBAEs) have received special attention
because of their chemical and structural diversity.> PBAE poly-
mers were first introduced by Lynn and Langer as gene delivery
vectors.® The polymers are formed in two steps by Michael’s
addition reaction with diacrylates and amines followed by end-
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caveolae-mediated endocytosis, exhibit low cytotoxicity, and increase transfection in neuronal cells.

capping.” Over the years the polymer structure has been opti-
mized for transfection efficiency and stability in vivo.*™° The
chemical flexibility of the polymer has been explored for
improving its transfection efficiency” >'""* and overcoming
physical barriers for organ- and cellular-level tropism."™'®
More recently, combinatorial libraries emphasizing the physio-
chemical diversity of the choice of amines and divinyl mono-
mers have been employed for organ tropism of the liver,
spleen, and lungs.'®"” Apart from the chemical flexibility,
these polymers self-assemble with diverse cargoes. PBAE poly-
mers carry plasmid and mRNA''® for gene expression,
siRNA" for gene silencing, and the ribonucleoprotein complex
for gene editing.*°

The search for efficient polymers has been made by synthe-
sizing libraries of polymers. However, this approach is expen-
sive and exhaustible with less predictability from in vitro to
in vivo conditions.*! Very few unique chemical spaces have
been reported from combinatorial library screening to exhibit
extrahepatic delivery. More targeted approaches involve
protein corona modulation®”** and antibody or peptide-
mediated targeting.>*** Surface engineering with antibodies
and peptides increases the complexity of the delivery system,
limiting clinical translation.>®**® Hence, there is a need for
rational functional design of these polymers emerging from
the biological identity of the target cell.

Stable polymers are synthesized as a four-component terpo-
lymer, where each component enables efficient transfection
in vitro and in vivo. We hypothesized that if functionality has

This journal is © The Royal Society of Chemistry 2024
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to arise from the polymer it has to be partially substituted. To
implement partial substitution-based functionality, we opted
for modifying the PBAE polymer backbone using sugar alco-
hols, namely mannitol, sorbitol, and xylitol. Sugar alcohols
have found their way to overcome the physical and biological
barriers of the brain**' and lungs.*> Additionally, they
have been reported to exhibit selective caveolae-mediated
endocytosis.*?

Caveolae-mediated endocytosis has recently gained reco-
gnition as a significant pathway for internalization and trans-
port within various tissues. A large number of caveolae are
found in the endothelial cells of peripheral organs and muscle
cells.** The dysregulation of caveolae in the brain microvascu-
lar endothelium of aged mice has opened up opportunities for
the delivery of drugs to the brain via this endocytosis route.*®
New strategies that employ caveolae-mediated transcytosis as a
means to deliver drugs to the brain using both chemical and
physical techniques have been developed.**® Caveolae, which
are preformed vesicles ranging from 80 to 100 nm, are invagi-
nations found in the plasma membrane and play a role in size-
dependent endocytosis.>® However, sugar alcohol modification
leads to an increase in the size of the nanoparticles as reported
with plasmid DNA (pDNA).****> We hypothesized that using
PBAEs we could control the size of the nanoparticles and also
enable more chemical versatility to these modifications.

Herein, for the first time, we have reported the incorpor-
ation of sugar alcohols into the backbone of PBAE polymers,
thereby making it a multicomponent statistical copolymer
design strategy. These modifications have random integration
of the sugar alcohols, whose doping is controlled by the feed
ratios in the synthesis step. Sugar alcohol-modified polymers
were able to effectively complex and release pDNA, improving
transfection and cellular viability in neuronal cells. The back-
bone modification retained the osmotic properties, thereby
polarizing the nanoparticles from nonspecific endocytosis to
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selective caveolae-mediated endocytosis. The high transfection
efficiency in neuronal cells indicates that the system can be
taken forward to enhance gene delivery to the brain.

