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Abstract

Polyethylenimine (PEI) is a highly efficient cationic polymer for nucleic acid delivery, and
although it is commonly used in preclinical studies, its clinical application is limited due to
concerns regarding its cytotoxicity. Poly(f-amino ester)s are a new group of biodegradable

and biocompatible cationic polymers which can be used for siRNA delivery. In this study, we
synthesized Boc-protected and deprotected poly(B-amino ester)s, P(BSpBAE) and P(SpBAE)
respectively, based on spermine and 1,4-butanediol diacrylate to deliver sSiRNA. The polymers
were synthesized by Michael addition in a step-growth polymerization and characterized via
1H-NMR spectroscopy and size-exclusion chromatography (SEC). The polymers can encapsulate
SiRNA as determined by SYBR gold assays. Both polymers and polyplexes were biocompatible
in vitro. Furthermore, cellular uptake of P(BSpBAE) and P(SpBAE)-polyplexes was higher than
for branched PEI (25 kDa) polyplexes at same N/P ratios. P(BSpBAE) polyplexes achieved

60% eGFP knockdown in vitro, which indicates that the Boc-protection can improve siRNA
delivery and gene silencing efficiency of PBAEs. P(BSpBAE) polyplexes and P(SpBAE)
polyplexes showed different cellular uptake mechanisms, and P(BSpBAE) polyplexes showed
lower endosomal entrapment, which could explain why P(BSpBAE) polyplexes more efficient
mediated gene silencing than P(SpBAE) polyplexes.Furthermore, transfection of an siRNA against
mutated KRAS in KRAS-mutated lung cancer cells led to around 35% P(BspBAE) to 45%
P(SpBAE) inhibition of KRAS expression and around 33% P(SpBAE) to 55% P(BspBAE)
decreased motility in a migration assay. These results suggest that the newly developed spermine-
based poly(B-aminoester) sare promising materials for therapeutic siRNA delivery.
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1 Introduction

RNA interference (RNAI) is a promising strategy to silence gene expression by microRNA
or small interfering RNA (siRNA)L. After the first discovery of RNAI by Fire and Mello

in 1998, RNAI-based therapeutics are now progressing rapidly. siRNA is a double-stranded
RNA of 21-25 nucleotides per strand, which can be used to mediate RNAi and downregulate
overexpressed or pathologically expressed genes. 2 During the COVID-19 pandemic caused
by the SARS-CoV-2 virus, potential sSiRNA sequences against the SARS-CoV-2 genome or
accessory proteins or targeting host factors have been suggested provide alternative ways in
the fight against SARS-CoV-2.3 However, the delivery of siRNA has remained a challenge.
Due to its hydrophilicity, negative charges and high molecular weight (~13300 g/mol),
SiRNA duplexes cannot cross cell membrane passively, and thus their cellular uptake is
limited. In addition, siRNA is rapidly degraded in blood and renally cleared.*

Numerous siRNA vectors have been developed in the past years, which can be

mainly divided into viral vectors and non-viral vectors. Viral vectors can achieve

high transduction but are associated with many safety problems such as immune

responses and carcinogenesis.®> Non-viral vectors, such as polycationic polymers including
polyethylenimine (PEI), have emerged as favorable candidates due to their good efficiency
at a low commercial cost.6 However, low-molecular-weight PEI cannot deliver siRNA
effectively, while high-molecular-weight (HMW) PEI is cytotoxic as a highly charged non-
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degradable macromolecule. HMW-PEI has been shown to induce cell necrosis and apoptosis
in a variety of cell lines.”

Poly(B-amino ester)s abbreviated as PBAEs or PAEs refer to a polymer class synthesized
from acrylatic compounds and amine-based monomers by Michael addition. The first
representative of this class was synthesized based on linear poly(amido amines) by Ferruti et
al. in the 1970s and named poly(B-amino ester) in 2000.8 Lynn et al. first used this polymer
for DNA delivery, and since then, the interest in poly(B-amino ester) grew significantly.®
PBAEs are biocompatible, biodegradable and stimuli-responsive, which makes them very
promising for siRNA delivery.19 PBAEs are biodegradable due to their hydrolysable ester
bonds, which also decrease their cytotoxicity.1! The charge-reversible amine groups can be
protonated at specific pH-values and interact with negatively charged cargos electrostatically
to deliver them.12 In addition, PBAEs are compatible with various other polymers: for
example, PEG, PCL, PLA, and other blocks can be conjugated to PBAES to form block
copolymers.13

Spermine is a naturally occurring tetraamine aiding in packaging cellular DNA into a
compact state in eukaryotic cells!4. However, spermine poorly condenses siRNA and shows
a limited siRNA transfection efficiency because of its low molecular weight. Besides, the
endosomal escape of spermine is also limited.1® Polymerization of spermine to increase its
molecular weight has been shown to be beneficial for siRNA delivery.1% 16

In lung cancer, KRAS (Kirsten rat sarcoma viral oncogene homolog) is the most
frequently mutated gene, and KRAS mutations are found in approximately 27% of all
lung adenocarcinomas.” The activating mutations in KRAS cause constitutive activation
of the GTPase protein in the absence of growth factor signaling and result in a sustained
proliferation signal within the cell which is related to the migration and invasion of cancer
cells.18 The inhibition of mutant KRAS has been proven to be critical for the successful
treatment of lung tumors.19: 20

In this study, we designed spermine-based poly(p-amino ester)s to deliver siRNA against
mutated KRAS. We tested the encapsulation efficiency of the polymers, characterized

the polyplexes, and evaluated the polyplexes in vitro using H1299 cells and eGFP
expressing H1299/eGFP cells. The endosomal entrapment and cellular uptake pathway of
the polyplexes were also investigated. To achieve a therapeutic relevant gene silencing,
SiRNA against mutated KRAS (siG12S) was delivered to KRAS mutated A549 lung
adenocarcinoma cells using P(BSpBAE) and P(SpBAE) polyplexes, and therapeutic efficacy
was evaluated by migration assays and western blot analysis.

