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ABSTRACT: Despite the first successful applications of nonviral delivery vectors for small interfering RNA in the treatment of
illnesses, such as the respiratory syncytial virus infection, the preparation of a clinically suitable, safe, and efficient delivery
system still remains a challenge. In this study, we tackle the drawbacks of the existing systems by a combined experimental−
computational in-depth investigation of the influence of the polymer architecture over the binding and transfection efficiency.
For that purpose, a library of diblock copolymers with a molar mass of 30 kDa and a narrow dispersity (Đ < 1.12) was
synthesized. We studied in detail the impact of an altered block size and/or composition of cationic diblock copolymers on the
viability of each respective structure as a delivery agent for polynucleotides. The experimental investigation was further
complemented by a computational study employing molecular simulations as well as an analytical description of systemic
properties. This is the first report in which molecular dynamics simulations of RNA/cationic polymer complexes have been
performed. Specifically, we developed and employed a coarse-grained model of the system at the molecular level to study the
interactions between polymer chains and small interfering RNA. We were further able to confirm a threshold lengthbinding block/
lengthnonbinding block ratio, which is required for efficient complexation of siRNA, and it was possible to find a correlation between
the length of the cationic block and the size of the resulting polyplex. Hence, the combined insights from the experiments and
the theoretical investigation resulted in a wealth of information about the properties of cationic diblock copolymers employed as
RNA delivery agents, in particular regarding the molecular and mechanistic details of the interaction between the two
components of a polyplex.

■ INTRODUCTION

Gene therapy and gene silencing possess a high potential as a
treatment approach for many acquired and inherited genetic
disorders.1 Delivering exogenous DNA into the nucleus of
malignant cells makes it possible to stimulate the production of
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a desired protein. Delivering small interfering RNA (siRNA),
on the other hand, activates regulatory mechanisms, namely,
the RNA interference (RNAi) pathway, which inhibits the
production of a specific protein. However, using RNAi for
therapy requires the development of suitable delivery agents
since siRNA molecules are too hydrophilic to enter cells
unaided through passive diffusion. The challenges of siRNA
delivery by administration via the bloodstream include not
only cell entry but also the necessity to protect siRNA
molecules against serum nucleases and to shield them from the
innate immune system. To achieve this aim, efficient binding
by the chosen carrier system is essential.2,3 Viral vectors with
an artificially deranged replication can be utilized for the
purpose of siRNA delivery, but these carrier systems can lead
to pronounced adverse effects due to their immunogenicity
that causes the degeneration of transduced tissue by the
inflammatory system. Furthermore, they also require genetic
retargeting to not only be specific to their natural target cells.4

Nonviral vectors, such as polymers, on the other hand,
although less effective in bypassing cellular barriers than the
viral vectors, offer more safety for the patient since their
properties can be tailored to ensure biocompatibility and
biodegradability. Especially, nitrogen-based cationic polymers,
such as poly(dimethylaminoethyl methacrylate) (pDMAE-
MA), chitosan, and polyethylenimine (PEI), were used for this
purpose.5 However, polymers that use guanidinium groups to
bind and deliver polynucleotides into cells have shown the
potential to outperform polymer structures that rely on amino
groups for the same purpose.6−9 The design of such
guanidinium group-based scaffolds led to a renaissance of
such carrier systems due to their ability to mimic cell-
penetrating peptides with arginine-rich peptide sequences and
to remain positively charged over a wide pH range, thereby
exhibiting not only excellent binding of polynucleotides but
also the capacity for the transduction across plasma
membranes.10−12 Our previous work on this topic has
demonstrated that guanidinium groups possess exceptionally
strong binding affinity toward polynucleotides, thereby
facilitating excellent protection of siRNA against degradation
via RNases.13,14 To find the optimal design for siRNA carrier
systems, we have chosen to perform a systematic investigation
on the influence of the molecular structure of cationic diblock
copolymers, in which either primary amines or guanidinium
groups are utilized as the source of cationic charges. This
approach requires a representative library of well-defined block
copolymers to find meaningful correlations between the
polymer structure and their viability as delivery agents for
gene silencing. Diblock copolymers were chosen as the scaffold
structures due to their ability to form micellar polyplexes with
polynucleotides, which have been repeatedly shown to exhibit
sufficient serum stability without losing the ability to transfect
cells.15

In this work, we prepared a library of 12 different diblock
copolymers using the monomers N-(2-hydroxypropyl)-
methacrylamide (HPMA), N-(3-aminopropyl)methacrylamide
(APMA), and 3-guanidinopropyl methacrylamide (GPMA).
The RAFT polymerization technique, which tolerates all
employed functional groups and solvents, was used to make
alterations in block size, composition, and structure while
keeping the final molecular weight constant at ∼30 kDa. This
upper limit of the molar mass was chosen to improve
biocompatibility since HPMA-based copolymers are not
biodegradable, but with a molecular weight below 50 kDa,

they have access to renal clearance as well as other routes of
elimination from the bloodstream.16 Therefore, the risk of
long-time toxicity in in vivo studies can be avoided. We expect
the synthesized block copolymers to behave in a similar fashion
since HPMA is the main component of the backbone. We
investigated the effect of these alterations on the suitability of
the respective structures for siRNA delivery. The diblock
copolymers were screened regarding their binding properties
via the electrophoretic mobility shift assay (EMSA), and their
affinity toward siRNA was further quantified by microscale
thermophoresis (MST), which allowed us to calculate the
respective dissociation constants. In addition, we determined
the size of the formed polymer/siRNA complexes by means of
dynamic light scattering (DLS) and cryogenic transmission
electron microscopy (cryo-TEM) for selected samples and
studied their internalization as well as their knock-down
properties. Fluorescence correlation spectroscopy was used to
determine the loading efficacy in regard to the complex-bound
amount of siRNA molecules.
To gain further insight into the structure of the complexes

and their detailed organization, we developed a computational
model of the system at the molecular level and employed it to
simulate the complexation of single and multiple RNA
molecules. This model treats the block copolymers as linear
chains of beads. Each bead represents a monomeric unit, while
the siRNA is described as a rigid macromolecule at the fully
atomistic level. Intramolecular interactions of the polymers, but
also intermolecular interplay between the polymer and siRNA
molecules, were parameterized in a top-down approach.
Finally, the model was used in simulations involving up to
16 siRNA molecules and roughly 1400 copolymer chains to
characterize the detailed internal structure of the complexes.
This numerical description of the system provided unprece-
dented insight into the interplay between the siRNA molecules
and the block copolymers, in particular regarding the impact
the different polymer sequences have on the number of
siRNAs involved in a complex and the shape of the latter.

■ MATERIALS AND METHODS
All chemicals were purchased from Aldrich at the highest available
purity and used as received, unless mentioned otherwise. N-(3-
Hydroxypropyl) methacrylamide (HPMA) and N-(3-aminopropyl)
methacrylamide hydrochloride (APMA) were purchased from
PolySciences. 4,4′-Azobis(4-cyanovaleric acid) (ACVA) was acquired
from Wako Pure Chemicals Industries, Ltd., and recrystallized from
methanol. N-(3-Guanidinopropyl) methacrylamide (GPMA) was
synthesized in accordance with a previous work,13 and 4-
cyanopentanoic acid dithiobenzoate (CTP) was prepared by
following the literature-known procedure.17

MacroCTAs. Macromolecular chain transfer agents (CTAs) were
prepared in sets of two to prepare diblock copolymers with an altered
block size without affecting the final polymer length. Here, the
molecular weights of 21 and 28 kDa were chosen. These structures
were prepared using ACVA as the radical initiator and CTP as the
RAFT CTA at 70 °C.

