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Furan-rich, biobased transfection agents as
potential oligomeric candidates for intracellular
plasmid DNA deliveryf
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Biobased, DNA delivery vectors have been synthesized with a core motif composed of 2,5-
bishydroxymethylfuran (BHMF) readily available from an important biomass feedstock 5-hydroxymethyl
furfural (HMF). To generate the product, BHMF was first converted to 2,5-furan bishydroxymethyl
diacrylate (2,5-FDA), which was later conjugated with different types of secondary amines. Rich in tertiary
nitrogen, these oligomeric FDA-amino esters demonstrated stable electrostatic interactions with
negatively charged plasmid DNA in an aqueous environment. We evaluated synthetic routes toward
these plasmid DNA-binding amino esters (pFASTSs), identified their nanoscale features, and attempted to
establish their structure—property relationship in the context of the DNA delivery. Our preliminary studies
show that the pFASTs formed stable complexes with the plasmid DNA. Dynamic light scattering
indicated that the DNA polyplexes of pFASTs have hydrodynamic diameters within the size range of
100-150 nm with a surface charge ({-potential) ranging from —10 to +33 mV, depending on pFAST type.
These oligomeric amino esters rich in furan motif were also found to successfully transfect the GFP-
expressing plasmid DNA intracellularly. Collectively, this study establishes a new route to produce DNA
transfection agents from sustainable resources that can be used for transferring genetic materials for

rsc.li/rsc-advances

1. Introduction

Gene therapy is rapidly emerging as a new therapeutic approach
for treating a variety of inherited and acquired diseases that
were previously considered incurable. While viral vectors have
been widely used for gene delivery in research and some have
recently been approved for clinical use, concerns about their
safety, including potential mutagenicity and immune reactions,
persist. As a result, there is increasing interest in developing
safer alternatives, such as polymeric nanomaterials, which offer
promising properties for biomedical applications.* This class of
nanomaterials play a crucial role in gene therapy by serving as
vectors for delivering genetic material into cells.> Their versa-
tility of the chemistry of polymers allows for the synthesis of
nanoparticles that can be tailored to protect and transport
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humans, veterinary, and agrochemical purposes.

nucleic acids efficiently. Polymers, particularly cationic vari-
ants, can form stable complexes with DNA or RNA through
electrostatic interactions. Additionally, polymers can be engi-
neered for controlled release of the nucleic acid, biocompati-
bility, and reduced toxicity, addressing key challenges in gene
delivery. However, optimizing polymer vectors for efficient gene
release and targeting remains a focus in advancing gene therapy
applications." To optimize gene delivery properties of polymeric
vectors, several key feature of the polymer can be adjusted. For
example, excessive levels of cationic charge density can
compromise cell membranes and provoke immune responses
and inflammation, causing substantial cytotoxicity. Reducing
these toxic effects can be achieved by masking these charged
groups via covalent- or non-covalent modifications.”® Fine-
tuning the topology of polymers, introduction of stimuli-
sensitive units, and cell-specific targeting ligand further
augment the biological efficiency of polymeric gene vectors,
chemical stabilization of the genetic cargo, and minimization of
cytotoxicity. In addition, variation of polymer topologies was
found to improve the efficiency of gene delivery vectors."* In
this work, we describe a route to synthesize biobased gene
transfection vector. There are no significant reports of biobased
gene vectors in the literature. With the increasing emphasis on
using sustainable resources to produce a value-added products,
pharmaceuticals and biotech industries are pivoting towards
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the practice of green chemistry principles to improve the
techno-environmental impacts of their manufacturing
processes. Aligning with the current trend of sustainability in
molecular design, we aim to generate a biobased, soft platform
for intracellular transport of therapeutically active polynucleic
acids, such as DNA, RNA, or other genetic fragments. One of the
basic requirements of these biomacromolecules is to provide
steric and electrostatic protection to the complexed nucleic
acids.>™ A large fraction of gene transfection agents bear poly-
(B-amino ester) as their central molecular motif, owing to their
biocompatible complexation with the polynucleotides, biode-
gradability, and ease of synthesis.*' Numerous modifications
and structure-activity relationship studies have been done on
this class of gene transfection agents, identifying that the effi-
ciency of these amine-rich esters in complexing genetic mate-
rials depends on the type, spacing, and charge density of the
cationic centers along the macromolecular backbone.?®?%*-37
However, none of these compounds are enriched in monomers
derived from sustainable chemical alternatives. We opted out to
demonstrate the feasibility of synthesis of oligomeric gene-
transfection agents which are composed of monomeric units
directly derived from bio-derived starting materials. Our central
hypothesis is the fact that, f-amino esters formed via Michael
addition between a secondary amine, often time as part of
a heterocyclic ring, and an aliphatic biobased acrylate will act as
an efficient plasmid DNA vehicle.?***?** We are particularly
interested to investigate how a biobased, furan-based acrylate
monomers, that can be connected to bifunctional secondary
amines via B-amino ester linkages, and how spacing of the
aromatic furan rings within the oligomeric chain affects their
DNA complexation capabilities. Our interest stems from two
reasons - (1) furans when coupled with an appropriate combi-
nation of amines, are supposed to provide interesting steric
effects due to molecular planarity and symmetry of the furan
conducive to gene transfection,'****” and (2) furan-based acry-
lates can be obtained in large quantity from biobased materials,
and the use of materials obtained with reduced carbon footprint
is slowly gaining traction in biotechnology research.*® There-
fore, with an aim to expand the molecular repertoire of gene
transfection agents with high biobased contents, and to estab-
lish a synthetic route to access these macromolecules, we
synthesized new B-amino ester-linked macromolecules derived
from biobased, 2,5-bishydroxymethyl furan (BHMF). We first
prepared bis(acrylate) ester of BHMF, 2,5-furan diacrylate (FDA),
which was then reacted with different types of secondary
amines via Michael addition to produce plasmid DNA-
complexing, furan-amino esters, abbreviated as pFASTs. It is
important to note that, the BHMF is a reduction product of 5-
hydroxymethylfurfural (HMF), which in turn, is a value-added
product of conversion of biomass-derived carbohydrates. As
an important biobased platform, HMF can be produced effi-
ciently through the dehydration of carbohydrates, acid-
catalyzed hydrolysis and dehydration of cellulose, and even
from food waste. This compound features two reactive sites (at
the C2 and C5 positions of the furan ring) and an aromatic
structure, making it highly versatile for various chemical reac-
tions. As a result, HMF and its derivatives are valuable for
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creating polymer architectures, as their bi-functional nature
enables the formation of diols, diacids, and diamines.*® As such,
HMF is listed among the top 14 biobased chemicals by the U.S.
Department of Energy.*® To prove our hypothesis that biobased,
furan-rich, B-amino ester linked oligomers are able to interact
with genetic materials, we evaluated as a proof-of-concept, DNA
binding and non-cytotoxic transfection capacities of these
compounds inside eukaryotic cells to interact with gene expres-
sion machinery. We observed that pFASTs indeed mediate gene
transport via the formation of a complex of distinct nanoscale
features, ie., hydrodynamic diameter and zeta ({-potential).
Collectively, this work demonstrates for the first time the
synthetic route of biobased polyamines based on furan acrylates
that can potentially be applied for gene delivery applications.