Materials & Methods

2.1 Materials

Spermine (Fisher Scientific, Acros, USA), ethyl trifluoroacetate (Sigma Aldrich,
Taufkirchen, Germany), 1,4-butanediol diacrylate (TCI, Japan), di-tert-butyl dicarbonate
(Sigma Aldrich, Taufkirchen, Germanyy), chloroform D (Eurisotop, Germany), Deuterium
oxide (Sigma Aldrich, Taufkirchen, Germany) were purchased from the suppliers indicated.
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Methanol, n-hexane, dichloromethane, isopropanol, dimethyl sulfoxide (DMSQO), and dry ice
are provided by Ludwig-Maximilians-University Munich.

Branched PEI (25 kDa), HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid),
thiazolyl blue tetrazolium bromide (MTT), chloroquine diphosphate, paraformaldehyde
solution, 4°, 6-diamidino-2-phenylindole dihydrochloride (DAPI), FluorSave Reagent,
RPMI-1640 medium, fetal bovine serum (FBS), Penicillin-Streptomycin solution,
Dulbecco’s Phosphate Buffered Saline (PBS), trypsin-EDTA solution (0.05%), and
Geneticin (G418) disulfate solution were purchased from Sigma-Aldrich (Taufkirchen,
Germany). SYBR Gold Dye, Lipofectamine™ 2000, and Alexa Fluor 488 (AF488) were
purchased from Life Technologies (Darmstadt, Germany).

Amine-modified eGFP siRNA (5’-pACCCUGAAGUUCAUCUGCACCACcg,

Technologies (Leuven, Belgium). “p” denotes a phosphate residue, lower case letters are
2’-deoxyribonucleotides, capital letters are ribonucleotides, and underlined capital letters
are 2’-O-methylribonucleotides. siRNA against KRAS G12S (siG12S) was purchased from
Eurofins Genomics (Ebersberg, Germany).

2.2 Synthesis and characterization of spermine-based poly(p-amino ester)s

2.2.1 Synthesis of tri-tert-Butyl Carbonyl Spermine (tri-Boc-spermine)—Tri-
Boc-spermine was synthesized according to the literature with slight modifications.?
Spermine (1 eq.) was dissolved in methanol and stirred at -78°C, ethyl trifluoroacetate (1
eg.) was then added into the solution of spermine dropwise, kept stirring at -78°C for an
hour and at 0°C for an hour to afford predominantly the mono-trifluoroacetate (2, Scheme
1). Without isolation, di-tert-butyl dicarbonate (4 eg.) in methanol was added dropwise
into the solution and stirred at room temperature for 2 days to protect all other amines

to afford the tri-Boc-protected mono-trifluoroacetate (3, Scheme 1). Finally, the pH of the
solution was adjusted to be above 11 by 25% ammonia and stirred overnight to cleave the
trifluoroacetamide protecting group.

The reaction mixture was concentrated in vacuum and the residue was diluted with
dichloromethane (DCM) and then washed with water and saturated NaCl aqueous solution,
before it was dried by MgSQOy, filtered, and DCM was evaporated. After purification by
column chromatography (CH,Cl,\MeOH\NH3, ag. 7:1:0.1, SiOy, KMnOy; Rs = 0.413), the
desired product tri-Boc-spermine (4, Scheme 1) was isolated as a colorless oil. Yield: 37%.

1H NMR, 400 MHz, CDCl3: 1.43-1.48 [m, 31H, 6-CHj, 7-CH,, O—C—(CH3)3x3,
overlapping]; 1.65 (m, 6H, 2-CH, 11-CH,, NHy); 2.68 (t, 2H, 12-CHj); 3.08-3.23 (m,
10H, 1-CHj, 3-CHy, 5-CHy, 8-CHj, 10-CHy). ESI-MS: expected for (Co5H5oN4Og + H)*:
503.3803, found: m/z = 503.3796.

2.2.2 Synthesis of spermine and 1,4-butanediol diacrylate-based poly(g-
amino ester)s—Tri-Boc-spermine (4, Scheme 1) (1 eq.) was mixed with 1,4-butanediol
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diacrylate (1 eq.), and stirred at 120 °C overnight. The product was dissolved with DCM,
precipitated in n-hexane, and dried in vacuum to afford polymeric tri-Boc-spermine- and
1,4-butanediol diacrylate-based poly(p-amino ester) abbreviated as P(BSpBAE) (5, Scheme
1), which was then characterized by 1H NMR spectroscopy and SEC (measurement relative
to polystyrene and in chloroform at 30°C, 4 mg/mL). Yield: 83%.

1H NMR (400 MHz, CDCl3) 6 4.20 — 4.01 (m, 4H, 2CH>), 3.19 (d, 12H, 6CH>), 2.77 (s,
4H, 2CHy), 2.43 (d, 4H, 2CHy), 1.66 (d, 8H, 4CH,), 1.55 — 1.34 (m, 33H, 9CH3+4CH,).

P(BSpBAE) (5, Scheme 1) was then dissolved in a mixture of trifluoroacetic acid (TFA)
and DCM (TFA: DCM 1:20 v/v) and stirred for 2 h at room temperature to deprotect amino
functional groups. DCM and TFA were evaporated in vacuo, and the residue was dissolved
in distilled water and lyophilized to obtain the final product: Spermine- and 1,4-butanediol
diacrylate-based poly(B-amino ester) (6, Scheme 1), which will be termed as P(SpBAE) in
short. Yield: 63%.

1H NMR (400 MHz, D,0) & 4.19 (s, 4H, 2CH,), 3.55 (t, 4H, 2CH,), 3.36 (dd, 2H, CH,),
3.13 (dt, 10H, 5CH5), 2.96 (d, 4H, 2CH,), 2.23 (s, 2H, CH), 2.09 (p, 2H, CH5), 1.77 (d, 8H,
4CH,).

2.3 Preparation and characterization of polyplexes

The polymer P(SpBAE) was dissolved in distilled water at a concentration of 1 mg/mL, and
the polymer P(BSpBAE) was dissolved in acetone due to its limited solubility in water at

a concentration of 10 mg/mL as stock solutions. To prepare polyplexes (the complexes of
siRNA and polymer), various amounts of polymers calculated according to the respective
N/P ratios were first diluted in 50 pL 10 mM HEPES buffer (pH 5.3). Subsequently, siRNA
in 50 uL 10 mM HEPES buffer was mixed with polymer solution via pipetting. After
incubation at room temperature for 30 min, the size and zeta potential of the polyplexes

in 10 mM HEPES buffer were tested using a Zetasizer Nano ZS (Malvern Instruments,
Malvern, UK).