Results and discussion

Design, synthesis, and characterization of modified polymers

Among other polymer chemistries, PBAE was chosen because
of its structural diversity and the ability to overcome gene
delivery hurdles.® Sugar alcohol monomers, such as mannitol,
sorbitol, and xylitol, were known to selectively target caveolae-
mediated endocytosis.*'"** Even though the three sugar alco-
hols are very similar in structure, their physical and chemical
properties vary significantly. To dope sugar alcohols, we
selected a combination of monomers reported for effective
nucleic acid delivery."® DD90 has been a very successful
polymer backbone chemistry as reported by different
groups.®>'®'” Starting with the hydrophobic DD90 as the foun-
dational structure, we introduced sugar-alcohol in the back-
bone as a fourth element in the base polymer. Diacrylates of
mannitol, sorbitol, and xylitol were synthesized with two-mole
equivalents of acryloyl chloride to form mannitol diacrylate
(MDA), sorbitol diacrylate (SDA), and xylitol diacrylate (XDA),
respectively (Fig. S11). The unmodified DD90 polymer was syn-
thesized with diacrylate (B7), hydrophilic amine (S90), and
hydrophobic amine (Sc12) in one pot Michael’s addition reac-
tion. For sugar alcohol incorporation, B7 diacrylate was par-
tially substituted with sugar alcohol diacrylates (MDA, SDA,
and XDA) at mole percentages of 10 and 30. This substitution
was carried out alongside S90 and Sc12 to synthesize sugar
alcohol-doped PBAE base polymers. Finally, the polymers were
end-capped with diethylene triamine (E63). A schematic repre-
sentation of the design strategy is shown in Fig. 1 and Fig. S1,
S27 show the synthesis steps and structures. Doping sugar
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Fig. 1 Chemical structure of the sugar alcohol-modified statistical copolymer. Diacrylate-modified sugar alcohols MDA, SDA, and XDA were substi-
tuted by 10 and 30% against diacrylate (DD), along with the amines S90 and Sc12 in the base polymer. The base polymer was end-capped with E63

to obtain the final polymers.
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Fig. 2 Characterization of sugar alcohol-modified polymers. (a) Mole percentage ratios of the monomers forming the polymer, (b) theoretical
doping percentage and actual incorporation of sugar alcohols in the backbone calculated from NMR, and (c) GPC trace of the polymers.

alcohols at higher percentages (more than 30%) resulted in a
particle size over 150 nm. These particles did not show trans-
fection and hence were excluded.

The mole percentages of monomers used in the polymer
synthesis reaction are given in Fig. 2a. The unmodified
polymer DD90 and sugar alcohol-modified polymers were
characterized by proton nuclear magnetic resonance (‘H-NMR)
spectroscopy and gel permeation chromatography (GPC). The
percentage of grafting of mannitol (M10, M30), sorbitol (510,
$30), and xylitol (X10, X30) were calculated from the "H-NMR
spectra (400 MHz for 'H-NMR) with DD90 as a reference
(Fig. S31). "H-NMR confirmed the doping percentage of sugar
alcohols in the backbone of the polymer: 10 and 17.3% (M10
and M30) (Fig. S4 and S5%), 11 and 17.5% (S10 and S30)
(Fig. S6 and S71), and 10 and 18% (X10 and X30) (Fig. S8 and
S97). Sugar alcohol incorporation was found to be less with
M30, S30, and X30, while the theoretical and actual doping
percentages were identical in the case of lower doping ratios
(Fig. 2b). The polymer molecular weight was between 4.5 and
7 kDa with PDI less than 2 (Table S2t). Multicomponent sugar
alcohol-doped polymers M30, S30, and X30 formed uniform
polymers with PDIs of 1.2-1.3 (Fig. 2c). These polymers were
taken up for further studies without any additional purification.

Effects of sugar alcohol modification on polymer properties

For the backbone modification of sugar alcohol to enable func-
tionality, the osmotic properties of the sugar alcohols should
be retained in the modified PBAE. The osmolarity was
measured at 2.5, 5, and 10% polymer concentrations in
100 mM sodium acetate (pH 5.2) (Fig. 3a). DD diacrylate has
two OH functional groups per monomer, hence the unmodi-
fied polymer in itself has osmotic properties. The addition of
sugar alcohols into the backbone enhanced the osmolarity sig-
nificantly. Among the modified polymers, M30 has the highest
osmolarity of about 800 mOsmol, which is about 200 mOsmol
higher than the unmodified polymer DD90 at 10% polymer
concentration. All modified polymers had a positive effect on
osmolarity in comparison with the unmodified polymer.
Doping ligands into the backbone of the polymer can
change polymer-DNA interactions. To analyze the nucleic acid
binding efficiency of these modifications, we performed a
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Fig. 3 Properties of sugar alcohol-modified polymers. (a) Osmolarities
of the polymers at 2.5, 5, and 10% concentrations measured in 100 mM
sodium acetate buffer, and (b) polymer—DNA interaction measured by
the RiboGreen nucleic acid binding assay. Data are presented as the
mean + SD, n = 2.