2. Materials and methods

2.1. Reagents and instrumentation

Unless otherwise stated, all commercially procured materials
were used as received without further purification. 5-Hydrox-
ymethylfurfural was purchased from Avantium and RANEY® Ni
catalyst from Sigma-Aldrich. All mention of silica gel refers to
Sorbtech standard grade silica gel: 230-400 mesh. N,N'-Dime-
thylethylenediamine, sodium borohydride, piperazine, and 4,4'-
trimethylenedipiperidine were purchased from Sigma-Aldrich
(St. Louis, MO, USA). All reagents were used without further
purification. Plasmid DNA (pBR322) was purchased from
(ThermoFisher Scientific, USA). HFF2, L929, MiaPaca2 cells
(ATCC, Manassas, VA, USA) were cultured in DMEM (Invitrogen,
Carlsbad, CA, USA) supplemented with 10% fetal bovine serum
(Invitrogen) and 1% penicillin-streptomycin. Quant-IT Pico-
Green dsDNA reagent was purchased from Invitrogen. Melting
points were determined on a REACH Devices RDMP digital
melting point apparatus and are uncorrected. Nuclear magnetic
resonance spectra were recorded on a Bruker Avance 400 MHz
instrument and processed with Topspin software. The FTIR
figures were prepared using Origin Pro (ESI Fig. S1t). High
resolution mass spectra were recorded on Waters Synapt G2-Si
high-definition mass spectrometer and were processed using
MassLynx (ESI, Fig. S2t). Unless otherwise stated, all reactions
were stirred magnetically by polytetrafluoroethylene coated
magnetic spin-bars.

2.2. Synthesis of 2,5-bis(hydroxymethyl)furan

To a 2000 mL round bottom flask, 5-hydroxymethylfurfural
(100 g, 793 mmol) was added in portions to deionized water (200
mL), and then the mixture was chilled on an ice bath. Sodium
borohydride (30 g, 793 mmol) was carefully added to the open
flask in a well-ventilated fume hood as it was stirred magneti-
cally. The reaction mixture was stirred on ice for 2 h then
allowed to react at room temperature overnight. Sodium chlo-
ride was added to the reaction mixture, and the mixture was
extracted with ethyl acetate at 0 °C several times until no
product in the aqueous phase were available. The organic phase
was then dried with Na,SO,. The white crystalline solid (99.2 g,
97% yield) was directly used in next step without further

© 2024 The Author(s). Published by the Royal Society of Chemistry
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purification. The obtained spectroscopic and analytical data for
the product corresponded to those reported in the literature.

o)
o) NaBH,4 (1.0 equiv) o)

\ ] H Ho ) ow

'H (400 MHz, MeOH-d,) 6 6.23 (s, 2H), 4.84 (bs, 2H), 4.48 (s,
4H); "H (400 MHz, CDCl;) 6 6.10 (s, 2H), 4.42 (s, 4H), 4.35 (bs,
2H); 'H (400 MHz, D,0) 6 6.38 (s, 2H), 4.58 (s, 4H); *C (101
MHz, MeOH-d,) 6 155.7 (2C), 109.1 (2C), 57.4 (2C); *C (101
MHz, D,0) § 153.7 (2C), 109.1 (2C), 55.8 (2C). (NMR spectra is
shown in ESI Fig. S2A%).