The amount of polymer was calculated according to the following equation:

m(polymerinpg) = n siRNA(pmol) X 52 X N/P X Protonableunit(g/mol),

where 52 is the number of nucleotides of the 25/27mer siRNA; N/P ratio is the molar

ratio of the protonable polymer amino groups (N) and the siRNA phosphate groups (P);

The protonable unit was calculated by dividing the molar mass of the repeating unit by the
number of the protonable chemical groups in each repeating unit. Based on pKa calculations
in MarvinSketch, two protonable amines/amides were considered for P(BSpBAE), while for
P(SpBAE), 4 ionizable groups were counted.

2.4 siRNA encapsulation efficiency by SYBR gold assay

To evaluate the siRNA encapsulation capacity of P(BSpBAE) and P(SpBAE), SYBR Gold
assays were carried out.22 SYBR Gold is a proprietary unsymmetrical cyanine dye which
can bind with free RNA or DNA molecules and emits thousand-fold fluorescence upon
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excitation.23 In brief, polyplexes were prepared as described above at N/P ratios 0, 1, 3,

7, 10, 15, and 20. Subsequently, 100 uL of each polyplex solution was added to a black
FluoroNunc 96-well pate (FisherScientific, Darmstadt, Germany). 4X SYBR Gold aqueous
solution (30 uL per well) was added to each well and incubated for 10 min in the dark. The
fluorescence intensity was determined using a fluorescence plate reader (Spark, TECAN,
Méannedorf, Switzerland, excitation: 485/20 nm, emission: 535/20 nm.). The fluorescence
intensity of free sSiRNA (N/P = 0) was used as a control and set as 100% fluorescence.

In vitro compatibility assessment

The cytotoxicity of P(BSpBAE) and P(SpBAE) polymers and polyplexes was evaluated
via MTT assays.24 In brief, H1299 cells were seeded in 96-well plates (5000 cells/well).
After incubation in a CO, incubator for 24 h, dilutions of P(BSpBAE) and P(SpBAE) in
RMPI-1640 complete medium were added and incubated to reach a final concentration
ranging from 1 to 100 pg/mL, and cells were grown in the CO5 incubator for another

24 h. Subsequently, the PBAES solution was removed and MTT (3-(4,5-Dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium Bromide) in serum-free RPMI-1640 medium was added and
incubated at 37 °C for 4 h. Afterwards, the MTT solution was replaced with DMSO and
incubated at room temperature for 30 min. The optical density was finally determined

at 570 nm and corrected with background measured at 680 nm using a microplate

reader (TECAN, Ménnedorf, Switzerland). The cytotoxicity of polyplexes at N/P 10 was
determined accordingly.

2.6 Quantification of cellular uptake

2.7

The cellular uptake of P(BSpBAE) and P(SpBAE) polyplexes was quantified by flow
cytometry. The polyplexes were prepared as described above using Alexa Fluor 488-labeled
SiRNA (AF488-siRNA). PEI and Lipofectamine ™ 2000 were used as controls. H1299
cells were seeded in 24-well plates (50 000 cells/well). After incubation in the CO»
incubator (37°C, 5% CO,) for 24 h, polyplexes containing 50 pmol AF488-siRNA at N/P
10 in RPMI-1640 complete medium were added and incubated in the incubator for 24

h. Subsequently, the polyplexes solution was discarded, and the cells were rinsed with
PBS and detached with 0.05% Trypsin-EDTA. The detached cells were then washed with
PBS another 2 times and analyzed via flow cytometry (Attune NxT Acoustic Focusing
Cytometer, Thermo Fisher Scientific, Darmstadt, Germany) with or without quenching by
Trypan blue.

In vitro eGFP knockdown

To determine if the polyplexes can silence genes on the protein levels, silencing of the
enhanced green fluorescent protein reporter gene (eGFP) was quantified by flow cytometry.
H1299/eGFP cells were seeded in 24-well plates (25 000 cells in 500 pL medium/well).
After growth in the CO, incubator (37°C, 5% CO,) for 24 h, the cells were transfected with
P(BSpBAE) polyplexes and P(SpBAE) polyplexes composed of scrambled siRNA (siNC,
50 pmol/well) or siRNA against GFP (siGFP, 50 pmol/well) with or without chloroquine
(100 pM). Lipofectamine™ 2000 formulated with siNC and siGFP were used as respective
control treatment. After 48h in the incubator, the cells were detached and washed with
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PBS for flow cytometry measurements (Attune NxT Acoustic Focusing Cytometer, Thermo
Fisher Scientific, Darmstadt, Germany).

2.8 Endosomal entrapment

To visualize the endosomal entrapment behavior of the polyplexes, cells were imaged by
confocal laser scanning microscopy (CLSM) after transfection with fluorescent siRNA. In
brief, H1299 cells were seeded on 13-mm microscope cover glasses (VWR, Allison Park,
PA, USA) in each well of a 24-well plate (50 000 cells/well). After growth for 24 h,

the cells were further incubated with polyplexes formulated with 50 pmol of Alexa Fluor
488-labeled siRNA (AF488-siRNA) for 24 h. Subsequently, the polyplex containing medium
was discarded and 75 nM Lysotracker Red™ DND 99 (Thermo Fisher Scientific, Darmstadt,
Germany) solutions in full medium were added and incubated at 37°C for 1 h in the CO,
incubator. The cells were then washed with PBS twice and fixed with 4% paraformaldehyde
(PFA) at room temperature for 15 min. After washing with PBS twice more, the cells were
stained with DAPI (1 ug/mL) for 20 min. Finally, the cells were washed with PBS twice and
mounted with FluorSave reagent (Sigma-Aldrich, Darmstadt, Germany). The fluorescence
images were acquired using a laser scanning microscope (Leica SP8 inverted, software: LAS
X, Leica microsystems GmbH, Wetzlar, Germany). A diode laser (405 nm), and argon laser
(488 nm and 552 nm) were used for excitation. Emission in the blue channel for DAPI (627
nm — 750 nm), green channel for AF488 (750 nm — 755 nm), and red channel (755 nm — 760
nm) for lysotracker, were recorded respectively.

