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Introduction

Making the negative positive — fluorination of
indole as an efficient strategy to improve
guanidinium-containing gene carriersy

Markus Kotzsche, (9 4% Jan Egger,:° Andreas Dzierza,” Lién Sabrina Reichel,?
Ivo Nischang, ©°°°® Anja Traeger, (9 °© Dagmar Fischer 9 ** and
Kalina Peneva (2 *°¢

The balance between hydrophilic and hydrophobic components plays an important role in polymeric
delivery of nucleic acids. Besides using hydrophobic moieties in the polymer design, fluorination is a
promising method to increase the hydrophobicity of polymers. To systematically investigate this effect,
N-(2-(1H-indol-3-yl)ethyl)methacrylamide and three fluorinated analogues have been synthesized and
copolymerized with 3-guanidinopropyl methacrylamide and 2-hydroxypropyl methacrylamide via an
aqueous reversible addition—fragmentation chain transfer (aRAFT) polymerization. A library of eight
terpolymers with 5 to 23 mol% of an indole analogue and molar mass about 20 kg mol™* showed com-
parably strong DNA binding starting at N/P 2 and formed polyplexes with hydrodynamic diameters
around 100 nm. Additionally, no negative impact on biocompatibility was observed. Heparin release
studies showed increased DNA binding strength with higher amounts of hydrophobic moieties, while
fluorination exhibited similar effects as increasing the indole content. This was also important for pDNA
transfection efficiency, where an optimum for DNA binding strength was unveiled. The rapid release and
the excessive binding of DNA were identified as factors that negatively impacted transfection efficiency,
both influenced by the amount of indole moieties and fluorination. On the other hand, the right degree
of hydrophobicity was able to increase the transfection efficiency of the modified polymer by more than
threefold. These findings highlight the role of hydrophobic moieties in nucleic acid delivery and provide
valuable insights for future polymer design, suggesting that the strategic incorporation of fluorinated
monomers can effectively fine-tune DNA interactions.

peptide can significantly influence its metabolic stability, hydro-
phobicity, and bioavailability.”” Fluorine’s unique electronegativity

Fluorination has played a crucial role in drug design and has
been used to optimize the efficacy and selectivity of therapeutic
agents." The introduction of fluorine into a drug molecule or
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and small size enable the formation of strong, directional bonds,
which can improve the binding affinity to biological targets, such as
proteins and enzymes. Fluorination has also contributed to the field
of gene delivery by enhancing the performance and stability of
nucleic acid carriers.® The incorporation of fluorine atoms into
polymeric,” peptide-based®™® or lipid-based'''* delivery systems
can improve their chemical stability, resistance to enzymatic
degradation, and overall biocompatibility. Fluorinated molecules
often exhibit enhanced interactions with cellular membranes,
facilitating the uptake of genetic materials like DNA or RNA. This
was shown for a broad variety of polymers such as poly(ethylene
imine) (PEI),"*° the commonly used standard for polymeric
gene carriers as well as for polyamines,®>* chitosan® or poly-
amidoamine and poly-i-lysine dendrimers.>**° Additionally,
fluorinated carriers can modulate physicochemical properties
such as solubility and charge, which are critical for successful
transfection.

This journal is © The Royal Society of Chemistry 2025
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The interplay of charge and polarity is fundamental to the
success of gene delivery systems, influencing the efficiency with
which nucleic acids are transported into cells.**** Charged car-
riers, commonly cationic polymers or lipids, possess a positive
charge that enables the electrostatic association with negatively
charged nucleic acids to form the so-called polyplexes.>" This
interaction is crucial for the formation of stable complexes, which
can protect the genetic material from degradation and facilitate
cellular uptake. In our previous study, we could demonstrate that
guanidinium-functionalized methacrylamides with guanidinium
monomer content equal to or higher than 60%, containing
hydrophobic units, such as indoles, are emerging as innovative
carriers to enhance gene delivery potential.*>>* These carriers
leverage the unique properties of guanidinium groups, which
provide a strong positive charge and enable effective electrostatic
interactions with negatively charged nucleic acids, forming stable
complexes to protect the genetic material from degradation and
facilitate its transfection into target cells.**** Additionally, incor-
poration of hydrophobic regions allows the carrier to penetrate the
lipid bilayer more efficiently, resulting in enhanced membrane
fusion, cellular uptake and endosomal release, a critical step in
ensuring that the genetic material reaches the cytoplasm for
expression. The hydrophobicity can affect the stability and release
profile of the genetic payload, impacting the overall transfection
efficiency. Our studies have shown that optimizing the balance
between hydrophobicity and hydrophilicity in cationic gene car-
riers is essential to improve their performance.

In this work, we hypothesize that the insertion of fluorinated
indoles as comonomers in guanidinium-functionalized metha-
crylamides can improve their performance as gene carriers due
to the combination of the cationic charge from guanidinium
groups and the hydrophobic properties of fluorinated indoles
that can optimize the balance between cellular uptake, endo-
somal release, and controlled release of genetic material. 5-
and/or 6-fluoro-substituted indoles are incorporated with dif-
ferent amounts in methacrylamides by aqueous reversible
addition-fragmentation chain transfer (aRAFT) polymerization.
The resulting polymer library was investigated for the effect on
DNA binding, cytocompatibility to human embryonic kidney
cells (HEK293T) and the transfection efficiency of pDNA. The
more hydrophobic nature of the fluorinated indoles could
promote better membrane fusion and improve the cellular
uptake, thus allowing more efficient membrane penetration.