HO

H,0, 0-tt,

2.3. Procedure for synthesis of 2,5-bishydroxymethyl furan
diacrylate

2,5-Bishydroxymethyl furan diacrylate (2,5-FDA) was prepared
through the reaction of hydroxyl groups of BHMF with acryloyl
chloride.® Triethylamine (3.48 mL, 0.025 mol) was added to
a solution of BHMF (1.28 g, 0.01 mol) in THF (100 mL) at 0 °C
under a nitrogen atmosphere. The mixture was stirred at 0 °C
for 15 min. Acryloyl chloride (2.17 mL, 0.025 mol) was slowly
added to the solution, and the reaction mixture was stirred for
12 h at room temperature. After the reaction, the solution was
filtered to remove triethylamine hydrochloride. The filtrate was
concentrated by rotary evaporation. The residue was dissolved
in ethyl acetate, and then washed with brine, dried with Na,SOy,,
and concentrated under vacuum to give a yellow oil. The
product was further purified on a silica gel column (0-50% ethyl
acetate/hexane) to yield 2,5-bishydroxymethyl furan diacrylate
(1.32 g, 56% yield).
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weighed into two separate glass vials and then dissolved in THF
(2 mL). The diamine-containing solution was incorporated into
the diacrylate solution via slow addition. The reaction vial was
sealed with a Teflon-lined screw cap, and the reaction was
heated to 50 °C with constant stirring. The reaction was allowed
to run for 72 h after which the mixture was cooled to ambient
temperature. The reaction mixture was poured gently into
diethyl ether, and the ether suspension was stirred vigorously to
initiate precipitation. Finally, the suspension was centrifuged at
10 000 rpm to produce pFAST pellets, which were collected via
decantation of the ether supernatant. The pellet was dried
under a vacuum prior to analysis. The reaction pathways are
shown in Scheme 1 in the manuscript. The synthetic pathway is
shown in Scheme 1 later.

2.5. Chemical characterization of pFASTs

2.5.1. Attenuated total reflectance (ATR)-FTIR spectros-
copy. ATR-FTIR of pFAST products, as well as the reactants, i.e.,
furan diacrylate, N,N’-dimethylethylenediamine, piperazine,
and 4,4'-trimethylenedipiperidine, was carried out using
a Thermo Scientific Nicolet 8700 FTIR instrument. The samples
were scanned 64 times. Spectra were collected in the range of
4000-600 cm ™ '. The percentage of infrared transmittance was
used to express the results.

2.5.2. Gel permeation chromatographic measurements.
Gel permeation chromatographic measurements were per-
formed using a differential RI detector on a GPC system (Eco-
SEC HLC-8320GPC, Tosoh Bioscience) using polystyrene
(Agilent EasiVial PS-H 4 mL) as the standard and THF as the
eluent at a flow rate of 0.35 mL per minute at 40 °C. The sample
concentration was 2 mg mL ", and 20 pL of it was administered.

0
o EtzN
HOMAOH + G

THF, 0-rt, 12 h

"H NMR (400 MHz, CDCl;) 6 6.45 (d, ] = 1.4 Hz, 1H), 6.41 (d, J
= 2.6 Hz, 1H), 6.40 (d,/ = 1.4 Hz, 2H), 6.15 (dd, J = 10.5, 2.3 Hz,
1H), 6.11 (dd, J = 10.4, 2.3 Hz, 1H), 5.85 (d,J = 1.4 Hz, 1H), 5.83
(d, J = 1.5 Hz, 1H), 5.12 (s, 4H). *C NMR (100 MHz, CDCI;)
4 165.4, 150.0, 131.3, 127.8, 111.6, 57.9. FTIR (neat) cm™': 3010,
1725, 1409, 1255, 1172, 1041, 985, 809; HRMS (ESI) caled for
C1,H1,05Na’ [M + Na]' 259.0577, found 259.0583 (NMR spec-
trum is shown in ESI Fig. S3 and S47).

2.4. Synthesis of pFASTs

2,5-Furan diacrylate (2,5-FDA) was combined at 1:2 molar
ratios with three distinct diamines, including N,N'-dimethyle-
thylenediamine, piperazine, and 4,4"-trimethylenedipiperidine,
to synthesize three different biobased poly-B-amino esters
(pFASTs), such as pFAST 1, 2, and 3. The reaction procedure was
modified from that reported earlier (0.5 mM FDCA, 1 mM
diamines).>****** Individual amines and FDCA were first

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.5.3. NMR Spectroscopic analysis. '"H and "*C NMR spec-
troscopic investigations were carried out in a Bruker 400 MHz
spectrometer using TMS as the internal standard. The
compounds under investigation were dissolved in DMSO-d and
CDCl;. The characteristic spectral assignments for different
types of pFAST systems are shown below (spectra are shown in
ESI, Fig. S4-S107).