2.9 Cellular uptake pathway

To further understand the mechanism behind the different behavior of P(SpBAE) polyplexes
and P(BSpBAE) polyplexes, we investigated the cellular uptake pathway of both types

of polyplexes. KRAS mutated A549 cells were seeded in 24-well plates 24 h before use

(50 000 cells/well). Various inhibitors of specific pathways, namely nystatin (10 pg/mL),
wortmannin (12 ng/mL), chlorpromazine (10 pg/mL) and methyl-p-cyclodextrin (3 mg/mL)
were added, and cells were incubated in the CO, incubator at 37°C for 1 h. Polyplexes were
subsequently added (50 pmol AF488-siRNA/well, N/P 10) and incubated for 24 h. After
incubation, the polyplex-containing medium was discarded, and the cells were rinsed with
PBS and detached with 0.05% Trypsin-EDTA. The detached cells were then washed with
PBS, quenched with Trypan blue, and analyzed via flow cytometry (Attune NxT Acoustic
Focusing Cytometer, Thermo Fisher Scientific, Darmstadt, Germany).

2.10 Migration assay

To determine therapeutically relevant gene silencing efficiency of the PBAES, a migration
assay was carried out to evaluate the potential of the polyplexes to treat lung cancer.19: 25
For this assay, Boyden chambers (VWR, 8 um pore size) placed in 24 well plates were

used. In brief, cells were seeded and transfected as described in section 2.7. Subsequently,
20 000 transfected A549 cells in 300 uL serum-free RPMI-1640 medium were added to

the upper chambers, and 500 pL of complete RPMI-1640 medium was added to the lower
compartment. The plates were incubated at 37°C and 5% CO, in the incubator for 16 h, after
which the cells were washed with PBS and fixed with 4% paraformaldehyde for 30 min at
room temperature. Cells on the upper surfaces of the membrane were removed with a cotton
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tip, and the membranes were washed 2 times with PBS. Subsequently, cells on the bottom
surfaces of the membrane were stained with 0.1% crystal violet prepared in 20% ethanol
for 30 min and washed with PBS 5 times to remove unbound crystal violet. The cells were
then dried at 37°C and observed under the microscope (Keyence Biozero, Neu-Isenburg,
Germany). Per sample, 3 fields were counted per chamber.

2.11 Western blot analysis of KRAS gene silencing

To quantify the ability of PBAE polyplexes to silence mutated KRAS, A549 cells were
seeded in 6-well plates 24 h before use at a density of 2 x 10 cells/well. P(SpBAE)
polyplexes and P(BSpBAE) polyplexes loaded with siNC and siG12S at a concentration of
50 nM were incubated with the cells at 37°C and 5% CO, in a humidified incubator for

72 h. Cells were then washed with ice-cold PBS and then lysed in lysis buffer (800 uL
RIPA buffer, 100 uL Phosphatase inhibitor, and 100 uL Protease inhibitor). The extracted
protein was determined by Bradford reagent (Bio Rad, America), and equal amounts of
protein were subjected to SDS-PAGE (Novex Wedgewell 10% Tris-Glycine Gel). Separated
proteins were transferred to a nitrocellulose membrane (Amersham™ Protran®), which was
then exposed to 5% nonfat milk TBST solution (Tris-buffered saline pH 8.0 + 1% Tween
20) for 1 h at room temperature and incubated with antibodies against KRAS (Proteintech,
Germany) overnight at 4 °C. The membranes were washed 3 times with 1% TBST and
then incubated with horseradish peroxidase (HRP)-conjugated goat anti-rabbit antibodies
(Proteintech, Germany) at 4 C for about 7 hours. Chemiluminescence reagents were finally
applied to the membrane and photographed immediately with the ChemiDoc imager (Bio-
Rad, Feldkirchen, Germany). The membrane was then treated with stripping buffer for 15
min, washed with TBST, and blocked with 5% nonfat milk TBST solution, stained with a
primary antibody against histone 3 (Santa Cruz Biotechnologies, Heidelberg, Germany) at
4°C overnight, and then with an HRP-conjugated donkey anti-mouse antibody (Santa Cruz
Biotechnologies, Heidelberg, Germany), before it was imaged in a GelDoc XR (Bio-Rad,
Feldkirchen, Germany).

3. Results & Discussion

3.1 Synthesis and characterization of spermine-based poly(f-amino ester)s

To synthesize the target poly(-amino ester)s, we first converted spermine to the monomer
tri-Boc-spermine using a literature procedure. For the PBAE synthesis, widely used solvents
are dichloromethane (DCM), tetrahydrofuran (THF) and dimethyl sulfoxide (DMSQ). Lynn
and Akinc et al. compared DCM and THF on the basis of the solubility of their monomers
and found that the reaction in DCM yields higher molecular weight polymers.8: 26 DMSO

is also common for PBAES synthesis to avoid the cytotoxicity of halogenated solvents,
especially when the resulting PBAE is used directly without further purification.13: 27 |n
addition to optimizing solvents, a high concentration of monomers in the absence of solvents
can also lead to high molecular weight PBAES, shorter reaction time, and less intramolecular
cyclization.28 In contrast, here, we synthesized P(SpBAE) without any additional solvents,
as the reactions in DCM and THF did not lead to desired polymers, which could be due

to the low boiling point of the two solvents and low reaction temperature, and the yield in
DMSO was too low in our case (data not shown).
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Tri-Boc-spermine was then polymerized with 1,4-butanediol diacrylate. As shown in Figure
1B, the shift of the peak at 4.09 ppm (4.20 ppm in 1,4-butanediol diacrylate) and the

new signal at 2.39 ppm indicated that tri-Boc-spermine was conjugated with 1,4-butanediol
diacrylate. The peaks at 5.8 to 6.4 ppm belong to the terminal acrylate group. The peaks

at 0.88 and 1.25 ppm belong to the residual n-hexane, which does not influence the next
step and was further removed in vacuum before use. The product P(BSpBAE) was then
analyzed by SEC, and a molar mass (M,,) of 3600 g/mol and a polydispersity of 1.73

were determined. The polymer was further treated with TFA to deprotect the Boc-protection
groups, and the product P(SpBAE) as a TFA salt was obtained according to the 13C NMR
(Figure S4). As shown in Figure 1C, the disappearance of the peak at 1.43 ppm indicated
that N-Boc groups were removed.