Experimental

Monomer synthesis

The N-(2-(1H-indol-3-yl)ethyl)methacrylamide and fluorinated analo-
gues were prepared with the corresponding tryptamines in one step.
One molar equivalent of the tryptamine was filled in a Schlenk flask,
degassed and dissolved in dry tetrahydrofuran (THF) or dimethyl-
formamide (DMF). Then, one molar equivalent of triethylamine and
1 molar equivalent of N-succinimidyl methacrylate were added.
After 3 to 6 h, the solvent was removed and the product purified by a
silica column and washed with water to obtain the pure monomer.

This journal is © The Royal Society of Chemistry 2025

View Article Online

Journal of Materials Chemistry B

3-Guanidinopropyl methacrylamide: 1.2 molar equivalents
of 3-aminopropyl methacrylamide hydrochloride were dissolved in
acetonitrile, water and 3.75 molar equivalents of triethylamine to
obtain a 1 M solution. One molar equivalent of N,N'-di-Boc-1H-
pyrazole-1-carboxamidine was dissolved in the same amount of
acetonitrile and added to the solution. After 1 day at room
temperature, the product precipitated and the dispersion was
diluted with water. The precipitate was filtered, washed with water
and freeze-dried to obtain the Boc-protected 3-guanidinopropyl
methacrylamide. Deprotection was done in dichloromethane with
trifluoroacetic acid overnight. Afterwards, the solvent was removed
and 3-guanidinopropyl methacrylamide obtained as the trifluor-
oacetic acid salt.

Polymer synthesis

3-Guanidinopropyl methacrylamide and 2-hydroxypropyl metha-
crylamide were filled in a Schlenk flask, degassed and dissolved in
a 1 M acetate buffer at pH 5.2. Chain transfer agent 4-cyano-4-
(phenylcarbonothioylthio)pentanoic acid (0.1 mg pL "), initiator
4,4’-azobis(4-cyanovaleric acid) (0.1 mg pL ") and N-(2-(1H-indol-3-
ylethyl)methacrylamide analogue (0.5 mg pL ™~ ') were dissolved in
dry DMF and added to the monomer solution (600:4:1, [mono-
mers]:[CTA]:[I]). After 3 freeze-pump-thaw cycles, the mixture
was heated for 24 h at 80 °C. The polymerization was terminated
with liquid nitrogen and the polymer dialysed at 4 °C against a
sodium chloride solution for 1 day and MilliQ water adjusted to
pH 4 for 3 days using regenerated cellulose dialysis membranes
with a 3.5 kDa molecular weight cut-off. The polymer powder
was obtained by freeze-drying. The composition was determined
by "H-NMR spectroscopy and molar mass as well as dispersity by
SECDMAc-

Preparation of polyplexes

Polymers as well as herring testes DNA (Sigma Aldrich, Darm-
stadt, Germany), pBR322 plasmid DNA (Carl Roth, Karlsruhe,
Germany) or pEGFP-N1 DNA were dissolved in 10 mM HEPES ((4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid); Carl Roth) buf-
fered 5% glucose (Sigma Aldrich) pH 7.4 (HBG). Polymer solu-
tions were diluted to different concentrations so that equal
volumes of nucleic acid solution and polymer dilution could be
mixed to a total volume of 50 pL. Immediately, the mixture was
vortexed for 10 s followed by incubation for 10 min before use.
Polyplexes with different N/P ratios (ratio of cationic charged
nitrogen (N) in the polymer to anionic charged phosphate (P) in
the nucleic acid backbone) were obtained. The concentration of
DNA was kept to 20 ug mL™" for all N/P ratios.

Nucleic acid binding assay

To quantify uncomplexed DNA, the AccuBlue® High Sensitivity
dsDNA Quantification Kit (Biotium, Fremont, USA; purchased via
VWR, Darmstadt, Germany) was used according to the manufac-
turer’s protocol. Samples of polyplex dispersions equivalent to
100 ng herring testes DNA were pipetted as triplets in black
96-well plates. Free DNA without the polymer was set as 100%
reference, free polymer in the same concentration necessary for
N/P 40 was used to exclude any influence of the polymer on the
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assay, and HBG served as the blank control. The samples were
mixed with 200 pL of the working solution (1:100 mixture of a
100X enhancer and quantification solution) per well and incu-
bated under shaking at 200 rpm for 10 min. Fluorescence was
measured using a plate reader (Tecan Spark Control; Tecan
Group, Ménnedorf, Switzerland; 485 excitation, 530 nm emis-
sion). The results were shown as a percentage of the 100%
control.

Horizontal agarose gel electrophoresis

Each polyplex dispersion (50 pL) containing 1 ug pBR322 plasmid
DNA was mixed with a loading buffer (1 mM ethylenediaminete-
traacetic acid disodium salt (EDTA; Sigma Aldrich), 40 mM
tris(hydroxymethyl)aminomethane (TRIS; CarlRoth), and 50% (v/v)
glycerol 85% (Carl Roth)) and loaded on a 1% agarose gel contain-
ing GelRed™ (Biotium) as the fluorescent dye. Free DNA and free
polymers were used as controls and bromophenol blue (CarlRoth)
as the dye front marker. After electrophoretic separation at 80 V for
1 h in TAE-buffer (40 mM TRIS, 1 mM EDTA and 0.1% acetic acid
(SigmaAldrich)), gel photographs were captured under UV transillu-
mination at 312 nm (UV Transilluminator, Intas, Gottingen, Ger-
many) and processed using BioVision software (Vilber, Collégien,
France).