pFAST-1: "H NMR (400 MHz, CDCl;) 6 6.39 (s, 2H), 4.92 (s,
4H), 3.30 (dd,J = 10.5, 5.3 Hz, 2H), 2.51-2.41 (m, 5H), 2.34 (t,] =
5.3 Hz, 5H), 2.25 (s, 4H), 2.02 (s, 6H). >°C NMR (100 MHz,
DMSO) é 171.6, 150.0, 111.6, 57.5, 54.7, 52.7, 41.9, 32.0. FTIR
(neat) em™": 3310, 1730, 1590, 1385, 1172, 1020. pFAST-2: 'H
NMR (400 MHz, CDCl3) 6 6.36 (d, J = 1.4 Hz, 2H), 5.04 (d, J =
2.7 Hz, 4H), 3.47 (q, ] = 7.0 Hz, 2H), 2.85 (t,] = 4.7 Hz, 3H), 2.68
(t,J = 7.2 Hz, 5H), 2.58-2.46 (m, 7H), 2.46-2.37 (m, 7H). *NMR
(100 MHz, DMSO) 6 171.6, 150.0, 111.6, 57.5, 53.1, 52.4, 31.7.
FTIR (neat) cm™': 3370, 1730, 1590, 1380, 1172, 1020. pFAST-3:
'H NMR (400 MHz, CDCI;) 6 6.36 (s, 2H), 5.03 (s, 4H), 3.47 (q,J] =

RSC Adv, 2024, 14, 32637-32647 | 32639
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Scheme 1 Synthetic pathway to pFAST-1, 2 and 3 via Michael addition of secondary amines to 2,5-FDA. These products were purified by

repeated precipitation from diethyl ether.

5.3 Hz, 2H), 2.83 (d, ] = 7.8 Hz, 6H), 2.66 (t, ] = 5.5 Hz, 6H), 2.53
(t,J = 5.5 Hz, 6H), 1.92 (t,] = 7.9 Hz, 6H), 1.87-1.81 (m, 2H), 1.62
(d,J = 6.3 Hz, 6H), 1.31-1.03 (m, 22). "> CNMR (100 MHz, CDCI;)
6172.3,150.2, 111.6, 58.1, 53.8, 36.8, 35.7, 32.4, 32.3, 25.7, 24.0,
15.4. FTIR (neat) cm™': 3370, 1730, 1590, 1385, 1172, 1020.

2.6. pFAST-DNA polyplex formation and characterization

2.6.1. DNA/pFAST polyplex synthesis. DNA/pFAST poly-
plexes were formed by adding plasmid DNA solution (either
PBR322 or gWiz-GFP separately, dissolved in 100 pL in DNAse
free water) to the pFAST solution (pFAST 1-3) at three different
w/w ratios (1:10, 1:50, 1:100). The pFAST solutions were
prepared in 100 pL in 25 mM sodium acetate buffer, pH-5.5. The
concentrations were adjusted to yield desired DNA/pFAST
weight ratios. The samples were incubated at room tempera-
ture for 30 min for the polyplex formation.

2.6.2. DNA binding through PicoGreen assay. The pFAST
samples and two control candidates, ie., polyethyleneimine
(PEI) and poly(ethylene glycol)-3-poly(i-lysine) (PEG-PLK) were
dissolved in DMSO and diluted in sodium acetate buffer to
a final concentration of 6 mg mL ™. In a 96-well plate, 50 uL per
well of the diluted polymer was mixed with 50 puL per well of
plasmid DNA solution (60 ug mL™" in sodium acetate buffer).
The pFAST product concentrations were adjusted so as to
produce a DNA-to-pFAST weight ratio of 1:10, 1: 50, and 1:100
w/w. The solutions were thoroughly mixed and left undisturbed
for 5 minutes to allow for pFAST-DNA complexation to take
place. Following this, 100 pL per well of PicoGreen solution was
added. This working solution was prepared by diluting 80 pL of

32640 | RSC Adv, 2024, 14, 32637-32647

stock solution into 15.2 mL sodium acetate buffer. In a black 96-
well polystyrene plate, 30 pL per well of the pFAST-DNA, Pico-
Green solution was added at 200 pL per well of DMEM medium
after 5 minutes. The fluorescence of the plate was then
measured using a SpectraMax microplate reader at an excitation
wavelength of 485 nm and an emission wavelength of 535 nm.
The following equation was used to compute the relative fluo-
rescence (RF):

Relative fluorescence (RF) = Frampte = Fotank
Fona — Fotank
where Fsample is the fluorescence of a pFAST-DNA-PicoGreen
sample, Fpank is the fluorescence of a sample that contains
neither pFAST nor DNA (only PicoGreen), and Fpya is the fluo-
rescence of a DNA-PicoGreen sample (no pFASTS).

2.6.3. Dynamic light scattering of DNA/pFAST polyplexes.
To form the DNA/pFAST polyplexes, 500 uL of each pFAST was
dissolved in sodium acetate buffer and was mixed with 500 pL
of plasmid DNA (either pBR322 or gWiz-GFP) dissolved in
DNAse free water. The concentration was adjusted so as to
produce 1:10, 1:50:1:100 w/w of DNA-to-pFAST ratio. After
incubation for 5 min at room temperature, 1.2 mL of 10%
serum-containing medium was added to the mixture, which was
then immediately subjected to DLS measurements using a zeta
sizer (Malvern zeta sizer).

2.6.4. pFAST/DNA binding through agarose gel electro-
phoresis. pFAST/DNA polyplexes formed by mixing the pFASTs
and DNA at different weight ratios were used for gel retardation
assay to check the efficiency of pFASTs towards DNA binding.
Polyplexes were run in 1% agarose gel at 75 V for 1 h using 1x TBE

© 2024 The Author(s). Published by the Royal Society of Chemistry
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as the running buffer. Samples were loaded on the gel with
a loading buffer consisting of 10% Ficoll 400. As a visual indicator,
ethidium bromide was used for the identification of DNA bands.