RiboGreen nucleic acid binding assay. The polymers were seri-
ally diluted in sodium acetate buffer. pDNA with the
RiboGreen dye was added to the polymer solution to allow
binding. Fluorescence was plotted as percentage quenching
against the polymer concentration (Fig. 3b). The ICs, values of
binding can be calculated at 50% quenching, where higher
values indicate weak interaction and vice versa. The logICs,
values increased with higher doping percentages but all poly-
mers showed effective binding to DNA (Table S3%). The
RiboGreen nucleic acid binding assay established efficient
binding of modified polymers to DNA with a trend of 10%
doped polymer binding better than those with 30% doping.
Nucleic acid binding is required but not a sufficient con-
dition to predict the success of a delivery system. For a delivery

This journal is © The Royal Society of Chemistry 2024
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system to work in vitro and in vivo, the nucleic acid should also
be unpacked inside the cell.>**** Complexation and release of
DNA from nanoparticles is a balancing act.*> The efficient
complexation as well as the efficient release of DNA from the
nanoparticle can dictate the transfection efficiency.*® To study
the complexation and release kinetics of the polymer-DNA
complexes, we used gel electrophoresis. All polymers com-
plexed plasmid DNA at weight ratios from 10 to 60
(Fig. S10at). In the presence of heparin (anionic challenge),
complete release was observed in M30, S30, and X30. DD90,
M10, S10, and X10 exhibited partial release profiles even at the
highest heparin ratio (1:32 w/w of polymer to heparin) (as
depicted in Fig. S10b}) might be ascribed to the inherent
hydrophobic nature of these polymers. This indicates that
despite M30, S30, and X30 having good nucleic acid binding,
they can release DNA completely and can achieve a balance
between complexation and release which is an important
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aspect to consider when designing gene delivery agents. The
complete release of pDNA with heparin in the case of M30,
S30, and X30 raises a stability concern against nucleases. To
check for nuclease protection, we treated the nanoparticles
formed with pDNA and the polymer at 1: 60 (w/w) with DNase
I for 30 min and quantitatively measured free DNA with the
RiboGreen dye. We observed that the nanoparticles formed
enabled a high level of protection against DNase treatment,
suggesting the formation of stable nanoparticles with com-
plete encapsulation of pDNA (Fig. S117).

Preparation and characterization of polymer DNA
nanoparticles

All polymers were rapidly self-assembled with pDNA in sodium
acetate buffer at a DNA to polymer ratio of 1:60 (w/w)
(Fig. 4a). The weight ratio was taken from a previously reported
work.'® The size of all the nanoparticles, estimated by
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Fig. 4 Nanoparticle formation and biophysical characterization. (a) Plasmid DNA and polymers mixed at a 1: 60 w/w ratio that self-assembled in
sodium acetate buffer, (b) size as a hydrodynamic diameter, (c) surface charge, (d) osmolarity of the nanoparticles and (e) transmission electron

micrographs of DD90 and M30 (scale bar 75 nm).
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dynamic light scattering, was below 100 nm (Fig. 4b). The zeta
potential of the nanoparticles was estimated to be between 35
and 40 mV (Fig. 4c). The PDI of all the nanoparticles was
below 0.25, indicating a uniform particle size (Fig. S121). The
nanoparticles formed with sugar alcohol-doped polymers did
not vary significantly with the size and charge. We postulate
that polyols might be counterproductive for nucleic acid
binding, but the hydrophobic amines in PBAE enable efficient
binding to pDNA. This interaction is crucial to keep the size of
sugar alcohol modifications below 100 nm. Fig. 4b and c
depict the size and charge of the particles formed with the
commercial transfection agent Lipofectamine 3000 as a
control.

Osmotic stimuli are responsible for caveolae-mediated
endocytosis.*” We measured the osmolarity of assembled
nanoparticles to confirm that their surface properties reflect
the osmolality function. In Fig. 4d, the sugar alcohol-doped
polymeric nanoparticles demonstrated increased osmolarity,
with approximately a 100 mOsmol difference for M30 and
around 50 mOsmol for S30 and X30 in comparison with DD90.
M10 and S10 showed marginally higher osmolarity while X10
showed no changes. Experimental findings demonstrate the
enhanced osmolarity in sugar alcohol-modified nanoparticles,
indicating increased functionality with higher doping
percentages.

To gain structural insights into the nanoparticles, we per-
formed transmission electron microscopy for DD90 and M30.
We observed that the compositional changes in the polymer
lead to different localizations of DNA within the nanoparticles
as observed after positively staining DNA with uranyl acetate.
In the case of DD90, the DNA seems to be compartmentalized
throughout the structure of the nanoparticle, while M30
showed a prominent ring of DNA with a hollow interior
(Fig. 4e). While the implication of the DNA arrangement
within the nanoparticles remains elusive, it might be contri-
buting to the complete release of the pDNA from the nano-
particles as seen with the release studies. We observed that the
packaging of DNA is starkly different between DD90 and M30;
however, there have been reports of the hollow center mor-
phology with hydrophilic PBAE polymers.*®
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Cellular uptake and the mechanism of uptake