Stability against enzymatic degradation

Polyplexes (50 pL) containing 1 pg pBR322 plasmid DNA were
incubated with 2 pL DNase 1 solution (2.5 U pL~ ", Thermo Fisher
Scientific, Darmstadt, Germany) for 10 min. Afterwards, all sam-
ples were incubated at 37 °C for 45 min in a thermocycler Biometra
TOne (Analytic Jena, Jena, Germany) before cooling to 20 °C. The
samples were then treated with 2.5 pL. EDTA solution (0.1 M) and
further incubated at 70 °C for 35 min. After cooling to 20 °C, 10 pL
of a heparin solution (2.5 U pL~ ", CarlRoth) was added to facilitate
the release of DNA. The samples were heated again to 37 °C for 20
min and cooled to 20 °C. Controls containing 1 ng DNA without
the polymer were applied (i) untreated, (ii) treated in the same way
as described above, and (iii) treated in the same way, except
without the addition of DNase. Afterwards, horizontal agarose
gel electrophoresis was conducted as described above.

Laser light scattering techniques

Hydrodynamic diameters (HD) and polydispersity indices (PDI)
were measured via dynamic light scattering (DLS) and the zeta
potential (ZP) by laser Doppler anemometry via electrophoretic
mobility, using a Zetasizer Ultra (Malvern Panalytical, Kassel,
Germany). Polyplexes were formed with herring testes DNA at
various N/P ratios. Dispersions with a DNA concentration of
20 pg mL ™" in HBG (refractive index 1.34 and viscosity 1.0204 mPa s)
were measured in a high concentration zeta potential cell (Malvern
Panalytical) at 25 °C at 633 nm with a scattering angle of 174.8° in
three runs per sample. Analysis was performed using ZS Xplorer
software (v1.3.1.7, Malvern Panalytical).

Heparin release assay

To quantify drug release, a heparin release assay was performed
similar to the nucleic acid binding assay described above.

6068 | J Mater. Chem. B, 2025, 13, 6066-6076
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Polyplex samples containing 100 ng herring testes DNA were
pipetted onto a black 96-well plate, while the same amount of
DNA without the polymer served as a 100% reference. HBG was
used as the blank. To each sample, 200 pL of the working
solution (1:100 mixture of a 100X enhancer and quantification
solution) from the AccuBlue® High Sensitivity dsDNA Quanti-
fication Kit were added and the plate incubated at 200 rpm for
10 min. Additionally, a solution was prepared in three concen-
trations, containing 0.025 U pL ™", 0.1 U pL " and 2.5 U pL "
heparin. The first solution (0.025 U uL ™) was used to increase
the total heparin content in each well to 1 U in steps of 0.05 U
per application. From then on, the total heparin amounts were
increased to 2 U in steps of 0.2 U making use of the second
solution (0.1 U pL "), while the last solution (2.5 U uL~ ') was
used to increase the heparin contents to 16 U per well. After
each application, the plate was incubated at 200 rpm for 5 min
before the fluorescence was measured using a plate reader. The
amount of uncomplexed DNA after each heparin addition was
calculated as a percentage of the 100% control. Results were
plotted against the logarithmic amount of heparin per well.

Isolation of plasmid DNA

PEGFP-N1 plasmid DNA encoding the enhanced green fluorescent
protein (EGFP) for transfection studies was isolated with a Giga
Plasmid Kit (Qiagen, Hilden, Germany) from E. coli containing
pEGFP-N1 (4.7 kb, Clontech, Mountain View, California). As
negative control plasmid, pCMV was purchased from PlasmidFac-
tory (Bielefeld, Germany).

Cell culture

The human embryonic kidney cell line HEK293T was cultivated
in Dulbecco’s modified Eagle’s medium (DMEM, Capricorn Scien-
tific GmbH; with 1 g L' glucose, CarlRoth), supplemented with
10% (v/v) fetal bovine serum (FBS, Capricorn Scientific GmbH),
100 U mL " penicillin, and 100 pg mL~" streptomycin (D10, both
Capricorn Scientific GmbH) at 37 °C in a humidified 5% (v/v) CO,
atmosphere in TC treated cell culture flasks (Greiner Bio-One
International GmbH, Kremsmiinster, Osterreich and Labsolute,
Th. Geyer GmbH & Co. KG). For the determination of metabolic
activity (PrestoBlue™ assay), the HEK293T cell line was seeded at a
cell concentration of 0.1 x 10° cells per mL in a 96-well plate (TC
treated cell culture plates (VWR International GmbH) in a total
volume of 100 UL D10 per well. For transfection efficiency studies,
the cells were seeded 24 h before the experiment in a 24-well plate
(TC treated cell culture plates (VWR International GmbH) at a cell
concentration of 0.2 x 10° cells per mL in 500 pL D10.