2.6.5. Transmission electron microscopy. ~10 pL (a drop)
of each pFAST sample, polyplexes with DNA was placed on
a 300-mesh formvar-carbon coated copper grid (Ted Pella Inc.,
Redding, California, USA). After two minutes, excess water was
wicked off with filter paper. The negative stain phosphotungstic
acid 0.1%, pH adjusted to 7-8, was dropped onto the grid and
allowed to stand for two minutes and then again wicked off. The
grid was allowed to air-dry. Images were obtained using a JEOL
JEM-1400 flash transmission electron microscope (JEOL USA,
Peabody, Massachusetts, USA) operating at an accelerating
voltage of 200 keV at the NDSU Electron Microscopy Core.

2.6.6. In vitro cell viability assay. Skin fibroblast cells
(HFF2) and MIA PaCa 2 (KRAS mutated pancreatic ductal
adenocarcinoma cells) were seeded in a 48-well plate (10 000
cells in each well) overnight. On the next day, cells were treated
with pFASTs, branched PEI of 25 kDa, and poly(ethylene glycol)-
b-poly(i-lysine) of 21 kDa at various concentrations from 10-100
ug mL ', Here branched PEI and poly(ethylene glycol)-b-poly(v-
lysine) were used as controls. AlamarBlue was added to the wells
(10% of the media volume) 24, 48, and 72 h of after the initia-
tion of the treatment, and the cells were incubated under 5%
CO, at 37 °C for an additional 3-4 h. Finally, the fluorescence
intensities of the samples were checked in a microplate reader
(SpectraMax®) at an excitation and an emission wavelength of
560 and 590 nm, respectively.

2.7. Transfection experiments

2.7.1. Cells & media. Human lung epithelial A549 cells
(ATCC: CCL-185) were maintained using F-12 nutrient medium
(Life Technologies Inc.) with 10% fetal bovine serum (Sigma-
Aldrich), 2% penicillin-streptomycin (Life Technologies Inc.),
and 1% amphotericin B (Life Technologies Inc.).

2.7.2. Intracellular distribution of pFAST-DNA complex.
A549 cells were grown on a coverslip in a 24-well tissue culture
plate (Corning) to more than 50% confluency. The cells were
then mock-incubated or incubated with pFAST-GFP plasmid
DNA for 48 hours at 37 °C in a 5% CO, incubator. At 48 hours
post-incubation, the cells were fixed with 4% paraformaldehyde
(PFA) (politiscience) in 1x DPBS (Life technologies Inc.). All
incubation and staining were followed by 3 x wash in 1x DPBS.
The fixed cells were permeabilized by incubating the cells in
0.5% TritonX-100 (Sigma-Aldrich) in 1x DPBS for 30 minutes.
The cells were then stained with rhodamine-phalloidin (1 : 500,
in 1x DPBS) (Cytoskeleton Inc.) for 30 minutes. Similarly, the
cells were stained with Nunc Blue nuclear dye (DAPI) (2 drops in
1000 pL 1x DPBS) (Life Technologies Inc.) for 20 minutes. The
coverslip was mounted on a cover glass using Prolong Gold
mounting media (Life Technologies Inc.). The slides were Z-
stack imaged under a Leica DMI8 fluorescence microscope
(Leica Microsystems) or an Olympus FV3000 confocal micro-
scope (Olympus) using a 63x oil objective. The images were
processed using IMARIS image processing software (Oxford
Instruments).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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3. Results and discussion

3.1. Chemical synthesis and characterization of biobased
DNA transfection agents

To evaluate the feasibility of our strategy, first, we prepared
three different pFASTs by using biomass-based 2,5-furan dia-
crylate (2,5-FDA). This compound, ie., 2,5-FDA was prepared
through the reaction of hydroxyl groups of BHMF with acryloyl
chloride, which was purified as a yellow oil.? In the presence of
triethylamine, this reaction was conducted in THF at 0 °C under
a nitrogen atmosphere. After silica gel column (0-50% ethyl
acetate/hexane) purification, it was possible to synthesize 2,5-
FDA at 56% yield. This compound was then reacted with three
different secondary amines to produce the PFAST motifs,
namely pFAST 1-3 (Scheme 1). The route of acrylate reactions to
secondary amines is well-studied in polymer synthesis. For our
studies, we reacted 2,5-FDA at 1:2 molar ratios with three
distinct diamines, including N,N'-dimethylethylenediamine,
piperazine, and 4,4'-trimethylenedipiperidine, to synthesize
PFAST 1, 2, and 3, respectively (Scheme 1). A molar ratio of
0.5 mM FDA to 1 mM diamine was maintained. The reactions
were carried out in the solution phase, where individual amines
and FDA were dissolved in THF (2 mL) separately and then the
diamine-containing solutions were added slowly into the dia-
crylate solution. The reaction vials were not required to purge
under inert conditions, however, were tightly sealed with
a teflon-lined screw cap. The reaction mixture was heated to 50 °©
C for 72 h. We employed multiple precipitations from diethyl
ether after the stipulated reaction period, followed by centrifu-
gation at 10000 rpm to collect the products. The purified
compounds were soluble in THF and in water of acidic pH. The
PFAST products were chemically confirmed through FTIR,
NMR, and mass spectrometry (ESI, Fig. S1-S67).