Polymer characteristics and results of the polymerization reactions in this study are
summarized in Table 1.

Poly(B-amino ester)s (P(BSpBAE) and P(SpBAE)) were synthesized via Michael-addition-
based step-growth polymerization. To obtain a high molecular weight polymer, the
monomers must be pure and the stoichiometric ratio of the monomers should be 1:1.2°
Although different ratios of the monomers have been reported in the literature to obtain
polymers with different terminal groups, according to the reaction kinetics, monomers

with ratio 1:1 often lead to the highest molecular weight/conversion.3%: 31 The reaction
temperature of synthesizing PBAEs in the literature ranged from 45 °C to 120°C, and the
reaction time ranged from 5 hours to 5 days. High reaction temperature usually corresponds
to short reaction time.26: 28

3.3 siRNA encapsulation efficiency

SYBR® Gold stain is a proprietary unsymmetrical cyanine dye that which can bind to
double- or single-stranded DNA or RNA and exhibit high fluorescence intensity upon
excitation. 23 Here we used the fluorescence of free siRNA as the negative control (100%
free siRNA), and the free siRNA in other samples was calculated by dividing their
fluorescence intensity by the negative control. As shown in Figure 2, in case of P(SpBAE)
polyplexes, the siRNA was fully encapsulated from N/P 2 on, while P(BSpBAE) polyplexes
encapsulated siRNA most efficiently at N/P 10. This observation can be explained by the
primary amines and secondary amines in P(BSpBAE) being protected by the N-Boc groups,
hence decreasing encapsulation efficacy on the basis of overall polymer weight.

In fact, despite their decreased encapsulation efficiency due to the lack of primary

and secondary amines, the overall performance of poly(B-amino ester)smay not be

affected negatively. Professor Langer’s group published extensive research on the structure-
function relationship of poly(B-amino ester)s. For instance, Anderson et al. found that

the polymers synthesized from 1,4-butanediol diacrylate with 2-(piperidin-1-yl) ethan-1-
amine and cyclohexane-1,4-diylbis(methylene) diacrylate with 4-aminol-1-butanol were
most promising and had 4-8 times the transfection efficacy of poly(ethylene imine) (PEI).3!
In those polymers, the amines are mainly tertiary amines. Other poly(B-amino ester)s
containing mainly tertiary amines were also synthesized and widely used by different
groups. For example, Kim et al. utilized 4-amino-1-butanol to synthesize PBAE. They also
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modified the PBAE with PEG to enhance the stability and transfection efficiency of the
polymer.32 Kozielski et al. synthesized a bioreducible linear PBAE with 4-amino-1-butanol
and bis(2-hydroxyethyl) disulfide reacted with acryloyl chloride. The repeating unit of

the polymer contained only tertiary amines but achieved 92% GFP knockdown without
measurable loss in metabolic activity in GBM 319 cells.33

3.2 Characterization of the polyplexes

As shown in Figure 3, the size (hydrodynamic diameter) and zeta potential of the polyplexes
were measured by dynamic light scattering and laser Doppler anemometry. The N/P ratio
has a significant influence on the size and zeta potential of the polyplexes. For P(SpBAE)
polyplexes, the size ranged from 65.6 nm to 209 nm; for P(BSpBAE) polyplexes, the size
ranged from 55.1 nm to 92.2 nm except the formulation at N/P 7 with a size of 764 nm.

The size of the polyplexes depends on the property of the polymer and the amount

of polymer used in a formulation. siRNA cannot be condensed efficiently at low N/P

ratios, while when the N/P ratio is too high, the free polymer may cause toxicity, and
aggregation may lead to faster sedimentation. For both P(BSpBAE) and P(SpBAE), the
polyplexes with the lowest PDI formed at the N/P ratio where the siRNA was just most
efficiently encapsulated. For instance, according to the SYBR gold assay of P(BSpBAE),
approximately 90% of the siRNA is encapsulated at N/P 10, and the PDI of polyplexes

at N/P 10 was 0.044, which is the lowest for these polyplexes among the different N/P
ratios tested. Similarly, for P(SpBAE), the siRNA was fully encapsulated at N/P 3, and the
polyplexes of N/P 3 showed the lowest PDI 0.238. The size of P(BSpBAE) polyplexes at
N/P 7 was large, which could be caused by aggregation of negatively and positively charged
polyplexes present at N/P 7. From N/P 7 to N/P 10, the zeta potential of the polyplexes
switches from negative to positive. It is therefore also possible that neutral polyplexes are
formed whose net charge is insufficient to stabilize the polyplexes, resulting in aggregation.

3.4 In vitro compatibility

MTT assays were performed to investigate the polymers’ and polyplexes’ biocompatibility.
As shown in Figure 4, PBAEs and PEI had comparable cell viability at low concentrations
from 1 pg/mL to 5 pg/mL. However, above 10 pg/mL, PEI caused stronger cytotoxicity than
the poly(B-amino ester)s P(SpBAE) and P(BSpBAE), confirming better biocompatibility of
the poly(B-amino ester)s compared with PEI. All polyplexes mediated cell viability above
80% in H1299 cells, which indicated that the polyplexes were biocompatible. However, for
the PBAE polyplexes, larger weight amounts of polymer are necessary, resulting in slight
differences regarding polyplex biocompatibility.

3.5 Cellular uptake

The cellular uptake of P(BSpBAE) polyplexes and P(SpBAE) polyplexes was determined by
flow cytometry with or without trypan blue quenching. As shown in Figure 5, there is no
significant difference between unquenched and quenched samples, which confirms cellular
polyplex internalization, rather than adsorption on the surface of the cells. The uptake

of P(SpBAE) polyplexes was 60 times higher than that of free AF488-siRNA (negative
control), while the uptake of P(BSpBAE) polyplexes was 865 times higher than the negative
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control, 14 times higher than that of P(SpBAE) polyplexes, and 49 times higher than that of
PEI polyplexes. The uptake of P(BSpBAE) polyplexes was more than 2 times higher than
with Lipofectamine ™ 2000 with the same amount of siRNA (50 pmol AF488-siRNA) for
each well.