Determination of the metabolic activity (PrestoBlue™ assay)

To evaluate the cytotoxicity of the polymers, the PrestoBlue™
assay (Thermo Fisher Scientific) was performed. 1 h before cell
treatment, the old growth medium was changed to 90 uL of
fresh D10. In sextuplicates, the cells were treated with 10 pL
polymers of different dilutions, ranging from 2 to 250 ug mL ™"
and incubated for 24 h. After incubation for 24 h, the medium
was replaced by fresh D10 with 10% (v/v) PrestoBlue™ solution,
prepared according to the manufacturer’s instruction. The cells

This journal is © The Royal Society of Chemistry 2025
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were further incubated at 37 °C for 45 min and the fluorescence
was measured at Agx = 570/Agy, = 610 nm using the Tecan
infinite M200Pro (Tecan Group). The control cells were treated
with buffer on the same plate (100% viability). Values lower
than 70% viability were considered cytotoxic. The relative
number of viable cells was calculated as follows:

FISample - FIO

Rel. viabilit =
el. viability /% Flew — FI

x 100 1)

where Flggmple, Flo, and Flg represent the fluorescence inten-
sity of a given sample, the medium without cells (the blank),
and buffer-treated control (100% viability), respectively.

Transfection efficiency

Polyplexes with 4 ng pEGFP-N1 plasmid DNA were used to
transfect HEK293T cells. After 24 h of preincubation, media were
replaced with 450 pL OptiMEM™ (Thermo Fisher Scientific).
OptiMEM™ is a transfection-optimized medium with a reduced
serum content. 1 h later, the cells were treated with the polyplexes
with different N/P ratios. After 4 h of incubation in OptiMEM™,
the medium was changed to 500 pL D10 and the cells were
further incubated for 20 h (4 + 20 h). Before harvesting, the
supernatant was transferred to a new 96-well plate for the
determination of membrane integrity (CytoTox-ONE™ assay).
The remaining supernatant was aspirated, and cells were
trypsinated (Trypsin in DPBS, Capricorn Scientific GmbH) for
10 min before resuspending in PBS (phosphate-buffered saline,
Capricorn Scientific GmbH) and analyzed via flow cytometry
(CytoFLEX, Beckmann Coulter, Brea, CA, U.S.). For each experi-
ment, 2 x 10* cells per sample were analyzed using a bandpass
detection filter 510 &= 10 nm with signal attenuation (OD1). As
the negative control, the cells were treated with polyplexes of
pCMV, where no EGPF expression was possible. Linear
poly(ethylene imine) (LPEI) with a molar mass of 2500 g mol ™~
obtained from Polyscience, Warrington, USA, was used as the
positive control.
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Determination of membrane integrity (CytoTox-ONE™ assay)

To determine the membrane integrity of cells after the exposure
of the polyplexes over 24 h, the CytoTox-ONE™ (Promega
GmbH, Walldorf, Germany) assay was performed. The assay
was conducted in combination with the transfection efficiency
assay. After 24 h of incubation with the polyplexes (transfection
efficiency assay), an aliquot of the supernatant was transferred
to a 96-well plate in triplicate. Following, the solution was
equilibrated at room temperature for 20 min. Subsequently,
50 uL of the CytoTox-ONE™ reagent was added to each well and
incubated for 10 min at room temperature. To stop the reac-
tion, 25 pL of the stop solution was added to each well. Values
lower than 90% viability were considered as cytotoxic. Cells
treated with lysis solution were used as a 100% control (100%
dead cells). The fluorescence intensity was measured at Ag, =
570/Agm = 610 nm using the Tecan infinite M200Pro (Tecan
Group) and cytotoxicity was calculated as follows:

FISamp]e - FIO

Rel. eytotoxicity/% =~ ~ =1 =

% 100 )
where Flsample, Flo, and Flgg represent the fluorescence inten-
sity of a given sample, the medium without cells (the blank),
and lysis-treated cells (100% cytotoxicity), respectively.

Results and discussion

Monomer and polymer synthesis

The four hydrophobic monomers N-(2-(1H-indol-3-yl)ethyl)-
methacrylamide (IEMA), N-(2-(5-fluoro-1H-indol-3-yl)ethyl)metha-
crylamide (5F-IEMA), N-(2-(6-fluoro-1H-indol-3-yl)ethyl)methacryl-
amide (6F-IEMA) and N-(2-(5,6-difluoro-1H-indol-3-yl)ethyl)-
methacrylamide (5,6-di-F-IEMA) were synthesized in one step
with a yield of 57%, 42%, 65% and 77%, respectively (Scheme 1).
The synthesis of 5,6-di-F-IEMA was performed in dry DMF to
ensure the solubility of the more hydrophobic monomer. Both
fluorine atoms can be distinguished in *’F-NMR spectroscopy

HN
B N HN
2 O 4 J—NH
N HN HO 2 X y z
o HN (o) o (0]
— o HPMA GPMA HN  HN HN
NH
THF, Ar, rt, 3-6 h == 1 M acetate buffer pH 5.2, DMF, HO R
NH Ar, 80 °C, 24 h, CTA, |
R R=H,F 7
R HN R
R >_ N
e © NHz H
R X7 H,N
IEMA poly(HPMA,-stat-GPMA,-stat-IEMA,)

Scheme 1 Synthesis of the N-(2-(1H-indol-3-yl)ethyl)methacrylamide analogues and statistical copolymerization with 3-guanidinopropyl methacry-
lamide (GPMA) and 2-hydroxypropyl methacrylamide (HPMA) via an aqueous RAFT polymerization. Detailed compositions are listed in Table 1.