Our initial proof-of-synthesis was derived from FTIR spectra
of pFAST products when compared with the amines and furan
diacrylate (Fig. S1t). While N,N-dimethylethylenediamine,
piperazine, and 4,4-trimethylenedipiperdine showed charac-
teristic peaks around 3230 cm ™" for N-H stretching, 2840 cm ™"
for C-H stretching, 1450 cm™" for C-H bending (methyl group/
methylene group), 1135 cm™ ' for C-N stretching, and furan
diacrylate showed peaks at 1725 cm™ ' for C=O0 stretching,
1172 em™ " for C-O stretching (ester), and 985 cm ™" for C=C
bending (monosubstituted alkene), the synthesized pFASTSs
showed IR peaks around 3310 cm ' for N-H stretching,
1730 em ™! for C=O0 stretching, 1172 cm™* for C-O stretching
(ester), and 1020 cm " for C-N stretching. The peak at 985 cm ™"
for C=C disappeared in all three pFASTs, indicating the
chemical reaction that occurred between the C=C bond with
the amine vig the Michael addition route. Since the addition of
monomers is a step-growth in nature, we did not expect a very
high m.w. macromolecules. We calculated the number average
molecular weight of the pFAST products using gel permeation
chromatography (GPC) using THF as solvent. The molecular
weights were further validated by MALDI-ToF. The poly-
dispersity indices for the pFAST products were found to be
within the range of 1.1-1.2. As such, MALDI-ToF (for pFAST-2
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and 3) experiment showed that pFAST-2 produced molecules
with mass of 1.6 kDa while, with pFAST-3, molecular mass of 1.0
kDa was obtained (ESI, Fig. S21). Analogous to earlier studies,
all pFAST derivatives showed enhanced solubility in acidic
environment (pH 5.0-6.0). Finally, 'H and "*C NMR spectros-
copy was used to confirm the structures of the starting material,
2,5-diacrylate (Fig. S3 and S47) and pFASTs (Fig. S5-510t). We
aimed to assign the characteristic signals for individual protons
within the segment of the respective pFAST molecule. Analysis
of 'H and "C NMR spectra clearly revealed that furan dia-
crylates reacted almost quantitatively with secondary amines,
where the protons adjacent to the aromatic furan rings resonate
at 4.92, 5.04, and 5.03 ppm belonging to (b, 2H, -CH,-) pFAST 1,
2 and 3 respectively (Fig. S5, S7 and S9t). Further, amine proton
resonance from the newly formed C-N bond linkages was at
2.34-2.41, 3.30, 2.85, 3.47, and 2.83, 3.47 ppm belongs to (d, 2H,
—-CH,N-) pFAST 1, 2, and 3, respectively indicating the success of
Micheal addition between the diacrylate and the amines
(Fig. S5, S7 and S97). Similarly from '*C NMR, the characteristic
carbon resonance signals from the ester linkages of pFAST 1, 2
and 3 were observed at 171.6, 171.6, and 171.3 ppm (d, -CO-)
(Fig. S6, S8 and S107).

3.2. Self-assembly of furan-based pFASTs with DNA

Once the pFASTs were synthesized, we demonstrated their
capacity to bind to DNA using fluorescent probes. These probes
interact with nucleic acids and form fluorescence complexes
that serve as indicators useable in biomedical tests and bio-
analytical procedures.*»** We used PicoGreen (PG) as a fluores-
cent probe for measuring dye/DNA interactions.> This molecule
binds with dsDNA and creates a highly luminous complex. As
such, the fluorescence intensity of PG upon binding to DNA
increases dramatically compared to the free dye in the solution.
Assuming that the fluorescence intensity is a linear function of
bound PG, the change in intensity as a function of the PG in
solution may be used to determine the proportion of bound PG
during DNA titration with the dye. Our experiment revealed that
DNA/pFAST at a 1:10 ratio demonstrated the least binding
affinities, while binding increases as the ratio of DNA/pFAST
increases from 1:50 to 1:100 ratios. The observation was
consistent for all three pFAST products (Fig. 1A). The poly-(B-
amino ester), pFAST 1 demonstrated the least extent of DNA
binding at any given DNA-to-pFAST ratio from 1:10 to 1:100.
The pFAST-1 product was followed by pFAST-3 in terms of DNA
binding, while pFAST-2 showed the strongest extent of inter-
actions with the DNA. Relatively weaker binding interactions of
DNA with pFAST-1 and pFAST-3 can be attributed to increased
steric shielding (for pFAST-1) or non-conducive spacing (for
PFAST-3) between the cationic sites of the polymer and the DNA.
As a control, we evaluated the DNA binding efficiency of two
polymers, namely poly-(ethyleneimine), PEI, and poly(ethylene
glycol)-b-poly(r-lysine), abbreviated as PEG-PLK. We used PEI
because of their known DNA-binding capacity as well as its role
as a well-established positive control (with known cytotoxic
character). PEG-PLK on the other hand, is a copolymer, where
the cytotoxicity of poly-(r-lysine) residue is masked by the PEG
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Fig.1 (A) PicoGreen assay indicating the extent of DNA complexation
with pFAST systems where PEG-PLK was used as a control (B) DNA
binding assay through agarose gel retardation. (B1) DNA-pFASTs at 1:
10 ratio where wells 1-4 represent free DNA, and DNA complexed with
pFAST-1, pFAST-2, and pFAST-3 respectively, (B2) DNA—-pFASTs at 1:
50 ratio, and (B3) DNA:pFASTs at 1:100 ratio where wells 1-4
represents free DNA, pFAST-1, pFAST-2, and pFAST-3, respectively.