HPMA MacroCTA. For the preparation of the desired polymers
with the diblock copolymer structure, HPMA-b-APMA and HPMA-b-
GPMA PHPMA macroCTAs had to be synthesized (step 1, Scheme
S1). CTP and HPMA (3.00 g, 21 mmol) were added to a 50 mL
Schlenk flask and dissolved in acetate buffer (pH 5.2, 0.27 M acetic
acid and 0.73 M sodium acetate), achieving a monomer concentration
of 1 M. Afterward, ACVA was added, and the reaction was carried out
under argon at 70 °C for 3 h and 30 min. The HPMA homopolymer
was prepared with a [M]o/[CTA]o ratio of 390/1 (long block) or
290/1 (short block), while the [CTA]o/[I]o ratio was kept at 3/1.
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The macroCTA was dialyzed at pH 4 (hydrochloric acid) at 4 °C and
dried via lyophilization. The product polymers were then charac-
terized using NMR spectroscopy and size exclusion chromatography
with hexafluoroisopropanol (HFIP) as the eluent.
HPMA-s-APMA MacroCTA. For the preparation of the desired

polymers with the diblock copolymer structure, (HPMA-s-APMA)-b-
APMA and (HPMA-s-APMA)-b-GPMA (HPMA-s-APMA) macro-
CTAs had to be synthesized (step 1, Scheme S2). CTP, HPMA (3.00
g, 21 mmol, 90 mol %), and APMA (0.348 g, 2.1 mmol, 10 mol %)
were added to a 50 mL Schlenk flask and dissolved in acetate buffer
(pH 5.2, 0.27 M acetic acid and 0.73 M sodium acetate), achieving a
monomer concentration of 1 M. Afterward, ACVA was added, and the
reaction was carried out under argon at 70 °C for 3 h and 30 min. The
HPMA-s-APMA copolymer was prepared with a [M]o/[CTA]o ratio
of 380/1 (long block) or 285/1 (short block), while the [CTA]o/[I]o
ratio was kept at 3/1. The copolymer was dialyzed at pH 4
(hydrochloric acid) at 4 °C and dried via lyophilization. The product
polymers were then characterized using NMR spectroscopy and size
exclusion chromatography with hexafluoroisopropanol (HFIP) as the
eluent.
HPMA-s-GPMA MacroCTA. For the preparation of the desired

polymers with the diblock copolymer structure, (HPMA-s-GPMA)-b-
APMA and (HPMA-s-GPMA)-b-GPMA (HPMA-s-GPMA) macro-
CTAs had to be synthesized (step 1, Scheme S3). CTP, HPMA (3.00
g, 21 mmol, 90 mol %), and GPMA (0.462 g, 2.1 mmol, 10 mol %)
were added to a 50 mL Schlenk flask and dissolved in acetate buffer
(pH 5.2, 0.27 M acetic acid and 0.73 M sodium acetate), achieving a
monomer concentration of 1 M. Afterward, ACVA was added, and the
reaction was carried out under argon at 70 °C for 3 h and 30 min. The
HPMA-s-GPMA copolymer was prepared with a [M]o/[CTA]o ratio
of 370/1 (long block) or 275/1 (short block), while the [CTA]o/[I]o
ratio was kept at 3/1. The copolymer was dialyzed at pH 4
(hydrochloric acid) at 4 °C and dried via lyophilization. The
monomer composition of the macroCTAs was determined using a
Bruker WS 700 or 400 MHz spectrometer (controller: Bruker Avance
III) in D2O. The integration of the intensities assigned to the
methylene proton resonances of HPMA (3.92 ppm) and the
methylene resonances of APMA or GPMA (3.08−3.21 ppm)
disclosed the monomer composition.
Diblock Copolymer Structures. MacroCTAs were terminally

chain-extended with either GPMA or APMA. This step was
performed in analogy to the synthesis of the macroCTAs. The
respective macroCTA and the GPMA (or APMA) monomer were
dissolved in acetate buffer (pH 5.2, 0.27 M acetic acid and 0.73 M
sodium acetate), diluting the monomer concentration to [M]0 = 1.0
M. Then, the radical initiator ACVA was added. The reaction mixture
was stirred in an argon atmosphere at 70 °C for 10 h. The polymer
was prepared with a [M]o/[CTA]o ratio, which would ensure the final
polymer size of 30 kDa, while the [CTA]o/[I]o ratio was kept at 3/1.
The work-up was done by dialysis at pH 4 (hydrochloric acid) and a
temperature of 4 °C and subsequent lyophilization.
To remove the terminal thiocarbonylthio functionalities from the

block copolymers, the approach of using azobisisobutyronitrile
(AIBN) was chosen. Here, the diblock copolymers still possessing
their CTA function were dissolved together with AIBN in degased
DMF (molar ratio of polymer/AIBN of 1:30) and heated to 70 °C for
3 h under argon. Precipitation in cold anhydrous diethyl ether,
repeated washing with ether, and filtering were the next steps. After
two reaction cycles, the desired polymers were attained after drying in
vacuum overnight.
Size Exclusion Chromatography (SEC). All polymers were

characterized using size exclusion chromatography (SEC) with
hexafluoroisopropanol (HFIP, +3 g/L K+TFA−) as the eluent. SEC
was performed at 40 °C. Modified silica (PFG columns; particle size:
7 μm; porosity: 100 and 1000 Å) was used as the column material. A
refractive index detector (G 1362A RID, Jasco) and a UV detector
(UV-2075+, Jasco; wavelength: 230 nm) were used to detect the
polymer, and the molecular weights were calculated based on a
calibration with PMMA standards (Polymer Standards Services
GmbH, Mainz). SEC was also used to determine the quantitative

removal of the thiocarbonylthio functionality from the block
copolymers. Here, the UV signals at 310 nm before and after removal
were monitored.

Dynamic Light Scattering (DLS). DLS measurements were
performed on an ALV spectrometer consisting of a goniometer and an
ALV-5004 multiple-tau full-digital correlator (320 channels), which
allows measurements over an angular range from 30° to 150°. A He-
Ne laser (wavelength of 632.8 nm) was used as the light source. For
temperature-controlled measurements, the light scattering instrument
was equipped with a thermostat from Julabo. Aggregate formation of
the polymers needed to be suppressed to clearly differentiate complex
formation. For that purpose, the polymer solutions were dissolved in
aqueous 0.15 M sodium chloride solutions and filtered at 0.2 μm
cutoff. The filter removed formed aggregates, and the salt solution
inhibited their rearrangement for the duration of the measurement.
Having measured the hydrodynamic radius of the single polymer
molecules, unlabeled siRNA (IBA Nucleic Acids Synthesis, annealed;
unlabeled sense strand: GCA AGC UGA CCC UGA AGU UCA U;
unlabeled antisense strand: GAA CUU CAG GGU CAG CUU GCC
G) was added to achieve a masspolymer/masssiRNA ratio of 100:1, which
ensured complete complexation in all cases with the exception of the
nonbinders, incubated for 20 min at ambient temperature, and
measured again.

Electrophoretic Mobility Shift Assay (EMSA). Fluorescence
resonance energy transfer (FRET)-labeled siRNA (0.14 μg; provided
by the group of M. Helm, Institute for Pharmacy and Biochemistry,
Johannes Gutenberg University Mainz) was incubated with a polymer
structure at various masspolymer/masssiRNA ratios in Dulbecco’s
phosphate-buffered saline (1×DPBS, with Ca2+/Mg2+, Life Tech-
nologies) for 20 min to allow complex formation. These samples were
then loaded in the middle of a 1% agarose gel (1×TBE running
buffer), which was run at 120 V for 50 min. The gel was analyzed with
a Typhoon 9600 (GE Healthcare, Buckinghamshire, U.K.) at a 532
nm excitation wavelength and a 670 nm BP 30 emission filter for
detecting the fluorescence signal.