This journal is © The Royal Society of Chemistry 2025
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(SI) and can be used as potential probes. The difference in the
hydrophobicity of the indole variants was verified by the contact
angle measurements of water on spin-coated monomer films on
silicon wafers (Fig. S11, ESIT). The non-fluorinated IEMA (52.5 +
1.1°) was the least hydrophobic, while 5,6-di-F-IEMA (64.0 +
0.9°) was the most hydrophobic and 6F-IEMA (58.1 + 0.7°) and
5F-IEMA (62.3 £ 0.6°) exhibited intermediate hydrophobicity.

Statistical terpolymers with HPMA, GPMA and an indole
comonomer were prepared in an aqueous RAFT polymerization
having 51 to 73 mol% GPMA as cationic moieties to enable the
complexation of DNA (Table 1). To adjust the hydrophobicity by
fluorination, each of the four indole monomers was once
incorporated with 6 mol%. Additionally, the hydrophobicity
was varied by increasing the IEMA or 5F-IEMA content to 10 or
20 mol%. The GPMA content was lowered with increasing the
IEMA content, because a high content of cationic groups
combined with a high amount of hydrophobic groups could
negatively affect the toxicity of the terpolymers. The amount of
HPMA was kept similar at 24 mol%.

The fluorinated monomers were not soluble in the 1 M
aqueous acetate buffer at room temperature, but they were
dissolved at 80 °C. Purification of the polymers was done by
dialysis against water followed by freeze-drying. Due to its
increased hydrophobicity, 5,6-di-F-IEMA required additional
dialysis against methanol/water to obtain pure water-soluble
polymers. The polymerization kinetics were studied using a mono-
mer feed of 20 mol% HPMA, 65 mol% GPMA and 15 mol% 6F-
IEMA, revealing an overall statistical incorporation of all como-
nomers with a slightly slower incorporation of GPMA when
compared to HPMA and 6F-IEMA (Fig. S26, ESIT).

The composition of all synthesized polymers was determined
by '"H-NMR spectroscopy (SI) and showed a successful polymeriza-
tion of all four hydrophobic monomers in the desired composi-
tions. The molar mass distributions were characterized by size
exclusion chromatography (Fig. S27, ESIT) and the M,, values were
around 20 kg mol " with a dispersity of 1.1. The higher dispersity
of 1.4 for 5F-IEMA6 and 1.3 for 6F-IEMA6 was probably caused by
the termination of the polymerization reactions with an initiator to
remove the chain-transfer agent, which could lead to chain-chain
coupling. The molar mass determined for 5,6-di-F-IEMA was
slightly lower than that for the other polymers. This could be
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related to the lower solubility of the difluorinated monomer
affecting the polymerization parameters. To correlate polymer
composition and apparent hydrophobicity, we performed a brief
chromatographic study in which all polymers were investigated in
gradient elution liquid chromatography utilizing a reversed-phase
monolith silica column (Fig. $28, ESIt).** Clearly, in a linear
gradient of CH;CN in the aqueous organic mobile phase, retention
times increased from IEMA6 to IEMA10, and IEMA20 (Fig. S29,
ESIt). This is also observed for the fluorinated compositions 5F-
IEMA6 to 5F-IEMA10, and 5F-IEMA20. The difference in elution
times among non-fluorinated and fluorinated polymers appears
less pronounced under present elution conditions. While IEMA6
and 5F-IEMAG6 appear eluting readily similar, differences are seen
for IEMA10 and 5F-IEMA10 as well as IEMA 20 and 5F-IEMA20.
The smaller difference between fluorinated and non-fluorinated
polymers may be attributed to the slightly lower molar masses of
the fluorinated ones, which reduce the elution time in reversed-
phase liquid chromatography.

DNA binding

The efficiency of DNA binding was evaluated by conducting a
fluorescent dye exclusion assay with all synthesized polymers,
varying the N/P ratios from 1, 2, 3, 4, 5, 10, 20 to 40 (Fig. S30,
ESIt). Regardless of the polymer, virtually no fluorescence signal
was detectable starting from an N/P ratio of 2, indicating the
complexation of the DNA. This efficient complexation was con-
sistent across all polymers, seemingly not influenced by either
the IEMA content or position and degree of fluorination. The
results were in good agreement with those from the performed
gel electrophoresis assays (Fig. S31, ESIt), where other than for N/
P 1 no DNA bands were observable, confirming a complete
binding and retardation of the DNA, inhibiting the movement
in the gel. These findings also indicate that, when comparing the
indole contents from IEMA6 to IEMA10 and to IEMA20, an
increase in the content of hydrophobic monomers has no
negative effect on the complexation of the DNA. The same can
be assumed for the fluorinated variants of 5F-IEMA6, 5F-IEMA10
and 5F-IEMAZ20. In addition to this, neither the 6-fluorinated nor
the di-fluorinated alternatives showed any deviation from the
DNA binding profiles of the other polymers, indicating that the
position and the degree of fluorination have no negative impact

Table 1 Overview of the synthesized poly(HPMA,-stat-GPMA, -stat-IEMA,) terpolymers, showing the abbreviation, monomer content, molar mass and

dispersity for each polymer

Monomer content

Mn

Abbreviation ~ HPMA [mol%] GPMA [mol%] IEMA [mol%] 5F-IEMA [mol%)] 6F-IEMA [mol%] 5,6-di-F-IEMA [mol%] [gmol™'] D