Modulating genes responsible for uptake, such as caveolin 1,
have been shown to alter delivery in a cell type-specific
manner.*® Caveolin 1 is upregulated under various disease
conditions, enabling targeting opportunities.®>>**>° Apart from
differential targeting opportunities with caveolae, it is attribu-
ted to an efficient endocytosis pathway for gene transfection.>
To confirm whether sugar alcohol doping in the backbone of
the polymer facilitates selective caveolae-mediated endocytosis,
we checked the uptake of nanoparticles in the presence of
pharmacological endocytosis inhibitors. Four inhibitors, chlor-
promazine (clathrin-mediated endocytosis), cytochalasin D
(macropinocytosis), nystatin, and filipin (caveolae/lipid raft-
mediated endocytosis), were used to access the mechanism of
uptake. To enable this experiment, we labeled pDNA with Atto
488 as detailed in the Materials and Methods section.
Polymeric nanoparticles showed good uptake of nanoparticles
of about 70-90%. The total fluorescence intensity, however,
was the highest for M30 with the sugar alcohol-modified PBAE
(Fig. S131). In the presence of inhibitors, M30, S30, and X30
showed a significant decrease from about 90% to about 50%
with filipin and 30% with nystatin while other inhibitors did
not affect uptake (Fig. 5). DD90, M10, S10, and X10 did not
show entry by any specific pathway as there was no consider-
able decrease in uptake with the inhibitors. This confirms that
the 30 percent molar doping of sugar alcohol polarized the
nanoparticles to a specific caveolae/lipid raft-mediated endocy-
tosis pathway.

Cellular viability and transfection efficiency of sugar alcohol
modification

Ideal nucleic acid delivery systems should possess high
efficiency and minimal toxicity.”> Recent work has reported a
strong positive correlation of hydrophobicity with dose-inde-
pendent transfection.’®>® The cell viability of the polymeric
nanoparticles was estimated by MTT assay in SHSY5Y cell line.
Cells were treated with nanoparticles in complete media with
300 ng of plasmid DNA in a 24-well plate for 24 h as detailed
in the Materials and Methods section. It was observed that
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Fig. 5 Mechanism of endocytosis. Effect of endocytosis inhibitors on the uptake of sugar alcohol-modified nanoparticles in SHSY5Y cells. Flow
cytometry quantification of nanoparticle (with Atto 488-labeled DNA) uptake by the cells in the presence of chemical inhibitors of different endocy-
tosis pathways (mean + SD; 3 independent experiments). The cells were pre-treated with each inhibitor at the desired concentration for 0.5 h at
37 °C and then treated with a 300 ng DNA/24-well plate for 4 h in 10% FBS-containing medium.
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Fig. 6 In vitro cytocompatibility and transfection with sugar alcohol-modified polymers in 10% serum media in SHSY5Y cells: (a) cell viability of the
modified nanoparticles estimated by the MTT assay. The percentage of cellular viability was estimated with respect to the control with no treatment.
(b) Percentage transfection efficacy estimated by flow cytometry. (c) Representative fluorescence microscopy images of the cells transfected to
express eGFP with the unmodified polymer (DD90) and the mannitol-modified polymer (M30) (scale bar 100 um).

DD90, M10, S10, and X10 showed about 70% cell viability,
which could be because of the hydrophobicity of the polymer
(Fig. 6a). However, the sugar alcohols with higher doping
(M30, S30, and X30) showed excellent cell viability. This indi-
cates that doping with sugar alcohols can reduce the toxicity of
the hydrophobic PBAE. All polymers performed significantly
better when compared to the commercial agent Lipofectamine

DAPI Cholera Toxin

DD90

M30

3000 (Fig. S141). The modified polymers showed higher trans-
fection in comparison with unmodified DD90 with over 50%
transfection efficiency in difficult-to-transfect SHSY5Y
(Fig. 6b). M30 emerged as the lead candidate inducing
superior transfection and exhibiting about 80% efficiency,
nearly a two-fold increase compared with DD90 (Fig. 6¢). The
polyols in the sugar alcohols will reduce the hydrophobicity of

Nanoparticles Merged

Fig. 7 Representative fluorescence microscopy images of the colocalization of DD90 and M30 with the cholera toxin B subunit FITC conjugate (a
marker of caveolae/lipid raft endocytosis): cholera toxin (green), nanoparticles (red), and the nucleus (blue). White arrows indicate colocalization.

Scale bar 10 ym.

This journal is © The Royal Society of Chemistry 2024

Nanoscale, 2024, 16, 4114-4124 | 4119


https://doi.org/10.1039/d3nr05300h

Published on 30 Qunxa Garablu 2024. Downloaded on 16/07/2025 10:35:19 AM.