Microscale Thermophoresis (MST). Measurements were
performed on a NanoTemper Monolith NT.115 instrument using
the blue filter (absorption: 455−485 nm; emission: 510−530 nm) for
excitation and detection of fluorescence (Figure S5). The measure-
ment was performed in standard capillaries at varying % LED and IR
laser power with a laser-on time of 30 s between laser-off times of 5 s
in the beginning and the end. To determine the affinity of a binding
reaction, a titration series of one binding partner was performed, while
the fluorescently labeled binding partner siRNA (IBA Nucleic Acids
Synthesis, annealed; 3′-labeled sense strand: GCA AGC UGA CCC
UGA AGU UCA U (ATTO488); unlabeled antisense strand: GAA
CUU CAG GGU CAG CUU GCC G) was kept at a constant
concentration of 400 nM. To ensure comparability of results, the
same sequence as the one used during the EMSA study was
employed. Binding of the polymer particles to fluorescently labeled
siRNA was quantified in Dulbecco’s phosphate-buffered saline
(1×DPBS, with Ca2+/Mg2+, Life Technologies), and the same
medium was used to prepare stock solutions of the polymer structures
(2 mg·mL−1). Shortly prior to the measurement, the complexes were
prepared by mixing both components and incubated for 20 min at
ambient temperature. Here, the masspolymer/masssiRNA ratio for the
polyplex formation was varied in a titration series between 1 and 100
(1, 5, 7.5, 10, 12, 15, 17.5, 20, 25, 50, and 100) according to the
EMSA-determined ratio for complete complexation. Analysis and
fitting of the detected signals were performed with the software NT
Analysis 1.4.27 based on the theoretic calculations described by
Jerabek-Willemsen et al. and Baaske et al.18,19

Cryogenic Transmission Electron Microscopy. Cryogenic
transmission electron microscopy (cryo-TEM) measurements were
performed on a FEI Tecnai G2 20 cryo-transmission electron
microscope (Jena Center for Soft Matter). Acceleration voltages
were set to 200 kV. Samples were prepared on Quantifoil grids (3.5/
1) after cleaning by argon plasma treatment for 120 s. The solutions
(9.5 μL) were blotted by using a Vitrobot Mark IV. Samples were
plunge-frozen in liquid ethane and stored under nitrogen before being
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transferred to the microscope utilizing a Gatan transfer stage. TEM
images were acquired with a 200 kV FEI Tecnai G2 20 equipped with
a 1k × 1k Olympus MegaView camera.
Cell Culture. HeLa (human cervical carcinoma cell line, ATCC

CCL-2), Kelly wild type (human neuroblastoma cell line, ACC 355),
HEK293 (human embryonic kidney cell line, ACC 305), and MCF7
cells (human breast cancer cell line, ATCC HTB-22) were cultured in
Dulbecco’s modified Eagle’s medium (DMEM, Live Technologies),
which was supplemented with 10% fetal calf serum (FCS, GIBCO), 2
mM L-glutamine (Life Technologies), and 100 units·mL−1 penicillin−
streptomycin (Thermo Fisher Scientific). C2C12 cells (murine
myoblast cell line, ACC 565) were cultured in DMEM containing 4
mM L-glutamine, 4500 mg·L−1 glucose, 1 mM sodium pyruvate, and
1500 mg·L−1 sodium bicarbonate. This medium was further
supplemented with 10% fetal calf serum (FCS, GIBCO). All cell
lines were grown and incubated in a humidified incubator at 37 °C
and 5% CO2.
Cell Viability via CellTiterGlo. Stock solutions (100 mM) of the

investigated block copolymers were prepared in 1×DPBS and diluted
in a cell line-suitable medium to the final working concentrations.
Here, the molarity was calculated by using the molecular weights of
the polymers that were obtained by HFIP-SEC. The respective cells
were seeded into black-walled 96-well plates with a clear bottom
(Corning 3603) in a density of 1 × 104 cells per well in 100 μL of
suitable medium and incubated for 24 h to allow attachment. Then,
after washing the cells with 1×DPBS, the medium was replaced
against one containing the polymer structures at set concentrations
(100, 50, 30, 20, 10, 5, 2.5, 1, and 0.5 μM), and the cells were
incubated for 72 h. The cell viability was determined by following the
protocol of the CellTiterGlo Assay (Promega Corporation), which is
a luciferase-based method for ATP quantitation. Luminescence of
each well was measured on the Tecan plate reader (Tecan, Austria).
Untreated cells were used to determine the value for 100% cell
viability, and wells containing only the medium were used as negative
controls. The IC50 values [μM] were determined from survival curves
(OriginPro 8.5.1G).
Staining of Cells. For fluorescence microscopy imaging, HEK293

cells were seeded at a concentration of 1 × 104 cells/cm3 in a volume
of 200 μL on eight-well chambered cover glasses (#1.0 Borosilicate
Coverglass System, Lab-Tek, Nunc) and grown for 24 h to allow
attachment to the surface. The block copolymer was dissolved in
Dulbecco’s phosphate-buffered saline (1×DPBS, with Ca2+/Mg2+, Life
Technologies) to give a stock solution of 2 mg/cm3, which was stored
at 4 °C. The complexes were prepared shortly prior to the transfection
experiments by mixing the labeled siRNA with the respective polymer
structures in weightpolymer/weightsiRNA ratios guaranteeing complete
complexation (deducted from the results of the electrophoretic
mobility shift assay) and incubating the solution in 1×DPBS for 20
min at ambient temperature. Here, siRNA was chosen to carry the
fluorescence label to minimize falsely positive results originating from
the fact that, for the complex formation, an excess of the polymers was
used. The complexes were further diluted in phenol red-free cell
culture medium to achieve a 50 nM final concentration of siRNA.
Before staining, the cells were washed once with 1×DPBS, which was
then replaced by 200 μL of the staining solution and incubated at 37
°C and 5% CO2 for the indicated duration. During incubation, cells
could be directly imaged without washing. This procedure was the
case for the time lapse study, during which every 10 min confocal
imaging of a layer took place for the duration of 15 h. To rule out the
possibility that the staining of the cells was caused by free dye
molecules, the cells were also incubated with uncomplexed
ATTO488-labeled siRNA, in which case no internalization could be
observed.
Confocal Laser Scanning Microscopy (cLSM). The internal-

ization of the polyplexes consisting of the block copolymer structures
(HPMA126-s-APMA14)-b-GPMA49 (or (HPMA180-s-APMA20)-b-
GPMA11) and ATTO488-labeled siRNA double helix (IBA Nucleic
Acids Synthesis, annealed; 3′-labeled sense strand: GCA AGC UGA
CCC UGA AGU UCA U (ATTO488); unlabeled antisense strand:
GAA CUU CAG GGU CAG CUU GCC G) was tested in live

HEK293 cells at 37 °C and 5% CO2. Fluorescence confocal laser
scanning microscopy (cLSM) images were acquired with a TCS SP5
(Leica) equipped with a 63×/1.4 and 100×/1.4 oil plan apochromatic
objective and an incubation chamber for live-cell imaging (37 °C, 5%
CO2). The acquisition was performed in an automated way every 10
min for 15 h (no movement of the objective), or Z-scans were
performed manually after the indicated incubation times. The
ATTO488 label was excited by an argon laser at λex = 488 nm
(power set to 20% and acousto-optical tunable filter transmission set
to 5−10%), and the emission range was set to λem = 520−600 nm.
Fluorescence signals were detected by hybrid detectors (HyD) with
fixed gain values that were set to 100. Fluorescence image acquisition
and processing were performed with the LAS AF 4.0 software (Leica)
and Fiji.