IEMAG6 24 70 6 — — — 21300 1.10
IEMA10 25 65 10 — — — 28600 1.17
IEMA20 27 53 20 — — — 20300 1.08
S5F-IEMA6 23 71 — 6 — — 25700 1.37
5F-IEMA10 25 64 — 11 — — 15600 1.08
5F-IEMA20 23 51 — 23 — — 18600 1.11
6F-IEMA6 21 72 — — 7 — 18900 1.31
5,6-di-F-IEMA 22 73 — — — 5 10600 1.12

Monomer content was determined by "H-NMR spectroscopy. The molar mass and dispersity were determined by size exclusion chromatography in

dimethylacetamide and LiCl with poly(methylmethacrylate) calibration.
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on complexation. To summarize, all tested polymers showed
similar binding efficacies, regardless of their structural modifica-
tions, instead exhibiting a complete and consistent DNA binding
across a wide range of N/P ratios.

Physicochemical characterization

Along with the DNA binding studies, all polyplexes were also
characterized using dynamic light scattering (DLS) and laser
Doppler anemometry (LDA) to determine the hydrodynamic
diameter, polydispersity index (PDI), as well as the zeta
potential for a variety of different N/P ratios (Fig. 1). Consis-
tently across all polyplexes, hydrodynamic diameters of about
90 to 125 nm were measured, with a tendency towards lower
diameters for higher N/P ratios, suggesting more compact
polyplexes, possibly due to increasing capacity for condensa-
tion of the DNA, the more positive charge is present in the
polymer structure. In contrast, PDI values exhibited a trend
towards higher polydispersity with increasing N/P ratios. For N/
P ratios below 10, typically in the range of what is used in the
following biological experiments, the measured PDI for all
polyplexes was around 0.2, indicating a uniform distribution
of the respective populations. With increasing N/P ratios, PDI
values increased to around 0.3 for N/P 40, mostly caused by a
higher tendency towards the aggregation of the polyplexes and
an increased amount of the free polymer, leading to a broader
size distribution. Across all polymers, zeta potential values
generally ranged between 40 and 50 mV. A slight trend towards
higher zeta potentials was observed for higher N/P ratios, which
is to be expected, considering the increase in the surplus of
positive charges on the polyplex surface with rising polymer
amounts. In general, the DLS measurements confirmed that
across all different modifications, the tested polymers form
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polyplexes of diameters below 150 nm, within an optimal range
for cellular uptake, which is one of the many critical factors for
an efficient transfection.”**® The PDI values of around 0.2 to
0.3 indicate a relatively uniform distribution of the polyplexes
with a low tendency towards aggregation. The measured zeta
potentials of about 40 to 50 mV confirm a sufficiently positive
surface charge, critical for strong interactions with cellular
membranes, promoting cell uptake and endosomal escape,
while also helping to keep the formulation stable. These find-
ings were similar for all tested polymers, once again indicating
that neither the amount of hydrophobic monomers, nor the
position and amount of fluorination has a negative effect on
polyplex formation and formulation stability.

The main reason for this might be the relatively consistent
and high amount of guanidinium comonomer present in all
polymers, which imparts them with a constant positive charge,
independent of the degree of protonation. Electrostatic inter-
actions are the driving factor for the formation of the polyplexes
and therefore also responsible for most of the physicochemical
properties, leading to uniform polyplexes with a good DNA
complexation above a certain threshold of positive charges,
while hydrophobic interactions prove to be important for other
interactions discussed later.

Biocompatibility

Hydrophobicity of the polymers often goes hand in hand with
increased cellular toxicity and thus a resulting net loss of
transfection efficiency. To evaluate this, HEK293T cells were
used to perform a PrestoBlue™ assay, determining the number
of viable cells by measuring their metabolic capacity to reduce
the non-fluorescent dye resazurin into a fluorescent and calori-
metric resorufin product (Fig. 2). All polymers exhibited
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Fig. 1 N/P dependency of the hydrodynamic diameter, polydispersity index (PDI) and zeta potential, determined via dynamic light scattering (DLS). All

measurements were performed as triplicate (mean + SD).
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Fig. 2 PrestoBlue™ assay performed after incubation of HEK293T cells
with different concentrations of the polymers for 24 h. Lines represent a
DoseRespond fit function (n = 3, mean + SD).

relatively similar biocompatibility profiles independent of their
structural modification. Cytotoxic effects were observed starting
from polymer concentrations of 8 jig mL™", whereas a threshold
of 50% metabolic activity was reached at around 20 to 30 pg mL "
for all polymers, revealing a slight increase in cellular toxicity
compared to the control polymer LPEIL The selected PEI is
acknowledged as the gold standard in gene delivery and was
already used in many studies.”” ™ Overall, these results indicate
that the varying contents of the hydrophobic indole moiety
investigated in these measurements did not have a noticeable
impact on cytotoxicity, which was also the case for the various
fluorinated modifications of the polymers. These findings are in
agreement with the determined membrane integrity, which was
measured via a CytoTox-ONE™ Assay (Fig. S32, ESIt).