Paper

DAPI Caveolin 1

DDQO---
: - --

View Article Online

Nanoscale

Merged

Fig. 8 Caveolae stimulation in microvascular brain endothelial cells (bEND.3). Caveolae vesicles were detected using fluorescence microscopy to
observe their localization. To ascertain the induction of caveolar endocytosis, caveolin-1 was immunostained (red signal) after a 30-minute treat-

ment with DD90 and M30 complexes. Scale bar 100 pm.

the polymer. Interestingly, hydrophobicity changes with sugar
alcohol modification did not affect the low-dose transfection
efficiencies of the sugar alcohol-modified PBAE. The reduced
hydrophobicity likely contributed to the enhanced cellular
compatibility observed in the study. Interestingly, despite the
decrease in hydrophobicity, the transfection efficiencies of
these modified polymers were found to increase in serum-con-
taining media with low doses of DNA. We found no colocaliza-
tion of the nanoparticles with the lysosomes, ruling out endo-
somal escape for the differences in the transfection observed
(Fig. S157).

M30 and caveolae-mediated endocytosis

To corroborate our uptake study results for the involvement of
caveolae-mediated endocytosis, we performed fluorescence
microscopy studies with caveolae-specific markers.*® Cellular
localization of the modified nanoparticles was observed by
confocal microscopy using a caveolae-specific marker, FITC-
labeled cholera toxin. After 4 h of incubation with DD90 and
M30, we see the colocalization of Atto 488-labeled plasmid
DNA containing nanoparticles with cholera toxin in the case of
M30 (Fig. 7) confirming caveolae/lipid raft-mediated endocyto-
sis. In previous studies, it has been reported that osmotically
active mannitol-modified polyethyleneimine stimulated caveo-
lin 1 in response to its hyperosmotic properties.>® To present a
case for M30’s use in material transport across the blood-
brain barrier, we used microvascular brain endothelial cells -
bEND.3. Cells were grown in a confluent monolayer over a cov-
erslip to check for caveolin 1 expression with immunocyto-
chemistry. The cells were fixed and permeabilized after 30 min
of incubation with DD90 and M30 for caveolin 1 staining.
Fig. 8 shows the abundance of caveolin 1 in M30 in compari-
son with DD90, indicating caveolae induction. For the prospect
of gene delivery across the BBB, we reckon the particles that

4120 | Nanoscale, 2024, 16, 4114-4124

could be used in combination with agonist-induced models of
caveolae induction®® or with physical methods like low-dose
ultrasound.®®

Conclusion

We have developed highly efficient sugar alcohol-modified
PBAE polymers from mannitol, sorbitol, and xylitol. To enable
this modification, we have worked on the backbone incorpor-
ation of sugar alcohols in PBAE to overcome challenges with
ligand conjugation complexity. We were able to synthesize
6 modified polymers doped at 10 and 30% doping ratios to the
diacrylate in the polymer. These polymers showed an increase
in osmolarity properties as expected from sugar alcohols in
the backbone. More importantly, the modified polymers
retained nucleic acid binding. The sugar alcohols at 30%
doping got the balance right with complete complexation and
complete release. The modification also led to selective caveo-
lae-mediated endocytosis. Thus, we believe that the combi-
nation of efficient release and endocytosis mechanisms led to
the efficient transfection of sugar alcohol-modified nano-
particles in the neuronal cell line SHSY5Y. The cellular viabi-
lity profile also increased significantly with 30% doping of
sugar alcohols. M30 was our lead polymer with a high transfec-
tion of about 80% transfection efficiency, twice that of DD90.
There was concluding proof for caveolae-mediated endocytosis
and stimulation with colocalization with a caveolae marker
(cholera toxin) in neuronal cells and an increase in caveolin 1
expression in brain microvascular endothelial cells with M30.
By successfully doping sugar alcohols into the backbone of the
PBAE polymer and achieving efficient transfection, we have
laid the foundation for exploring the potential of these modi-
fied nanoparticles for difficult-to-target organs. The reported

This journal is © The Royal Society of Chemistry 2024
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polymer system has a less toxic composition and the alkyl side
chains in the polymer can enable PEG lipid incorporation for
its use in vivo. Through iterative optimization and exploration,
this strategy has the potential to open up significant possibili-
ties for the development of advanced gene delivery systems
with enhanced transfection efficiency and selectivity, particu-
larly for challenging targets and organs.