Western Blot-Supported Knock-Down Study. The siRNA
against Kif2a (J-041075-07-0005, ON-TARGETplus Mouse Kif2a:
CUA CAC AAC UUG AAG CUA U) and nontargeting control
siRNA (D-001810-10-05, ON-TARGETplus Non-targeting Pool:
UGG UUU ACA UGU CGA CUA A, UGG UUU ACA UGU
UGU GUG A, UGG UUU ACA UGU UUU CUG A, UGG UUU
ACA UGU UUU CCU A) were purchased from Dharmacon
(Lafayette, CO, USA). IMCD3 cells (mouse inner medullary
collecting duct cells) were seeded with a density of 162,500 cells
per well in a six-well plate and incubated in Dulbecco’s modified
Eagle’s medium F12 (DMEM-F12) (Thermo Fisher Scientific,
Waltham, USA) containing 10% heat-inactivated fetal calf serum
(FCS) overnight. The DMEM-F12 was removed on the next
morning, and after washing the cells with 1×PBS buffer
(phosphate-buffered saline; 140 mM NaCl, 2.7 mM KCl, 10 mM
Na2HPO4·2H2O, 1.8 mM KH2PO4, pH 7.3), reduced serum medium
(Opti-MEM) (Thermo Fisher Scientific) was added. In all cases, the
siRNAs were employed in final concentrations of 50 nM for the
transfection of the IMCD3 cells. The commercially available
transfection reagent LTX RNAiMAX (Thermo Fisher Scientific)
was used as the positive control. For the negative control, the cells
were incubated with siRNA molecules lacking a transfection reagent.
The polymer samples, which have been shown to complex siRNA
effectively by means of electrophoretic mobility shift assay and
microscale thermophoresis, were dissolved in 1×PBS to gain stock
solutions. The complexes were then prepared by mixing the siRNA
with the respective polymer structures (1 mg·mL−1 stock solution) in
weightpolymer/weightsiRNA ratios guaranteeing complete complexation
and incubating the solution for 20 min at ambient temperature. The
complexes were then added to the cells before incubating them for 72
h in Opti-MEM at 37 °C and 5% CO2. Subsequently, the cells were
harvested and lysed using Triton X-100 lysis buffer (50 mM Tris−
HCl (pH 7.5), 150 mM NaCl, and 0.5% Triton X-100) that contained
the protease inhibitor cocktail (PI-mix; Roche Diagnostics,
Mannheim, Germany). Lysis was performed for 10 min on ice with
a vortexing step every 2 min and a final centrifugation (14,000g, 10
min, 4 °C). The lysates were analyzed with SDS-PAGE electro-
phoresis and Western blot to determine the knockdown efficiency.
The following primary antibodies were used for the detection of the
proteins that were transferred to the membrane during the Western
blot: anti-actin (MA5-11869; Thermo Fisher Scientific) and anti-
Kif2a (ab37005; Abcam, Cambridge, U.K.). The following fluo-
rescently labeled secondary antibodies were utilized for staining:
IRDye800 donkey anti-mouse (610-732-124; Rockland Immuno-
chemicals, Limerick, PA, USA) and Alexa Fluor 680 donkey anti-
rabbit (A10043; Thermo Fisher Scientific). Detection of the stained
protein bands was performed by means of the Odyssey Infrared
Imaging System from LI-COR. The raw images were cropped and
processed using Photoshop CS5 before quantifying the stained
protein bands via ImageJ.

Simulation. We used the LAMMPS20 simulation package to
simulate the system composed of copolymers and siRNAs. As
described in the text, for the polymers, we employed a semiflexible
bead-and-spring model, and for the siRNA, we extracted the
coordinates of a segment (21 base pairs) of RNA from the Protein
Data Bank. All simulations were performed in canonical ensemble
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(NVT); that is, the temperature (T), volume (V), and the number of
particles (N) of the system are kept constant during the simulations.
To compare the stability of the complex, simulations were carried out
with an equal time of 106 τ, where τ is the characteristic time scale,
and it is defined by the mass unit m, energy unit ϵ, and the length unit

σ (τ σ= ϵ m/ 2). The simulation time step is set to Δt = 0.002τ. The
time averaging is perfomed over the last 5 × 105 τ. The illustrations
showing polymers and siRNAs were prepared using the VMD21

visualization package.

■ RESULTS AND DISCUSSION
Diblock copolymers (Figure 1 and Table 1) were synthesized
via aqueous RAFT polymerization (aRAFT) in a two-step

approach (Schemes S1−S3). Initially, PHPMA homopolymers
as well as copolymers between HPMA and statistically
incorporated APMA or GPMA (10 mol %) were prepared as
macromolecular chain transfer agents (macroCTAs) in acetate
buffer at 70 °C by using 4-cyanopentanoic acid dithiobenzoate
(CTP) as the chain transfer agent and 4,4′-azobis (4-
cyanopentanoic acid) as the radical initiator. In a subsequent
step, the polymer architecture was extended by cationic
homopolymer blocks, which were composed of either GPMA
or APMA, before the terminal thiocarbonyl end group of the
RAFT polymers was removed by treatment with an excess of
the diazo-initiator AIBN.22 The first blocks were synthesized
with a desired molar mass of either 21 or 29 kDa, while the
addition of the second block was intended to increase the
molar mass uniformly to ∼30 kDa to ensure comparability.

The controlled polymerization approach via aRAFT enabled
the successful synthesis of the designed polymer structures at
low dispersity (Đ < 1.12) and near-uniform apparent molar
mass (Table 2), which was confirmed by means of 1H-NMR
spectroscopy and gel permeation chromatography with
hexafluoroisopropanol as the eluent.
The 12 diblock copolymers were selected and compared to

understand the relation between polymer composition and
functionality as we expected that altering block size, monomer
composition, and structure will affect the viability of the
respective polymer as an siRNA delivery agent. The
comparison between GPMA- and APMA-based polymers
should not be affected by differences in protonation degree
since guanidine remains charged over a wide pH range, which
is reflected in the high pKa value (12.48) of its protonated
counterpart, and a similar protonation degree is expected for
primary amino groups at the used conditions (pH 7).
The questions that we aim to answer are as follows:

(1) Do the primary amino groups of APMA or the
guanidinium groups of GPMA have precedence for the
application in polynucleotide delivery?

(2) Do long or short cationic blocks achieve the best results
in terms of siRNA binding and plasma membrane
transduction?

(3) To which degree does the first block, which possesses a
low cationic charge density, participate during polyplex
formation? Or does it offer other merits for siRNA
delivery in consideration of its length and composition?

To answer the first question coherently, the synthesized set
of polymer structures was divided into two groups, where
group I (polymers 1−6) relied on an APMA block for the
complexation of siRNA and group II (polymers 7−12) used a
GPMA block for the same purpose. Since each polymer of
group I had its structural counterpart in group II, a meaningful
conclusion was drawn by an intergroup comparison. This
comparison can be visualized by connecting the diagonally
opposed polymers depicted in Figure 1. Answering the second
question required further division of the groups into subgroups
Ia (polymers 2, 3, and 5) and Ib (polymers 1, 4, and 6) as well
as subgroups IIa (polymers 8, 9, and 11) and IIb (polymers 7,
10, and 12) based on the length of the APMA or GPMA
blocks. Subgroups Ia and IIa encompass diblock copolymers
with a long cationic block, whereas subgroups Ib and IIb
contain those with a short APMA or GPMA block,

Figure 1. Schematic representation and classification of the block
copolymers (1, 2, 3, 4, 9, 10, 11, and 12) as well as diblock
terpolymers (5, 6, 7, and 8) described in Table 1. Group I (orange
half) are equipped with an APMA block for the complexation of
siRNA. Group II (green half) rely on a GPMA block for the same
purpose. The polymers are further divided into subgroups Ia, Ib, IIa,
and IIb based on the length of the APMA or GPMA blocks, where “a”
corresponds to copolymers with long cationic blocks and “b”
corresponds to those with a short one. Color codes of the
monomer-representing beads: HPMA, blue; APMA, red; GPMA,
black.