Stability against enzymatic degradation

Another critical factor for the delivery of genetic material via
polyplexes is the protection of the cargo from external influ-
ences, more specifically in this case the inhibition of nucleases
from degrading the DNA. To quantify how well the genetic
material is protected in the polyplexes, a test was performed,
measuring the protection against enzymatic degradation (Fig. 3).
Overall, this protection and subsequent detection of the intact

View Article Online
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DNA was effective across all polymers; however, a noticeable
trend emerged when analyzing sequences of increasing hydro-
phobicity in non-fluorinated and fluorinated polymers. The
polymer IEMA6 and its fluorinated variants 5F-IEMA6, 6F-
IEMA6 and 5,6-di-F-IEMA, as well as IEMA10 and 5F-IEMA10
all displayed clear and intact bands in gel electrophoresis,
confirming their adequate protection against degradation by
the nuclease. In contrast, for polymers with the highest content
of hydrophobic moieties, IEMA20 and 5F-IEMA20, there were no
bands visible at all. In these cases, the absence of DNA signals
was presumed to be caused by an insufficient release from the
polyplexes, rather than an inadequate protection from degrada-
tion. These findings suggest that the position and quantity of
fluorination on the indole monomer do not exhibit a negative
impact on the ability of the polymers to protect the DNA from
enzymatic degradation.

Heparin release assay

To investigate the release of the DNA from the polyplexes, a
modified fluorescent dye exclusion assay was conducted. This
assay utilized the ability of heparin to affect DNA release from
polyplexes by electrostatic interactions.”® By measuring the
amount of displaced, non-complexed DNA, it offered insights into
polymer-DNA binding affinities (Fig. 4). Supporting previous
observations regarding protection from enzymatic degradation,
the results showed that among the non-fluorinated polymers, DNA
release from IEMA6 was the fastest and most complete, with
approximately 90% of uncomplexed DNA after treatment with
16 U heparin. In contrast, when the indole content was increased
to 10% in IEMA10, a considerable decline in the kinetics of the
DNA release was noted, resulting in approximately 65% of uncom-
plexed DNA. Further increasing the indole content to 20% in
IEMA20 exacerbated this trend, resulting in a markedly delayed
release and a final uncomplexed DNA percentage that barely
reached 10%, even for very high heparin concentrations. In
addition, these results also support the hypothesis regarding
fluorination of the aromatic comonomer, which aimed to enhance
the hydrophobicity of the modified polymers. A comparison of the
non-fluorinated IEMA6 to its fluorinated counterpart 5F-IEMA6

N/P ratios I controls [

I controls I

N/P ratios I I controls l N/P ratios |

IEMA6

IEMA10
5F-IEMA6

5F-IEMA10

IEMA20
5F-IEMA20

6F-IEMA6

5,6-di-F-IEMA

Fig. 3 Qualitative determination of the stability against nucleases determined by horizontal agarose gel electrophoresis conducted after treatment of
the polyplexes with DNase 1 and the subsequent release of the intact plasmid DNA. Free polymer (P) and untreated DNA (U) were employed as controls,
as well as DNA that was exposed to the same thermal stress, without the addition of DNase (—) and with the addition of DNase (+).
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Fig. 4 Quantification of uncomplexed herring testes DNA determined by
the AccuBlue® High Sensitivity dsDNA Quantification Kit, after treatment
with heparin solution (n = 3, mean + SD).

revealed very similar effects to those observed when the indole
content was increased from 6% to 10%, highlighting a reduction
in the efficiency of DNA release. This effect is observed across all
three variations in the indole content, with the fluorinated coun-
terparts consistently showing both delayed and reduced release.
The most pronounced example is 5F-IEMA20, which achieves only
about 2% uncomplexed DNA.

As previously noted during the physicochemical characteriza-
tion, the position of the fluorination does not appear to influence
the outcome, as 6F-IEMA6 exhibited a release profile similar to
that of the 5F-variant. Interestingly, while the di-fluorinated poly-
mer did not reveal any differences in earlier studies, the addition
of an extra fluorine atom to the indole monomer appears to
considerably affect the release kinetics of the DNA from the
respective polymer. Specifically, 5,6-di-F-IEMA displayed a release
profile closely resembling that of the non-fluorinated IEMAS,
suggesting a reduced DNA binding affinity compared to polymers

View Article Online
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with similar fluorinated indole contents, like 5F-IEMA6 and 6F-
IEMAG6.

Overall, these findings suggest that, while the variation of the
hydrophobic content did not seem to influence most physico-
chemical characteristics of the polyplexes, they do indeed affect
how tightly the nucleic acids are bound by the polymer, result-
ing in slower and more incomplete release kinetics from poly-
plexes with higher contents of hydrophobic moieties in the
presence of heparin. In addition to this, fluorination of the
polymers appears to be an effective strategy for enhancing their
hydrophobicity and improving interactions with DNA.