Materials and methods

Bisphenol A glycerolate (1 glycerol/phenol) diacrylate (B7; CAS
4687949), 4-(2-aminoethyl) morpholine (S90; CAS 2038-031),
1-dodecylamine (Sc12; CAS 124-22-1), diethylenetriamine (E63;
CAS 111400), mannitol (CAS 69658), sorbitol (CAS 50704),
xylitol (CAS 87990), pyridine (CAS 110861), chlorpromazine
hydrochloride (C0982), nystatin (N9150), filipin III (SAE0087)
cytochalasin D (C8273), Atto 488 amine (74417), Atto 647N
amine (95349), SPB (succinimidyl-{4-( psoralen-8-yloxy)] buty-
rate) (803545), DMSO-D6, dimethylformamide (CAS 68-12-2),
diethyl ether (CAS 60-29-7), thiazolyl blue tetrazolium bromide
(M5655), and the cholera toxin B subunit FITC conjugate
(C1655) were purchased from Sigma-Aldrich. Acryloyl chloride
(CAS 2123990) was purchased from Alfa Aesar. The pEGFP-C1
plasmid (4.7 kb) was amplified in Escherichia coli DH-50 and
pDNA isolated with GenElute™ from Sigma-Aldrich. The
primary antibody against caveolin-1 (ab2910) was purchased
from Abcam. The secondary antibody Alexa Fluor 594 goat
anti-rabbit IgG (H + L) (A11012), ProLong Gold Antifade with
DAPI (P3693), Lipofectamine 3000 (L3000-008), Lysotracker
Red (L7528), and TURBO DNase (2238G2) were sourced from
Thermo Fischer Scientific. Uranyl acetate was procured from
CDH biochemicals.

Synthesis of diacrylate sugar alcohol monomers

Diacrylate monomers of the sugar alcohols were synthesized
according to previous reports.*® 1 g of mannitol, sorbitol, or
xylitol was weighed and dissolved in 20 mL of DMF. The solu-
tion was reacted with 10 mL of pyridine under stirring for
30 min at room temperature. 2 moles of acryloyl chloride in
DMF were added and reacted at 4 °C overnight. The sugar
alcohol diacrylates were precipitated with diethyl ether and
dried in a speed vac.

Polymer synthesis

Polymers were synthesized using a previously reported proto-
col.'® Specifically, the DD90 polymer was synthesized with
bisphenol A glycerolate diacrylate, 4-(2-amino methyl) morpho-
line, and dodecylamine to form the base polymer. The modi-
fied base polymers M10, S10, X10, and M30, S30, and X30 were
synthesized with 10% and 30% molar doping concentrations
of MDA, SDA, and XDA, respectively, to bisphenol A glycerolate
diacrylate. The detailed stoichiometric molar ratio is given in
Table S1.7 The diacrylates and amines were reacted at 90 °C
for 48 h in DMF under stirring. Following this reaction, the
polymers were capped with 1.5 moles of diethylenetriamine
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for 2 h at room temperature in DMSO. The polymers were pre-
cipitated, washed twice with diethyl ether, and dried under
vacuum. The polymers were dissolved in DMSO at 100 mg
mL™" concentration and stored in single-use aliquots at
—20 °C with a desiccant.

NMR

NMR spectra were recorded on a 400 MHz Bruker (400 MHz
for "H-NMR). Polymers were dissolved in DMSO-d, at a concen-
tration of 20 mg/0.6 mL. The chemical shifts are reported in
ppm and appear downfield to tetramethylsilane using the reso-
nance of the deuterated solvent as an internal standard.
Splitting patterns are designated as singlet (s), doublet (d),
triplet (t), and multiplet (m).

Gel permeation chromatography

GPC measurements were performed on a Malvern Omnisec
instrument having an RI detector and a Shodex KD-806 M
column with DMF as an eluent with a flow rate of 0.7 mL
min~" at a temperature of 35 °C with 0.01 M LiBr and PMMA
as standards for all the samples. The results were analyzed by
using Omnisec software. The sample peaks were analyzed for
obtaining M, My, and PDI using the conventional calibration
method. Samples for the GPC measurement was prepared
(6 mg mL™") by filtering solutions through a 0.2 pm nylon
filter into a 2 mL GPC glass vial.

Osmolarity measurement

Osmolarity values were measured in an aqueous buffer of
100 mM sodium acetate (pH 5.2). Polymers DD90, M10, M30,
$10, S30, X10, and X30 were dissolved in 2.5, 5 and 10% con-
centrations and were measured as mOsmol using a cryoscopic
osmometer (OSMOMAT 3000, GENOTEC).