Table 1. Synthesized Block Copolymer Structures

polymer number monomer compositiona

1 (HPMA180-s-APMA20)-b-APMA14

2 (HPMA126-s-APMA14)-b-APMA64

3 HPMA147-b-APMA45

4 HPMA199-b-APMA10

5 (HPMA157-s-GPMA13)-b-APMA28

6 (HPMA180-s-GPMA12)-b-APMA22

7 (HPMA180-s-APMA20)-b-GPMA11

8 (HPMA126-s-APMA14)-b-GPMA49

9 HPMA150-b-GPMA58

10 HPMA196-b-GPMA16

11 (HPMA157-s-GPMA13)-b-GPMA27

12 (HPMA180-s-GPMA12)-b-GPMA22
aCalculations are based on the results of HFIP-SEC and 1H-NMR.
The values are not exact due to the dependency of SEC on the
calibration as well as the used eluent.
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respectively. Comparing Ia with Ib and IIa with IIb, it is
possible to find hints as to how the length of the cationic block
influences the functionality of an siRNA delivery agent. To
answer the third question, which is aimed at the function of the
nonbinding block, an intragroup comparison of the individual
subgroups was necessary.
All binding studies were performed by utilizing FRET-

labeled siRNA with Alexa 555 on the 3′-end of the sense and
Atto647N at the 5′-end of the antisense strand. This
fluorescently labeled polynucleotide was incubated with the
respective block copolymers in phosphate-buffered saline at
different masspolymer/masssiRNA ratios, and the complex
formation was then studied by means of the electrophoretic
mobility shift assay (EMSA), microscale thermophoresis
(MST), and dynamic light scattering (DLS). Only the block
copolymers 1, 4, and 10 were not able to complex siRNA. The
poor affinity of these three polymers even at the highest
masspolymer/masssiRNA ratio indicates the challenge of complex-
ation. Although modification or functionalization strategies
could remedy this flaw, within this study, these block
copolymers were regarded as being unsuited to complex
siRNA. This observation can be further underpinned by
comparing the results of subgroups Ia and Ib as well as IIa and
IIb. The EMSA experiments showed that only one of the three
structures in group Ib can form complexes with siRNA
(polymer 6). In addition, the affinity of polymer 6 toward
siRNA was only observed via EMSA. Dynamic light scattering
or microscale thermophoresis did not confirm these results
(Table 2). Since all block copolymer structures with a short
APMA cationic block failed to pass the initial screening, we
could conclude that long cationic blocks (lengthbinding block/
lengthnonbinding block > 1:8.7) are better suited for the design of
siRNA complexing agents if primary amino groups are used as
the source of the cationic charges. The nonbinding block,
which consists mainly of uncharged HPMA monomers, puts an
entropic strain on the electrostatic interaction between the
siRNA molecule and the cationic polymer, which must be
compensated by means of binding strength. The EMSA results
of polymer group II showed that binding can be improved not

only by elongating the cationic block, which increases the
cationic charge density, but also by utilizing the guanidinium
group as a source of cationic charges. The comparison of
groups IIa and IIb reaffirmed that an increased cationic charge
density due to a longer cationic block improves binding. The
only polymer structure in group II that was unable to form
complexes with siRNA (polymer 10) belonged to subgroup
IIb. In addition, polymer 12, which belongs to subgroup IIb as
well, does not bind siRNA effectively. It forms a heterogeneous
mixture of polyplex sizes, which was observed not only via
EMSA but also by means of DLS. Hence, a certain length of
the cationic block is required to ensure efficient complexation
of siRNA. This conclusion, however, raises the following
question: given a certain overall chain length of a diblock
copolymer, how long does a cationic block need to be to
facilitate efficient complexation of siRNA? The search for this
threshold length of the cationic block is an issue highly suited
to be further elucidated by an in-depth theoretical study.
The investigation of the complexation properties by means

of the EMSA gave us insights into the utility of the different
sources of the cationic charge. While the polymer structures
with long cationic chains did not differ largely in terms of the
masspolymer/masssiRNA ratio, which is required to achieve
complete complexation (Table 2), block copolymers with
short APMA (subgroup Ib) or GPMA blocks (subgroup IIb)
were shown to behave differently. While none of the polymers
in subgroup Ib were able to complex siRNA, two of the three
polymers with a short GPMA block were able to form stable
complexes under the same conditions. Here, statistic
incorporation of GPMA or APMA monomers into the
nonbinding block (∼10 mol %) was enough to achieve the
formation of polyplexes between siRNA and polymers 7 and
12. Utilizing the same strategy for polymers with a short
APMA block (polymers 1 and 6) did not suffice to compensate
for the poor binding properties. The role of these added
cationic charges, which could be that of a direct binding site for
the siRNA or that of a binding promoter, was further
investigated by simulating the formation of the complexes.

Table 2. Molar Mass (Mn), Dispersity (Đ, Mw/Mn), and Hydrodynamic Radius (Rh) of Polymers 1−12 as well as the
Hydrodynamic Radius of the Polyplexes Formed between the Block Copolymers and Unlabeled siRNA, the Dissociation
Constant (Kd) of the Polyplexes, and the Required masspolymer/masssiRNA as well as N/P Ratios for Complete Complexation of
the Polynucleotide

polymer Mnexp
a [g·mol−1] Đa Rh (polymer)

b [nm] masspolymer/masssiRNA ratioc Kd
d [nM] Rh (polyplex)

e [nm]

1 31,500 1.11 4.6 no complexation no affinity free polymer
2 32,500 1.10 5.1 5 134 ± 3.0 79.7
3 29,000 1.08 6.9 25 60.9 ± 3.2 25.0
4 30,000 1.12 7.8 no complexation no affinity free polymer
5 30,000 1.07 4.3 25 15.1 ± 0.2 52.0
6 31,000 1.10 5.2 25 no affinity free polymer
7 30,000 1.10 5.1 50 14.9 ± 0.4 83.6
8 30,000 1.08 6.3 50 43.8 ± 5.6 49.6
9 32,500 1.07 5.8 25 49.2 ± 1.2 110.0
10 31,000 1.06 7.4 no complexation no affinity free polymer
11 29,500 1.06 4.7 25 31.6 ± 0.7 32.7
12 31,000 1.07 3.7 100f 68.0 ± 3.5 heterogeneous

aDetermined by HFIP-SEC. bDetermined by DLS in aqueous 0.15 M sodium chloride solutions at a polymer concentration of 2 mg/mL, which
were filtered at 0.2 μm cutoff. cValues for complete complexation were determined via EMSA. dDetermined by MST using the Hill method for
fitting of the results. eDetermined via DLS in aqueous 0.15 M sodium chloride solutions, where unlabeled siRNA was added to the filtered polymer
solutions to form the polyplexes in the cuvette. fComplete complexation is not achieved even at the highest used concentration, but a very
heterogeneous complex composition can be observed.
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To further quantify the binding affinity, microscale
thermophoresis (MST) was utilized, which allowed us to
calculate the dissociation constants for the interaction between
FRET-labeled siRNA and each block copolymer (Table 2).
This analytical method evaluates the binding affinity by
detecting changes in the thermal diffusion coefficient of a
fluorescently labeled molecule. Thermophoretic motion of the
fluorescent species was induced by an infrared laser, which
increases the local temperature and induces measurable
movement-caused fluctuations of the fluorescence signal,
which were correlated to the conformation, charge, and
hydrodynamic radius of the solubilized molecule. These
properties are subject to change in the case of a binding
event. Hence, we were able to monitor polyplex formation and
quantify the binding affinity.18,23,24 Similar to previous studies,
where cationic diblock copolymers were employed,14 quench-
ing of the FRET signal was observed. This phenomenon can be
partly explained with self-quenching and an inner filter effect of
the locally concentrated fluorophores, but we expect that the
main reason lies with the properties of the various polymer
structures. Apart from polymer 9, all polymer structures that
were able to complex siRNA lead to quenching. However, to
determine the dissociation constant by means of thermopho-
resis, the fluorescence signal is required to remain constant at
all used concentrations of the binding partner. Hence, except
for polymer 9, the binding strength of the polymer structures
was calculated by using the Hill method fit based on the results
of the fluorescence mode of the MST, which follows the
binding-induced changes of the fluorescence intensity (see the
Supporting Information). In these cases, the utilized approach
is comparable to measuring a binding curve based on
fluorimetric titration.
The obtained Kd values are presented in Table 2. Most of