The uptake of P(SpBAE) polyplexes at N/P 1 to 20 was also determined (Figure S1). The
cellular uptake depended on the N/P ratios, and higher N/P ratios often lead to higher
cellular uptake regardless of the high PDI. This observation can be explained by the
positive charge of the polyplexes enhancing the interaction with the negatively charged

cell membrane. However, too much positive charge also leads to cytotoxicity and thus a
lower cellular uptake in viable cells. Besides charge, the amphiphilicity of a polymer and
its resulting polyplexes is crucial and has a significant influence on their cellular uptake. In
this experiment, P(BSpBAE) is hydrophobic, while P(SpBAE) is hydrophilic. Although the
SiRNA encapsulation efficiency of P(BSpBAE) is lower than that of P(SpBAE) according
to the SYBR gold assays (Figure 3), the P(BSpBAE) polyplexes still achieved much higher
cellular uptake.

In vitro eGFP knockdown

To evaluate the gene silencing efficiency of such hydrophobic and hydrophilic polyplexes
on the protein level, we utilized H1299/eGFP cells that stably express the enhanced green
fluorescent protein reporter gene (eGFP). Chloroquine (CQ) used as an anti-malaria drug
has been a focus of research for its contribution to the endosomal escape process, and it has
been proposed to increase endosome escape through several mechanisms.3* Chloroquine
diffuses across the cell membrane and into endosomes passively, as the pH drops in
endosomes, it becomes protonated and trapped inside the endosome resulting in a dramatic
increase in its endosomal concentration. It is thought to insert a hydrophobic motif into

the lipid bilayer and lyse the endosome at a critical concentration.3> As shown in Figure

6, Lipofectamine™ 2000 (LF) was used as a positive control. In transfection experiments
without chloroquine, P(SpBAE) polyplexes mediated only 4.91% of knockdown which is
not significant in statistics, while P(BSpBAE) polyplexes had a knockdown efficiency of
58.5%. After chloroquine treatment, the knockdown efficiency of P(SpBAE) polyplexes
was 86.6%, which indicates that the P(SpBAE) polyplexes were entrapped in endosome/
lysosomes. However, the fluorescence intensity of cells transfected with P(SpBAE)-siNC
polyplexes also decreased after treatment with chloroquine which might be a sign of
cytotoxicity. The knockdown efficiency of P(BSpBAE) polyplexes, on the other hand,
increased to 91.6% with the treatment of chloroquine without visible signs of increased
cytotoxicity.

Chloroquine enhanced the knockdown of P(BSpBAE) and P(SpBAE) polyplexes, which
means both of the polyplexes are not released from the endosome efficiently. However,

the GFP knockdown efficiency of P(SpBAE) polyplexes with chloroquine was improved

by a factor 17.6 times compared to the samples without chloroquine treatment. On the

other hand, the knockdown efficiency of P(BSpBAE) polyplexes with chloroquine was only
1.57 times increased compared with samples without chloroquine treatment. This indicates
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that the P(BSpBAE) polyplexes may be less subject to endosomal entrapment than the
P(SpBAE) polyplexes.

3.7 Endosome Entrapment

To find the mechanism behind the efficient knockdown of P(BSpBAE) polyplexes, the
endosomal entrapment of the polyplexes was visualized via confocal laser scanning
microscopy (CLSM). As shown in Figure 7, more AF488-siRNA P(BSpBAE) polyplexes
seemed to reach the cytoplasm than P(SpBAE) polyplexes. This result is in line with the
results obtained by flow cytometry. The P(BSpBAE) polyplexes were also distributed in
other cell organelles. The colocalization of P(SpBAE) polyplexes with lysosomes (yellow
dots in the merged figure) was more than that of P(BSpBAE) polyplexes, which indicates
that the P(BSpBAE) polyplexes may have a better ability of endosomal escape. The
colocalization coefficient was analyzed in Image J, which also confirmed that P(BSpBAE)
polyplexes colocalized less with endosome/lysosomes than P(SpBAE) polyplexes.

Endosomal escape is one of the critical hurdles to successful intracellular delivery of nucleic
acid-based therapeutics. Nanoparticles internalization must be followed by endosomal
escape. Otherwise, endosomal entrapment renders the nanocarriers and their cargo useless
as it is degraded via the endo/lysosomal pathway.3® One of the most common strategies for
endosomal escape is the hypothesized “proton sponge effect”. The sponges, which typically
are polyamines, can absorb free protons in endosomes. As the absorbed protons accumulate,
chloride will then begin to diffuse into the endosome as a compensation to restore the
equilibrium potential which raises the osmotic pressure inside the vesicle. This causes the
endosome/lysosome to swell and expand until a critical area strain is passed, and finally the
lipid bilayer membrane ruptures and the polyplexes are released without degradation.3”

Interestingly, the P(BSpBAE) polyplexes seem to have a better endosomal escape ability
although lacking amines. We assume that this may be due to the partial removal of N-Boc
groups in acidic endosome/lysosomes. The N-Boc group is a common amine protecting
group, which is stable in neutral to basic environment but is unstable and removable

in an acidic environment. When N-Boc groups are removed in endosome/lysosomes, the
amines can be protonated and thus enhance the “proton sponge effect”. The P(BSpBAE)
polyplexes might also achieve endosomal escape via other mechanisms. For example, the
polyplex-mediated escape theory. In brief, the charged polyplexes interact directly with the
anionic phospholipids of the inner membrane leaflet leading to membrane destabilization
and nanoscale holes within the membrane and then vector escape from these holes.38: 39
Another similar theory is that the endosomal escape could be a result from free polymer-
mediated membrane permeability and nanoscale hole formation. It was hypothesized that
there is a dynamic equilibrium between dissociated polymer chains and polyplexes, and
free polymer chains intercalate in the membrane of endo-lysosomes and cause membrane
disintegration and hole formation.38: 40 It is also possible that due to the hydrophobicity of
N-Boc groups, the polyplexes were internalized into the cells via a different pathway which
results in less entrapment in endosome/lysosomes.
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3.8 Cellular uptake pathway