Nucleic acid binding assay

The sugar alcohol-modified polymers were evaluated for
nucleic acid binding with the RiboGreen nucleic acid dye. The
polymers were serially diluted from 100 pug pL ™" concentration
in 25 mM sodium acetate buffer. The pDNA (pEGFP-C1) solu-
tion was prepared at a 1 ug mL ™" stock concentration with the
RiboGreen dye in 25 mM sodium acetate buffer. 25 pL of the
polymer solution was mixed with 75 pL of nucleic acid/
RiboGreen solution in 96 well-black bottom plates. The
samples were incubated for 20 min at 37 °C. The fluorescence
reading was taken using a Tecan Infinite M200 Pro. Nucleic
acid affinity with the polymers was characterized using the
ICs, value of binding. The ICs, value was obtained by plotting
the fluorescence quenching as a function of polymer concen-
tration and fitting a sigmoid curve to the data. Lower ICs,
values indicate higher binding and vice versa.

Complexation and release by gel electrophoresis

Complexation and release studies were performed using the
gel electrophoretic technique. Agarose gels were cast with 1%
agarose dissolved in Tris-acetate-EDTA (TAE) buffer. 25 ng of
plasmid was loaded per well. Polymers with different w/w
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ratios (1:0.5, 1:1, 1:5, 1:10, 1:20, 1:30, 1:40, and 1:60)
were added to DNA to check the complexation variations
between the polymers. For release studies, the DNA plasmid
ratio was fixed to 1: 60 (w/w), and the heparin weights were set
in gradients of 1:0.25,1:0.5, 1:1,1:2,1:4, 1:8, 1:16, and
1:36 to the polymers and incubated for 30 min. Orange
loading dye was added to the sample before loading the
sample to the gel, electrophoresis was run at 100 V for 10 min
and the gel was visualized using a gel doc system.

DNase assay

The ability of the nanoparticles to protect pDNA from
nucleases was assayed with DNase treatment. Particles with a
pDNA to polymer ratio of 1:60 (w/w) were formed using 2 pg
of DNA in 25 mM sodium acetate (pH 5.2). Following incu-
bation for 10 min, samples were split into two groups with and
without DNase treatment. Nanoparticles were treated with 1 U
uL™" of DNase I at 37 °C for 30 min. Samples were transferred
to 96 well-black bottom plates and 100 pL of RiboGreen solu-
tion (5 pg ml™") was added to each sample to measure free
DNA. The fluorescence intensity was determined using a
TECAN plate reader. The percentage of pDNA protection was
defined as (fluorescence with DNase)/(fluorescence without
DNase) x 100.

Nanoparticle formation and characterization

The plasmid DNA and polymer at 1:60 (w/w) were pipette
mixed with 25 mM sodium acetate (pH 5.2) to formulate par-
ticles and incubated for 10 min at room temperature. For size
measurements, 4 pg of plasmid was used in nanoparticle for-
mation with polymers. Nanoparticles with Lipofectamine 3000
were formed as per the manufacturer’s protocol. The nano-
particles were diluted in MilliQ at 0.002 pg pl™" concentration
and for zeta potential measurement, the nanoparticles were
diluted in 10 mM NaCl and analyzed using a Zetasizer Nano
ZS (Malvern Instruments, UK). The osmolarity of nanoparticles
was measured using an Osmometer 3000 (GENEOTEC).

Transmission electron microscopy

TEM imaging was performed to get insight into the location of
DNA within the nanoparticles. The formed nanoparticles were
deposited on 200 mesh copper grids. The copper grids were
washed with ultrapure water to remove buffer salts. The grids
were then washed with 1% (w/v) uranyl acetate in ultrapure
water and air-dried overnight. Samples were examined on a
TECNAI G2 20 Twin electron microscope. 10-15 fields were
captured for each sample.

Cell culture

In vitro experiments were performed using human neuroblas-
toma cells (SHSY5Y) provided by Beena Pillai at CSIR-IGIB.
Mouse brain microvascular endothelial cells (bEND.3) were
procured from AddexBio. The cells were passaged with DMEM
supplemented with 10% FBS from Gibco and were maintained
and cultured using previously established conditions.
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Plasmid labeling

The plasmid was labeled as reported previously.>* 100 pl (1 pg
uL™") of pDNA was incubated with 12.5 uL (1 pg pL™") of NHS-
psoralen in a round bottom 96-well plate. The reaction took
place under a 365 nm UV lamp for 25 min to crosslink psora-
len with plasmid DNA. The samples were kept in an ice bath
to prevent denaturation. Following the crosslinking reaction,
40 pg of Atto 488 amine was added and incubated in the dark
for 1 h incubation at room temperature. The labeled plasmid
was purified by ethanol precipitation. DNA was resuspended in
nuclease-free water and stored at —20 °C for further use.