the block copolymers showed significantly stronger binding
affinity toward siRNA in comparison to modified cyclodextrin
(Ka = 1.6 × 104 M−1) or cationic lipids, such as 1,3-
dimyristoylamidopropane-2-[bis(2-dimethylaminoethane)]
(Ka = 105 M−1).25,26 Polymers 5 and 7 were even shown to
bind siRNA only seven times less effectively than the naturally
occurring siRNA-binding protein translin (Kd = 1.9 ± 0.5
nM).27 Furthermore, MST confirmed the results of the EMSA.
For all polymers lacking the ability to complex siRNA, no
affinity toward the polynucleotide was observed. Sorting of the
polymer structures according to their binding affinity was not
possible by using only the EMSA results since almost all
polymers required masspolymer/masssiRNA ratios of 25 or 50 to
achieve complete complexation of the siRNA molecules.
Calculating the Kd values via MST, on the other hand, made
it possible to rank the architectures according to their affinity
toward siRNA. Excluding the four samples that did not bind
siRNA (polymers 1, 4, 6, and 10), the polymers can be
arranged as follows: 7 > 5 > 11 > 8 > 9 > 3 > 12 > 2, where
polymer 7 showed the strongest attraction and polymer 2
showed the weakest attraction toward siRNA. In general, it can
be stated that the elongation of the cationic block improves the
binding strength of the respective block copolymer since most
of the materials belonging to subgroups Ib and IIb
demonstrated no affinity toward siRNA. Using a diblock
copolymer with a PHPMA and long GPMA or APMA blocks
as the base (polymers 3 and 9), it is possible to further
enhance the binding affinity by incorporating GPMA
monomers into the nonbinding HPMA block (polymers 5
and 11). Utilizing APMA monomers for the same purpose

leads to only minor improvement of the Kd value (polymer 8)
and can even have an adverse effect (polymer 2). This
observation supports our hypothesis that the guanidinium
groups (GPMA) represent a promising building block in the
design of siRNA delivery agents, thereby partially answering
questions 1 and 3. Since each of the diblock copolymers of
group I, which relies on primary amino groups for siRNA
complexation, has a structural analogue in group II, which uses
guanidinium groups for the same purpose, question 1 can be
best answered by an intergroup comparison. This process can
be visualized by drawing a diagonal line for each structure in
Figure 1 (Kd (polymer 1) < Kd (polymer 7) and Kd (polymer
2) < Kd (polymer 8) and Kd (polymer 3) < Kd (polymer 9)
and Kd (polymer 4) = Kd (polymer 10) and Kd (polymer 5) >
Kd (polymer 11) and Kd (polymer 6) < Kd (polymer 10)).
Only polymers 5 and 11 did not follow this trend.
Unexpectedly, polymer 7 led to the highest binding constants
being observed, although APMA monomers were incorporated
into the PHPMA block and a rather short PGPMA block is
present. We expect this not to be the result of a strong
electrostatic interaction but the consequence of a steric
phenomenon. siRNA molecules are much smaller than DNA,
which makes them behave like rigid rods and affects their
binding to cationic polymers.28,29 siRNA is not only less
multivalent than DNA when interacting with the cationic
carriers due to the fewer binding sites per molecule but is also
less prone to condensation and, with that, less readily adapts
ideal conformations for efficient binding. To overcome this
challenge, polymers with a high charge density have been
suggested.30 Our findings indicate, however, that a threshold
regarding the necessary size of the PGPMA block for efficient
binding exists. Exceeding this threshold by a large margin
impedes the binding, which explains the difference of the Kd
values between polymers 7 and 8. A similar correlation was not
observed for the polymer structures relying on the primary
amino group of APMA since all polymers in subgroup Ib failed
to complex siRNA. It is possible that the weaker binding of
PAPMA would require higher molecular weights to manifest
the same effects. Finding the ideal block ratio between the
binding and nonbinding blocks for optimal binding properties
is a daunting task if tackled by polymer synthesis alone. This
statement is particularly true if different sizes of the carrier
system need to be considered.
Following the binding studies, the packing efficacy of the 12

block copolymers was investigated by means of DLS (Table 2).
The polymer samples were filtered prior to the complexation
step in aqueous solutions containing 0.15 M sodium chloride
so that the formation of ill-defined aggregates was suppressed
for the duration of the experiment. This approach allowed the
study of the hydrodynamic radius of unimeric block copolymer
chains and that of the respective polyplexes (see the
Supporting Information). While the 12 polymers were of
similar length, variations of the hydrodynamic radius of the free
polymer chains have been observed. The block copolymers can
be arranged based on their hydrodynamic radius before they
were incubated with siRNA: 12 < 5 < 1 < 11 < 7 < 2 < 6 < 9 <
8 < 3 < 10 < 4. Here, the size ranged between Rh (polymer 12)
= 3.7 nm and Rh (polymer 4) = 7.8 nm. It was expected that an
increased cationic charge density would lead to a higher
bending stiffness of the polymer chain due to charge repulsion
and, therefore, to larger hydrodynamic radii.31 Nevertheless, it
was not possible to correlate both parameters for either group I
or group II. Polymers 4 and 10, for example, have the lowest
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charge density, but they form the largest unimers in aqueous
solution. We assume that the solubilization properties of the
HPMA comonomers, which have a water solubility of only 13
wt % at 25 °C, have impacted the detected hydrodynamic radii
to a higher degree than the bending stiffness since similar
charge densities are expected.32−34

With the exception of polymers 1, 4, 6, and 10, all polymer
structures were able to form polyplexes with siRNA according
to DLS (Figures S16−S27). Polymer 12, however, represents a
special case. Here, a heterogenic polyplex mixture with more
than three species was observed, which rendered the
calculation of the hydrodynamic radius impossible. These
observations are in good agreement with the EMSA results.
The remaining seven polymers can be ordered according to the
size of their respective polyplexes with siRNA: 9 > 7 > 2 > 5 >
8 > 11 > 3, where polymer 9 formed the largest polyplexes (Rh
(polymer 9 + siRNA) = 110.0 nm, Figure S24) and polymer 3
formed the smallest polyplexes (Rh (polymer 3 + siRNA) =
25.0 nm, Figure S18). It was not possible to correlate the
measured polyplex size to either the binding efficacy, the
charge density, the source of the cationic charges (GPMA or
APMA), or even the hydrodynamic radius of the polymer
structures. To determine whether the shape of the polyplexes
affected the DLS results, cryogenic transmission electron
microscopy (cryo-TEM) was performed. It was expected that
polymer 3, which formed the smallest polyplexes, forms core-
corona structures featuring a polyplex core and a PHPMA
shell. These expectations were confirmed by the cryo-TEM
experiments as spherical polyplexes with heterogeneous
distribution of the detected diameters were observed (Figure
S30). Averaging 60 complexes, a mean diameter of 60 nm was
calculated, which is in good agreement with the results from
DLS. The cryo-TEM-determined radius of the heterogene-
ously sized polymer 8-based polyplexes of 26 nm (averaging 41
complexes), on the other hand, equaled approximately half of
the value measured via DLS (Figure S31). Cryo-TEM
experiments typically provide lower values than DLS measure-
ments due to the different weighing of the occurring large
species during the calculation of the radius. In the case of
polymer 3, the polyplexes were overall much more similar in
size, which lead to the conformity between cryo-TEM and
DLS results. Polymer 9 is a different case altogether. It
facilitated the formation of the largest DLS-observed structures
of this study; however, cryo-TEM revealed these structures to
be worm-like structures with an average width of 7.3 nm and
lengths up to and exceeding 100 nm (Figure S32). Worm-like
micelles possess distinct advantages over their spherical
counterparts, including increased tumor accumulation via the
enhanced penetration and retention effect.35