chain. We did not use popular gene transfection agents, such as
lipofectamine, This is because, lipofectamine contains a 3:1
mixture of DOSPA (2,3-dioleoyloxy-N-[2(sperminecarboxamido)
ethyl]-N,N-dimethyl-1-propaniminium trifluoroacetate) and
DOPE (1,2-dioleoyl-sn-glycerophosphoethanolamine) and the
mechanism of gene transfection does not match with that of
our current product. Interestingly, at a similar concentration
range where PG-assay was performed for pFAST products, PEI
showed negative fluorescence relative to the control and PEG-
PLKC showed reduced DNA binding efficiency at DNA: macro-
molecule ratio of 1:10 and 1: 50 (data not shown). This is most
likely the over-compaction of DNA with PEI under the tested
concentration. For PEG-conjugated poly(r-lysine), the DNA
binding occurs due to the involvement of lysine units with the
DNA molecule. It was interesting to observe that at DNA:
macromolecule ratio of 1 : 100, all pFAST products and PEG-PLK
showed equivalent DNA binding efficiency. We further validated
the capacity of pFASTs to complex plasmid DNA via an agarose
gel shift assay. This assay uses both size and charge to separate
macromolecules. We used agarose gel electrophoretic assay
because this is a straightforward approach to investigate the
stoichiometric ratio at which complete DNA charge neutraliza-
tion is achieved when DNAs are complexing with a polycation
present in an increasing concentration in an agarose gel. For
this experiment, we prepared DNA/pFAST polyplexes of various
ratios (1:10, 1:50, and 1:100) and ran the complexes in an
agarose gel plate to check the DNA binding efficiencies of the
PFASTSs. Fig. 1B shows the results of the electrophoretic mobility
assay, which clearly suggests that all three pFASTs showed the
most stable binding with a plasmid DNA at a DNA-to-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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macromolecule ratio of 1:100 irrespective of their interaction
affinity obtained via the PG assay.

Fig. 2 shows the nanoscale features of the pFAST polyplexes
with plasmid DNA. We anticipated that, interactions of nega-
tively charged polyelectrolytes such as DNA with cationic
PFASTSs, will result in the formation of stable polyplexes, which
are colloidal and stable DNA complexes with distinct nanoscale
features. The nanoscale features include hydrodynamic diam-
eters of the complexes that can be detected via dynamic light
scattering (DLS) and surface charge directed by the poly-
electrolytes present within the media. Since DNA types can also
affect the colloidal stability of the polyplexes, we used two types
of DNA molecules to perform DLS studies, namely pBR322 and
gWiz-GFP plasmid DNA. Analyzing the DLS data for the hydro-
dynamic diameters of the polyplexes formed at different
PBR322 DNA/pFAST ratios (1:10, 1: 50, and 1 : 100) for all three
types of pFASTs, were within the range of 65-175 nm. The
average effective number average diameters of particles made
from pBR322, and pFASTs at various DNA/pFAST ratios are
shown in Fig. 2A. The volume average particle size are presented
in the ESI Fig. S11.1 Polydispersity index for all pFAST/DNA
complexes were found to be <0.3. The surface charge (in
terms of {-potential) of these colloidal polyplexes is important
for their stability and transfection capacities. Therefore, we
measured the {-potential and particle size of polyplexes as
a function of DNA and pFAST ratio (Fig. 2B). For this experiment

(A)

we used the DNA that will be used in transfection experiment
later (gWiz-GFP). We observed that at a similar DNA/pFAST
ratio, polyplexes were positively charged when pFASTs were
complexed with gWiz-GFP DNA. For example, at DNA : pFAST
ratio of 10, 50, and 100, the gWiz-GFP DNA/pFAST-3 polyplexes
demonstrated zeta potentials of 19, 33, and 27 mV, respectively
(Fig. 2B).

We imaged the complexes of DNA/pFASTs using trans-
mission electron microscopy (TEM). Evaluation of TEM images
demonstrated the shape and morphology of stable polyplexes
formed via interactions of DNA with pFASTs.****"%® As shown in
Fig. 3, TEM experiments revealed compact, spherical
morphologies of the DNA/pFAST polyplexes with sizes around
60, 150, and 90 nm for the pFAST-1, pFAST-2, and pFAST-3
systems, respectively. Similar to the observation of many
preceding work, the positive {-potentials of these complexes
may play a pivotal role beyond particle size and stability, as net
positive charges on particle surfaces may play a role in initiating
endocytosis,  prompting  efficient DNA transfection
intracellularly.>*°

3.3. Evaluation of cytotoxicity and gene transfection
capabilities

We evaluated the global biocompatibility of pFAST systems for
two types of cells. We used a non-cancerous cell lines, such as

Fig. 3 Transmission electron microscopy of DNA/pFAST polyplexes, (A) pFAST-1, (B) pFAST-2 and (C) pFAST-3.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Cytotoxicity profiles of pFAST 1-3 compared to PEl and PEG-PLK in two different cell lines: (A) HFF2 human fibroblasts, and (B) KRAS-
mutant MIA PaCa-2 cells.