Four cellular uptake inhibitors were applied in this experiment to investigate the cellular
uptake pathway. Specifically, nystatin can inhibit the internalization of caveolae and lipid
rafts through the depletion of cholesterol in the cell membrane; wortmannin can block
macropinocytosis; methyl-B-cyclodextrin inhibits the lipid raft-dependent endocytic pathway
by interfering with cholesterol synthesis and decomposing cholesterol; chlorpromazine
blocks clathrin-mediated endocytosis through destroying cell surface clathrin and the AP2
complex.?2: 41 As shown in Figure 8, the P(SpBAE) polyplexes and P(BSpBAE) polyplexes
showed different behavior after the treatment with these four inhibitors. Nystatin had almost
no influence on the cellular uptake of P(SpBAE) polyplexes but decreased the uptake of
P(BSpBAE) polyplexes’ by 70%; while wortmannin had no inhibition effect on the cellular
uptake of P(BSpBAE) polyplexes, it inhibited the cellular uptake of P(SpBAE) polyplexes
by about 50%; Methyl-B-cyclodextrin strongly inhibited the uptake of both P(SpBAE)
polyplexes and P(BSpBAE) polyplexes; Chlorpromazine decreased the uptake of P(SpBAE)
polyplexes by 71.1% but that of P(BSpBAE) polyplexes only by only 33.0%.

These results indicate that P(SpBAE) polyplexes were mainly internalized via
macropinocytosis, lipid raft-dependent, and clathrin-dependent endocytic pathways;
P(BSpBAE) polyplexes, on the other hand were internalized mainly via caveolae and

lipid raft-dependent endocytosis. Caveolae-dependent endocytosis is reported to have the
potential to bypass lysosomes, and many pathogens including viruses and bacteria in fact
select this pathway to avoid lysosomal degradation. Therefore, this route is believed to be
beneficial for enhanced therapeutic effects.#2 While clathrin-dependent endocytosis usually
leads to endosomal/lysosomal localization.*3 These differences in intracellular trafficking
could explain why P(BSpBAE) polyplexes resulted in less endosomal entrapment and higher
GFP knockdown efficiency.

3.9 Migration assay

KRAS (Kirsten rat sarcoma virus) is a gene that provides instructions for a protein called
K-Ras, which relays signals from outside the cell to the nucleus. The signals instruct the
cell to grow and proliferate or to mature and differentiate. It is called KRAS because it
was first identified as a viral oncogene in the Kirsten Rat Sarcoma Virus.** KRAS is the
most frequently mutated gene associated with lung cancer, and the activating mutations
in KRAS result in constitutive activation of the GTPase protein in the absence of growth
factor signaling, resulting in a sustained proliferation signal within the cell which is related
to the migration and invasion of cancer cells.1® To achieve therapeutically relevant gene
silencing, we used a siRNA sequence targeting a KRAS mutant, namely KRAS G12S.
As shown in Figure 9, cells transfected with the siG12S encapsulated polyplexes showed
less migration than cells transfected with the negative controls. Specifically, formulations
with P(SpBAE)-siG12S inhibited about 33% of the migration, while P(BSpBAE)-siG12S
inhibited about 55% of the migration.

Interestingly, P(SpBAE) polyplexes did not mediate a significant GFP knockdown but were
able to inhibit the migration of A549 cells. It was hypothesized that although P(SpBAE)
polyplexes did not achieve a knockdown on protein level, they were yet able to change the
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status of the cells, for example, the signal transduction, thus leading to an inhibition of the
migration. It is also possible that transfection of A549 cells with P(SpBAE) polyplexes was
in general more efficient than transfection of H1299 cells or that a smaller gene silencing
effect of KRAS resulted in a more visible effect than eGFP silencing measured by flow
cytomatry. The gene silencing efficiency is also related to the siRNA. It is thus possible
that the siRNA against KRAS has a higher efficiency than the siRNA against GFP, thus the
cytoplasmatically released siRNA delivered by P(SpBAE) polyplexes was able to achieved
a KRAS knockdown and inhibited the migration of A549 cells. To observe the KRAS
knockdown on protein level and investigate which assumption is correct, a western blot
experiment was performed.

3.10 Western blot analysis

Western blot analysis was conducted to investigate if the P(SpBAE) polyplexes and
P(BSpBAE) polyplexes can knock down KRAS on the protein level. As shown in Figure
10, both P(SpBAE) polyplexes and P(BSpBAE) polyplexes downregulated the expression
of KRAS in relation to the housekeeping gene Histone 3 to about 60% of the controls
which had been transfected with scrambled siRNA. Since cytotoxicity was negligible for
both types of polyplexes, differences in the housekeeping gene expression were understood
as loading differences, and gene silencing efficacy was in fact in line with the migration
inhibition results in Figure 9. P(SpBAE) polyplexes did not knock down GFP significantly
but inhibited the expression of KRAS. To understand the underlying principles of this
phenomenon, we determined the cellular uptake of P(SpBAE) and P(BSpBAE) polyplexes
in A549 cells. PEI and Lipofectamine™ 2000 were used as controls (Figure S2). The
cellular uptake of P(BSpBAE) polyplexes was still higher than P(SpBAE) polyplexes.
However, the cellular uptake of P(BSpBAE) polyplexes decreased compared with its
behavior in H1299 cells, and the cellular uptake of P(SpBAE) polyplexes increased. This
result could explain why P(SpBAE) polyplexes did not efficiently mediate GFP knockdown
in H1299 cells but caused therapeutically relevant KRAS knockdown in A549 cells as
shown in the migration assay. The phenomenon that nanoparticles show different behavior
in different cell lines was also reported by other researchers. For example, Kim et al.
investigated the transfection efficiency of DOTAP-liposomes with different DOTAP/DOPE
ratios in different cell types including Huh7, AGS, COS7, and A549. They found that the
formulation T1PO0 and T3P1 showed higher luciferase activities than T1P1 or T1P3 in Huh7
and AGS cells. However, the transfection efficiencies of T3P1 and T1P1 were higher than
those of T1P0 and T3P1 in COS?7 cells. These results implied that specific cell lines can
favor certain lipid compositions in gene delivery and the transfection efficiency is cell-line
dependent.*® The good performance of P(SpBAE)-siG12S polyplexes could also be due to
the higher knockdown efficiency of the siRNA sequence siG12S. The knockdown efficiency
of siRNA is related to its length, nucleotide composition, and the distance of the target
region to transcription start site.46