The difficulty of finding a correlation between the polyplex
size and the binding parameters of the polymers also strongly
relates to the fact that siRNA molecules are less capable in
adapting to bent conformations than DNA, allowing only three
types of interactions with linear cationic polymers: (1) a
longitudinal arrangement; (2) a transversal arrangement,
where a cationic polymer bridges two or more siRNA
molecules; and (3) an enveloping arrangement, where the
cationic polymer chain winds around the siRNA molecule by
following the phosphodiester backbone of the sense or
antisense strand. Which of these interactions is predominant
can be influenced by the structure of the polymer and also by
the chosen conditions, such as the salt concentration, during
the binding event.36,37 For example, in the case of a diblock

copolymer, the binding block must be sufficiently short to
impede bridging of the distance between multiple siRNA
molecules if complexes consisting predominantly of a single
siRNA chain and multiple polymer chains are desired. In this
case, the nonbinding blocks protruding from the complex’s
center are responsible for the detected hydrodynamic radius.
On the other hand, if polyplexes with multiple siRNA
molecules per complex are intended, diblock copolymers
with long binding blocks should be utilized. The multitude of
parameters influencing the polyplex size, which includes the
concentration of the binding partners as well as the used
masspolymer/masssiRNA ratio during the complexation, makes a
straightforward correlation difficult.38 To tackle this issue,
simulation data were evaluated regarding the distribution of
the complex size with respect to the number of RNA molecules
inside a complex for polymers with short and long binding
blocks.
The investigation of the binding properties has revealed that

polymers belonging to subgroups Ia and IIa complex siRNA
more efficiently. However, an increased cationic charge density
of a polymeric siRNA delivery agent is also known in the
literature to not only improve internalization into cells but also
promote cytotoxicity.39,40 To investigate whether the alter-
ations of the block size caused a similar effect, a viability study
using CellTiterGlo assay was performed in five different cell
lines (Table S3). Here, polymers 7 and 8 were chosen as
representatives because polymer 7 was the only one of the six
polymer structures belonging to subgroups Ib and IIb, which
formed stable polyplexes with siRNA. Polymer 8 has a design
that is similar to polymer 7, but it has a five times longer
PGPMA block and contains twice the overall amount of
cationic monomers. Hence, we expected to observe higher
toxicity for polymer 8. These estimations were confirmed since
polymer 8 was shown to be 1.5 to 2.8 times more toxic than
polymer 7. Nevertheless, neither of the two structures
impacted cell viability to the same extent as the more
commonly utilized PEI-based,41 PLL-based,42 or PDMAE-
MA-based43 delivery agents44 do.
Both structures were further investigated with regard to their

ability to transport siRNA across cellular barriers, which is
crucial for the applicability as delivery agents. To investigate
whether the length of the binding block influences this
important property, fluorescence-based confocal laser scanning
microscopy was employed, and the internalization of the
complexes formed between ATTO488-labeled siRNA and
polymers 7 or 8 into HEK293 cells was monitored by taking a
layer image every 10 min for the duration of 15 h (see the
Supporting Information). The results of the toxicity study were
further confirmed during microscopy since neither polymer 7-
based nor polymer 8-based polyplexes induced morphological
changes of the cells. In addition, neither of the polymer/siRNA
complexes adsorbed to the outer cell membrane. This trait is
advantageous since the accumulation of cationic macro-
molecules at the plasma membrane has been shown to
promote membrane defects that are associated with strong
cytotoxicity.45

Both polymers were able to mediate internalization of
siRNA after only 30 min, and the accumulation of the labeled
complexes in intracellular compartments indicates endocytosis
as the predominant route of uptake. Only a few other polymer
architectures are known to deliver their cargo quickly.46

Especially, the quick uptake of polymer 7, which forms much
larger complexes with siRNA (Rh (polymer 7 + siRNA) = 83.6
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nm) than polymer 8 (Rh (polymer 8 + siRNA) = 49.6 nm),
was surprising. Nevertheless, after an initial burst of uptake,
polymer 7-based polyplexes were continuously expelled from
the cells. They were also never detected in the cytosol, which
indicates that only poor results will be achieved during the
knock-down study. Polymer 8-based polyplexes, on the other
hand, accumulated inside the HEK293 cells and even entered
the cytosol after 2 h of incubation, allowing a distinction
between the cytosol and the unstained nuclei (Figure 2).
However, it remained unclear whether the stained cytosol can
be associated with the release of the siRNA molecules, which is
the crucial step of inducing RNAi. To elucidate this issue, a
knock-down study was performed using siRNA against the
Kif2a protein in murine IMCD3 cells. To validate the other
observed trends, all polymer structures, which were able to
form stable complexes with siRNA, were tested as well.
Polymers lacking the ability to complex siRNA molecules, such
as polymers 1, 4, 6, and 10, did not fulfill the first requirement
of siRNA delivery agents and were therefore excluded from
further investigation.
Figure 3 depicts the results of the knock-down study, which

was performed using the starvation-inducing medium Opti-
MEM to improve the internalization of the polyplexes. Here, a
value of 100% equals a complete abolition of the intracellular

synthesis of the Kif2a protein in IMCD3 cells. In each case,
polyplexes loaded with nontargeting siRNA (pool) were used
as the reference instead of uncomplexed siRNA to improve
comparability. This approach eliminated the falsifying effect of
toxic or cell-stimulating compounds since the RNA sequence
and its functionality were the only variables during the
quantification.
The commercially available transfection reagent LTX

RNAiMAX (LTX) achieved high levels of knock-down reliably
(93%). Although LTX outperformed the polymer-based
delivery systems studied here, its applicability in in vivo
experiments is limited due to high toxicity, thereby underlining
once more the importance of finding solutions to the current
limitations in siRNA delivery.47 Among the block copolymer
structures belonging to group II, only one polymer was
excluded from the knock-down study, whereas half of the
polymers belonging to group I had to be removed from testing
due to their poor binding properties. Nevertheless, polymers 2
and 3, which rely on an APMA block for the complexation of
siRNA, facilitated the highest knock-down efficacies among the
tested polymers by achieving values of 61 and 63% on average,
respectively. The diblock copolymer 5, on the other hand,
possessing not only a long APMA block but also an HPMA
block with statistically incorporated GPMA monomers did not
induce knock-down of Kif2a. It achieved a knock-down efficacy
of only 11%, which is comparable to that of the negative
control (12%), where free siRNA was utilized. The polyplexes
formed between siRNA and the polymers of group II, which
rely on a GPMA block for binding purposes, lead to limited
down-regulation of Kif2a (polymer 7 ⇒ 24%, polymer 8 ⇒
28%, polymer 9 ⇒ 11%, polymer 11 ⇒ 20%, and polymer 12
⇒ 14%). The knock-down efficacy could be correlated to the
interplay between the architecture-influenced affinity of a
polymer toward siRNA and the respective polyplex size.
Polymers favoring large structures, such as polymer 9, for
example, are supposed to be less effectively internalized by
cells.48 However, the affinity toward siRNA and, therefore, its
release becomes crucial once the size of the complex is
reduced. Polymer 3 formed polyplexes with a hydrodynamic
radius of only 25 nm and exhibited mediocre binding strength;
however, this led to the best knock-down efficacy observed
(63%). Polymer 11 formed similarly sized complexes with
siRNA; however, its binding strength was measured to be
higher by a factor of 2, which appears to have strongly impeded
knock-down (20%). Poor release of the complexed siRNA due

Figure 2. Confocal laser scanning fluorescence microscopy layer image of living HEK293 cells after incubation with complexes between ATTO488-
labeled siRNA and the diblock copolymer 8 for 2 h. (Left) Inversed fluorescence image; (right) bright-field image.