A1 (1:10; DNA : polymer)
A549 cells 48 hours incubation
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A549 cells 48 hours incubation
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Fig. 5 Plasmid DNA delivery in human lung airway epithelial A549 cells using nanoparticle formulations. gWiz-GFP plasmid was delivered to
A549 cells using two nanoparticle formulations: (A1) (shown in the top panel) gWiz-GFP DNA/pFAST-1 polyplexes at 1: 10 DNA/pFAST ratio and
(B1) (shown in the bottom papne) gWiz-GFP DNA/pFAST-2 polyplexes at 1: 10 DNA/pFAST ratio. At 48 hours post-incubation, GFP expression
(successful intracellular delivery) in the A549 cells was observed under a Leica DMi8 epifluorescence microscope. For convenience, a 3D-
rendering in the bottom panel shows the relative position of GFP within the cytosol.
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HFF2 fibroblasts, and cells with KRAS mutation, such as MIA
PaCa 2 (pancreatic ductal adenocarcinoma), and treated the
cells for 72 h with the polymeric vectors alone (not complexed
with DNA, Fig. 4). We used PEI, and PEG-b-poly(1-lysine) (PEG-
PLK) as control for this experiment. We observed that the
polymeric vectors studies did not demonstrate significant
cytotoxicity against both the cell lines up to 100 ug mL™ ' of
PFAST (not complexed with DNA) concentration. As such, in
terms of biocompatibility, pFAST products showed a compa-
rable cytotoxicity profile as that of PEG-PLK and were far
superior to that of the branched PEI systems, which are re-
ported to produce significant cellular toxicity.'*>

We used gWiz-GFP plasmid as a model system to determine
the successful expression of the GFP gene (green cells) via the
polyplex in A549 lung cancer cell lines. We selected A549 cell
lines because these cells represents a model for non-small cell
lung cancer (NSCLC), specifically adenocarcinoma. We partic-
ularly used this cell lines because of their propensity towards
expressing multi-drug resistance 1 (MDR1) and multidrug
resistance-associated protein (MRP), which is closely related to
multidrug resistance (MDR) in lung cancer treatment. Since
inhibiting these proteins can reverse MDR, therefore, we
selected these cell lines as prospective models for transfection
studies. To conduct the experiment, we prepared the complexes
by adding 50 pg of plasmid DNA (gWiz-GFP) in 750 pL DNAse
free water to either 500 pg, 2.5 mg, or 5 mg pFASTSs (i.e., pFAST-
1-3) in 750 pL sodium acetate buffer (25 mM, pH-5.5). The three
independent mixtures (1:10, 1:50, and 1:100) of DNA and
PFASTs were incubated at room temperature for 30 min for
nanoparticle formation. We first determined the cytotoxicity of
the nanoparticle formulation (DNA/pFAST polyplexes) in
human lung airway epithelial A549 cells by using AlamarBlue
assay (ESI, Fig. S47). The cells were incubated with the prepared
pFAST/DNA complexes at three intended concentrations (i.e.,
1:10, 50, or 100) for 48 hours. At 48 hours post-incubation, the
cell viability was determined by using AlamerBlue dye according
to the manufacturer's instructions (Life Technologies Inc.),
where a 10% volume of AlamarBlue dye was added to the well
and incubated for 2 hours before reading the plate by an ELISA
reader. From this experiment, we observed that the two nano-
particle formulations, i.e., pFAST-1 and -2 polyplexes showed
the least toxic effect to the cells after 48 hours post incubation
(ESI, Fig. S4t). Therefore, for we pursued further DNA delivery
experiment in the same cell line with these two formulations.
Upon identifying the concentration and pFAST:DNA ratio
which do not trigger cytotoxic response, the efficiency of the
polymeric vectors to deliver DNA intracellularly was then
determined. We incubated the A549 cells with the nanoparticle
formulation (1 : 10; DNA : pFAST) either with pFAST-1 or pFAST-
2 systems for 48 hours. In the representative images shown in
Fig. 5A and B, the identification of GFP positive cells confirmed
a successful delivery of gWiz-GFP plasmid DNA in the human
lung airway epithelial A549 cells by the both nanoparticle
formulations. More detailed study on internalization and
release mechanisms of plasmids from these polyplexes are
currently undergoing in our laboratory.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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4. Conclusions

In summary, this report reveals that bio-based, BHMF-derived
oligomeric amino esters are capable of forming polyplexes
with plasmid DNA. Transmission electron microscopic images
confirmed the nano size of the biobased polyplexes, while
PicoGreen assay and agarose gel electrophoretic study revealed
stable binding efficiency between the amino esters and the
DNA. We further found out that, the synthesized amino esters
were non-toxic to eukaryotic cells in their free- or plasmid-
complexed form, stable in physiological pH, and are function-
ally active in cellular environments. The biomedical field,
particularly after the COVID-19 pandemic, has been intensely
focusing on the development of polymeric carrier systems
capable of delivering therapeutic macromolecules, such as
polynucleotides (mRNA and siRNA), antibodies, and enzymes of
clinical interest.**” Also the drive towards sustainability will
push the development of more biobased, greener products and
processes. As such, our study collectively showed that furan-
derived diacrylates can provide a toolset to generate biobased
alternatives to various polyamine-type gene delivery systems.
These newer sets of nucleic acid vectors, composed of high
biobased contents, can therefore be used to carry therapeutic
genes into human cells to treat various diseases by repairing or
reconstructing defective genetic materials.
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