4 Conclusion

In this project, we have synthesized spermine-based poly(f-amino ester)s successfully. The
PBAEs polymers were more biocompatible than PEI and were able to encapsulate sSiRNA
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and delivery siRNA efficiently. Interestingly, we observed that the PBAEs before removing
the N-Boc protection groups P(BSpBAE) mediated much higher cellular siRNA uptake
and GFP knockdown efficiency, benefiting from different cellular uptake mechanisms and
lower endosomal entrapment. This indicates that the Boc-protection of the polymer could
be beneficial for siRNA delivery and gene silencing efficiency. The PBAE polyplexes
encapsulating siRNA against KRAS also showed promising results, which indicates the
potential application of spermine-PBAEs for therapeutic purposes. Taken together, the
spermine-based poly(B-amino ester)s are very promising for SiRNA delivery and RNAI-
based therapeutics.
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Figure 1. 1H NMR of (A) tri-Boc-spermine in CDCl3; (B) P(BSpBAE) in CDCl3; (C) P(SpBAE)
in DO
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Figure 2.
siRNA encapsulation profiles of polyplexes measured by SYBR Gold assays at various

N/P ratios. 100% values (N/P = 0) are represented by the determined fluorescence of
uncondensed free siRNA (data points indicate mean+ SD, n= 3).
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Figure 3.
(A) Hydrodynamic diameter of P(BSpBAE) polyplexes; (B) Zeta potential of P(BSpBAE)

polyplexes; (C) Hydrodynamic diameter of P(SpBAE) polyplexes; (D) Zeta potential of
P(SpBAE) polyplexes. (Size and zeta potential, mean + SD, n = 3, PDI, mean, n = 3).
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Figure 4. Cell viability of polymers and polyplexes determined by diemthylthiazolyl blue

diphenyltetrazolium bromide (MTT) assay in H1299 cells.
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Figure 5. Cellular uptake of polyplexes quantified by flow cytometry and presented as median
fluorescence intensity corrected by autofluorescence of untreated blank cells (H1299 cells,
AF488-siRNA).
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Figure 6.
Enhanced green fluorescent protein (eGFP) knockdown of P(SpBAE) polyplexes and

P(BSpBAE) polyplexes in H1299 cells expressing eGFP quantified by flow cytometry as
median fluorescence intensity (Mean + SD, 7= 3, One-way ANOVA with Bonferroni
multiple comparison test, ***p< 0.001, "p> 0.05).
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Figure 7.
(A) Confocal images after treatment of H1299 cells with P(SpBAE) polyplexes and

P(BSpBAE) polyplexes formulated with AF488-siRNA and stained with Lysotracker red™
DND 99 and DAPI. (B) Pearson’s coefficient analyzed via Image J (Mean + SD, n=3,
Unpaired T test, *p < 0.05).
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Figure 8. Cellular uptake of P(SpBAE) and P(BSpBAE) polyplexes (N/P = 10) after treatment
with inhibitors nystatin, wortmannin, chlorpromazine, and methyl-p-cyclodextrin (M-p-CD).

(Results are shown as mean + SD as a percentage of median fluorescence intensity
normalized to non-inhibited samples, 7= 3, two-way ANOVA with Bonferroni post-hoc
test, ***p < 0.001, nsp >0.05.)
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Figure 9.
(A) The crystal violet staining of migrated A549 cells. (B) The percentage of the migrated

cells was quantified by counting three fields per chamber and compared with controls (One
way ANOVA, =3, *p < 0.05, ***p < 0.001).
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Figure 10. Western blot analysis of KRAS protein expression in A549 cells.
Histone 3 was used as the loading control. The ratio of KRAS/Histione 3 (A) was calcualted

by the the adjusted volume corrected by the normalization factor (Adj. Volume (int))
generated by Image lab™ (B).
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Scheme 1. Synthesis route of spermine and 1,4-butanediol diacrylate based poly(B-amino ester)s
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Table 1
Step-growth polymerization (polyaddition) of tri-Boc spermine and 1,4-butanediol
diacrylate and deprotection of the resulting polymer.

Polymer Solvent  Time (h) Yield (%) Mn(Da) b Protonable unit
P(BSpAE) 5/2]  neat 15 83 3600/¢/  1.73fc] 350
P(SpBAE)6/6/ DCM 2 63 3800/ 1 186

[a]reaction conditions: neat, 120 °C, overnight, the molar ratio of spermine and 1,4-butanediol diacrylate is 1:1.

[b]reaction conditions: polymer 5, TFA, DCM, room temperature, 2 h.
e,

n and B was assessed via SEC (measurement relative to polystyrene and in chloroform at 30 °C).

[a]

molecular weight was calculated on the basis of SEC of polymer 5 (Figure S3) and the theoretical chemical structure of polymer 6.

Mol Pharm. Author manuscript; available in PMC 2024 September 04.

Page 29



	Abstract
	Abstract
	
	Introduction
	Materials & Methods
	Materials
	Synthesis and characterization of spermine-based poly(β-amino ester)s
	Synthesis of tri-tert-Butyl Carbonyl Spermine tri-Boc-spermine
	Synthesis of spermine and 1,4-butanediol diacrylate-based poly(β-amino ester)s

	Preparation and characterization of polyplexes
	siRNA encapsulation efficiency by SYBR gold assay
	In vitro compatibility assessment
	Quantification of cellular uptake
	In vitro eGFP knockdown
	Endosomal entrapment
	Cellular uptake pathway
	Migration assay
	Western blot analysis of KRAS gene silencing

	Results & Discussion
	Synthesis and characterization of spermine-based poly(β-amino ester)s
	siRNA encapsulation efficiency
	Characterization of the polyplexes
	In vitro compatibility
	Cellular uptake
	In vitro eGFP knockdown
	Endosome Entrapment
	Cellular uptake pathway
	Migration assay
	Western blot analysis

	Conclusion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8
	Figure 9
	Figure 10
	Scheme 1
	Table 1