Mechanism of uptake with endocytosis inhibitors

The seeded cells in 24 well plates were incubated with inhibi-
tors chlorpromazine (10 pg mL™), filipin III (7.5 uM), cytocha-
lasin D (500 nM), and nystatin (50 pug mL™") for 30 min.
Nanoparticles formed with Atto 488-labeled plasmid were
added to the cells at 300 ng of DNA per well and incubated for
4 h at 37 °C. Any signal from the membrane-bound nano-
particles was quenched with 0.04% trypan blue. Flow cytome-
try was performed to estimate the uptake of nanoparticles. The
results were recorded with an FL1 green channel. The percen-
tage uptake was obtained using BD accuri software and plotted
with the presence and absence of inhibitors for comparison.

Transfection efficiency and cytotoxicity

The cells were plated at 50 000 per 24 well in 400 pL of com-
plete media and allowed to adhere overnight. The nano-
particles were formulated with plasmid DNA (pEGFP-C1) as
described earlier at 1:60 (v/v) of DNA to the polymer. The
nanoparticles were incubated with the cells in complete media
for 24 h at 300 ng per well. For transfections using commer-
cially available reagents, Lipofectamine 3000 (Thermo Fisher
Scientific) was used as instructed by the manufacturer. After
24 h, cytotoxicity was measured by the MTT assay and transfec-
tion was evaluated by flow cytometry. For viability assay, the
MTT reagent was added in opti MEM to obtain a final concen-
tration of 0.5 mg mL™" and incubated at 37 °C for 2 h. The
medium was carefully aspirated and 200 pL of DMSO was
added to solubilize the formazan crystals and the absorbance
was measured using a Tecan microplate reader. The cell viabi-
lity of the treated cells was normalized to that of untreated
controls. For the estimation of the gene expression of the GFP
reporter, flow cytometry was performed on a BD Accuri Cé6.
The percentage of positive GFP was calculated using BD Accuri
C6 software and plotted.

Lysosome colocalization

SHSY5Y cells were seeded in 24 well plates at 50 000 cells per
well density. At 60-70% confluency, the cells were incubated
with nanoparticles of DD90, M30, S30, and X30 carrying Atto
488-labeled plasmid DNA. After 4 h, the medium was removed
and Lysotracker Red (50 nM) was added in Fluorobrite
medium and incubated for 10 min. Later, the cells were
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washed with PBS and imaged in Fluorobrite medium with
EVOS M5000.

Colocalization with cholera toxin

The cells were seeded at 60 000 per 12-well plate on a coverslip
to adhere overnight. The nanoparticles DD90, M30, S30, and
X30 formed with Atto 647-labeled plasmid were incubated with
the cells in fresh media for 3 h. Cholera toxin labeled with
FITC was added to the wells as per the manufacturer’s instruc-
tion and incubated for 30 min. The coverslips were fixed with
4% paraformaldehyde for 15 min and mounted with ProLong
Gold Antifade with DAPI on a glass slide and sealed. Images
were captured using a Leica SP8 confocal microscope.

Immunocytochemistry in bEND.3

bEND.3 cells were seeded in a 6-well plate with a coverslip at
100 000 cells per well to adhere overnight. After 4 h of transfec-
tion with the nanoparticles, the cells were washed with PBS
and fixed with 4% paraformaldehyde for 15 min at room temp-
erature. After fixation, the cells were washed gently with PBS,
followed by permeabilization with washing buffer (0.1%
Triton-X100 in PBS for 5 min). The cells were kept submerged
in a blocking buffer (5% BSA in PBS with 0.1% Tween 20) for
60 min at room temperature. Subsequently, the blocking
buffer was switched with the primary antibody solution (anti-
caveolin 1 antibody diluted to 1:500 in blocking buffer), and
the cells were kept submerged in it overnight at 4 °C. The fol-
lowing day, the primary antibody solution was discarded, and
the cells were washed with washing buffer before treatment
with the secondary antibody solution (goat anti-rabbit IgG (H
+ L) secondary antibody Alexa Fluor 594 diluted to 1:800 in
blocking buffer) for 60 min. Next, the secondary antibody solu-
tion was discarded, and the cells were washed with washing
buffer. The glass coverslip was mounted on top of the cells
using ProLong Gold Antifade (with DAPI) and images were
visualized using a Life Technologies Floid Cell Imaging
Station.

Statistics

Statistical analyses were performed using GraphPad Prism soft-
ware (GraphPad Software, Inc.). The results are depicted as the
mean and standard with three repeats if not stated otherwise.
Significance was calculated with two-way ANOVA. Statistical
significance was denoted as follows: *p < 0.05, **p < 0.01, ***p
<0.001, ****p < 0.0001.
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