Transfection efficiency

To evaluate the effect of the different structural modifications
of the polymers on their biological activity, pDNA transfection with
polyplexes containing pEGFP-N1 as the cargo was performed,
using HEK293T cells. The level of transfection was assessed by
measuring the fluorescence signal from the transfected cells by
flow cytometry (Fig. 5). As mentioned before, the aim behind the
fluorination of the polymers was to enhance their hydrophobicity,
which would facilitate DNA binding and promote interactions with
the hydrophobic components of the cellular membrane, improv-
ing uptake into the cells. Indeed, the expression of EGFP positive
cells is improved with the fluorinated variant 5F-IEMA6 leading to
a more than threefold increase in EGFP positive cells compared to
IEMA6. This is comparable to the levels achieved by the gold
standard PEI for low N/P ratios, such as N/P 5. Consistent with
previous findings, the position of the fluorine atom does not
appear to influence these results, with 6F-IEMA6 exhibiting very
similar transfection efficiencies to that of 5F-IEMA6. In contrast,
the di-fluorinated variant 5,6-di-F-IEMA showed no increase in
transfection and revealed comparable efficiency as IEMA6. This
aligns with prior observations, as the presence of a second fluorine
atom seems to reduce DNA binding affinity. The resulting faster
DNA release kinetics for 5,6-di-F-IEMA, which are comparable to
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Fig. 5 Determination of the transfection efficiency in HEK293T cells over 24 h with 4 png of pEGFP-N1 DNA. Measurements were conducted in the
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were used, while LPEI served as a positive control (n = 3, mean + SD).
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that of IEMA6, could explain the similarly low transfection for both
polymers.

When comparing the non-fluorinated polymers, a marked
increase in transfection was observed as the indole content was
raised from IEMA6 to IEMA10, a boost comparable to the
improvement seen with the fluorination of indole. In contrast,
when increasing the IEMA content up to 20%, no additional
increase in transfection can be achieved. On the contrary, the
amount of EGFP positive cells decreases to the level of IEMAG6.
This outcome suggests that there could be an upper limit for
the hydrophobic content, beyond which the presence of exces-
sive hydrophobic moieties becomes detrimental to transfection
efficiency. A similar trend was noted among the fluorinated
variants, with 5F-IEMA6 exhibiting the highest transfection
efficiency, remaining below a critical threshold of hydrophobi-
city. However, 5F-IEMA10 appeared to surpass this threshold,
resulting in a marked decrease in EGFP positive cells. Although
DNA could not be released from 5F-IEMA20 with heparin, the
polymer showed an increase in transfection compared to 5F-
IEMAL10, indicating that other effects also influence the delivery
to cells. Nevertheless, the amount of transfected cells was still
considerably lower than that for 5F-IEMA6.

These findings all correlate to the heparin release measure-
ment and the resulting DNA binding affinities of the polymers.
When the binding affinity is too low, as seen for IEMA6 and 5,6-di-
F-IEMA, the cargo is not tightly packaged and might be released
preemptively, e.g., when the polyplexes encounter the serum with
its various charged components, leading to a reduced transfection
efficiency.

In similar manner, strong binding affinities likewise negatively
affect transfection. This effect can be seen for the polymers
IEMA20 and 5F-IEMA20, from which barely any DNA was released
when treated with heparin, resulting in reduced amounts of EGFP
positive cells. The optimal point seems to be achieved, when the
DNA binding affinity is sufficiently high enough, to ensure that the
cargo remains bound and protected upon entering the serum, but
still low enough to enable the majority of the DNA to disassociate
from the polyplex at some point after the particles have been taken
up into the cell.

Comparing the data from the heparin release assay with the
transfection data, this seems to be achieved for polymers 5F-
IEMA6 and 6F-IEMA6, as well as IEMA10, which all cluster
around the same amount of released DNA at the endpoint and
also specifically show the highest amount of transfection out of
all of these polymers. 5F-IEMA10, which shows an increase in
DNA binding, seems to be past the optimal point, achieving
only low amounts of EGFP positive cells.

Conclusions

aRAFT polymerization was successfully employed to synthesize
8 methacrylamide terpolymers with systematically varying
degrees of the indole monomer or fluorinated indole variants
to achieve different hydrophobicities. Physicochemical charac-
terization as well as DNA binding studies revealed that all

6074 | J Mater. Chem. B, 2025,13, 6066-6076

View Article Online

Paper

polymers were able to form polyplexes suitable for the delivery
of genetic material, with particle sizes below 150 nm and a
narrow size distribution, in addition to a complete complexation of
the employed DNA. Here, no notable differences were observable
between the different polymers, suggesting, that for the physico-
chemical properties, electrostatic interactions are of greater impor-
tance than hydrophobicity. In contrast, hydrophobicity of the
employed terpolymers was especially important regarding the
binding strength of the complexed DNA and its release kinetics
from the polyplexes. With increased hydrophobicity, the release is
reduced and thus less DNA could be recovered from the polyplexes.
This outcome underpins the improvement of DNA binding affinity
by using hydrophobic moieties. In a similar manner, the hydro-
phobic effect of the fluorination was also observable, with fluori-
nated polymers showing comparable kinetics to those with overall
higher contents of hydrophobic monomers. Interestingly, the posi-
tion of the fluorine atom had no impact, while a second fluorine
atom decreased the DNA binding affinities instead. These results
agree with the pEGFP-N1 transfection studies, where an optimal
window of hydrophobicity was elucidated. Polymers with 10 mol%
indole or 6 mol% mono-fluorinated indole were able to increase
transfection. If this hydrophobic threshold was crossed, DNA
binding affinities were presumably too high, hindering the release
of the DNA from the polyplex.

Overall, we could show that the hydrophobic-hydrophilic bal-
ance plays an important role in the delivery of nucleic acids via
polymeric carriers. Different methods to modify hydrophobicity,
like the addition of fluorinated monomers, can be utilized to fine
tune interactions with the DNA, impacting future polymer design.
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