Figure 3. Evaluated knock-down efficacy of the Western blot-
investigated polymer samples and controls (mean with SD) in [%]:
(medium) free siRNA molecules. Here, a value of 100% represents a
complete abolition of the intracellular synthesis of the Kif2a protein in
IMCD3 cells after 72 h of incubation. The * symbols indicate the
level of significance of the results, if compared to the control
(medium).
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to a higher affinity explains also the knock-down performance
of polymer 8. cLSM experiments demonstrated not only quick
internalization of the polymer 8/siRNA polyplexes into cells,
but they were also observed to accumulate in the cytosol, the
locus of effect of the RNAi pathway.49 This observation
explains why polymer 8 was able to reduce the production of
the Kif2a protein by up to 73% in individual cases. Hence, we
expect poor release of siRNA to be the leading cause for the
low knock-down value (28%). The results of polymer 5 also
support the correlation between the knock-down efficacy, the
affinity of a polymer toward siRNA, and the polyplex size as
well. This polymer facilitated the formation of polyplexes with
siRNA that were of similar size as those formed between
polymer 8 and siRNA, but it bound the polynucleotide
stronger by a factor of 3. Overall, when correlating the polymer
structure and the knock-down results, it appears that PGPMA-
based polyplexes performed less efficiently than their PAPMA-
based counterparts. We expect that the ability of the
guanidinium group to establish not only electrostatic
interactions but also multiple hydrogen bonds with its binding
partner, thereby facilitating exceptionally strong binding and
poor release, was the leading cause for this observation.50

APMA-based polymers, on the other hand, have inherently
weaker binding properties. While strong binding impedes the
release of siRNA, using weak binders as siRNA delivery agents,
such as polymer 2, to achieve high knock-down efficacies is
also not a valid alternative. Loosely bound siRNA is prone to
degradation by ubiquitous RNases and will not reach the target
cell in in vivo experiments.14

During the experimental investigation, especially the block
composition, the length threshold of the cationic block, which
is required for efficient complexation, and the structure of the
polyplexes became of great interest. The importance of the size
as well as the shape of nanoparticles for their ability to
penetrate plasma membranes is well documented in the works
of Dasgupta et al.,51 Chithrani et al.,52 or He and Park.53

Hence, improving our understanding of the formation of
noncovalent complexes as well as the parameters influencing
their size, shape, cargo-packing density, and translocation
efficacy is vital to improve the design of future carrier systems.
The computational approach of simulating the formation of
such complexes is highly suited to elucidate this issue. Several
other authors tackled the topic of polyplex formation between
a polymer and a polynucleotide by means of computer
simulations. To this end, they employed models of varying
levels of detail, which ranged from coarse-grained ones54,55 to
the more refined representations at an all-atom level.56−62

Their work, which helped pioneer this field of study, was aimed
at characterization of the binding process between polymers
and DNA fragments or RNA molecules. The interaction of
these species was studied in detail to identify the role of the
positive and negative charges during a binding event as well as
to elucidate the mechanism of polyplex formation.61,62 For that
purpose, the focus was placed on the interaction between one
polynucleotide or a few polynucleotides with a similarly small
number of polyelectrolytes. In contrast, we aimed to study the
polyplex formation process using conditions that are close to
the experimental setup. To facilitate the required large-scale
simulations, we employed a top-down approach, where the
cationic block copolymers are simulated by a coarse-grained
model, whereas the RNA molecules are viewed as rigid objects
at the atomistic level, which possess a limited number of
binding sites. We extracted the coordinates of a segment (21
base pairs) of RNA from the structure 255D of the Protein
Data Bank.63 Due to the short contour length of the RNA in
comparison to its persistence length (lp ≅ 100 base pairs64), it
was assumed that the RNA can be aptly modeled as a rigid
body for the present purpose.65 In each nucleotide pair, the
phosphorus-bound oxygen atom and outermost oxygen atoms
with respect to the RNA axis, as shown respectively by pink
and blue beads in Figure 4 (left), were assigned negative
charges and hydrogen bonding sites. For the polymers, we
employed a semiflexible bead-and-spring model with following
potentials

= + + +U U U U UElec Hb Fene Bend (1)

The GPMA and APMA building blocks, which are illustrated
respectively by black and pink beads in Figure 4, have a single
positive charge, and in the RNA molecule, the single negative
charges are placed on the phosphorus atoms in the phosphate
groups, as represented by pink beads. The electrostatic
interaction between the particles i and j carrying charges qi
and qj, respectively, and separated by a distance rij, which is
closer than a cutoff distance rc, was modeled by a short-ranged
Coulomb potential = ∑ ϵ≤U q q r/r r i j r ijElec ij c

. Here, the solvent

was implicitly simulated, and the dielectric constant of the
medium is calculated by ϵr = e2/(λBkBT), where e is the
elementary charge, kBT is the thermal energy, and λB is the
Bjerrum length. Given σ = 2.6 Å as the unit length scale, kBT =
1 as the unit energy scale, e = 1 as the unit charge scale, and λB
≅ 7 Å = 2.7σ as the Bjerrum length of water at temperature T
= 300 K,66 the dielectric constant of the medium becomes ϵr =
0.37. To mimic the hydrogen bond interaction, the GPMA and

Figure 4. (Left) Illustration of the coarse-grained model for the block copolymers and siRNA. The copolymers are composed of different blocks,
which are represented by beads of different colors: HPMA, blue; APMA, pink; GPMA, black. The siRNA molecule is composed of 21 base pairs
linked by 42 phosphodiesters (pink beads represent the central phosphor atoms), which carry negative charges meant for electrostatic interactions
and hydroxy groups (blue beads) for the formation of hydrogen bonds to the GPMA and APMA subunits of the block copolymers. The size of the
RNA is scaled up. (Right) Radius of gyration of the polymer with the block configuration and monomer composition of polymer 8 as the function
of the bending stiffness (κ).
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APMA blocks of the polymers can have a short-ranged
interaction with the oxygen atoms on the RNA. This
interaction is modeled via the Lennard−Jones potential,
which is commonly employed to describe van der Waals
interactions. The functional form of the potential reads

= ∑ ϵ −σ σ
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Ç
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, where the parameter ϵij

sets the value of the binding energy, and σ roughly corresponds
to the particle diameter. The steric interaction of HPMA
building blocks with the other components was modeled by
the repulsive part of the potential, that is, UHb(r) r ≤ 1.095σ.
The assumption of a solely repulsive interaction between the
HPMA building block and the siRNA molecule was based on
the fact that the said building block of the polymer does not
possess a cationic charge at physiological pH and is known for
its antifouling properties in polymer design.67 The connectivity
between neighboring monomers of each polymer is controlled
by the finite extensible nonlinear elastic (FENE) potential,
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with the stiffness of K =

30kBT, which enforces bonds to fluctuate within a maximum
stretching length R0 = 1.5σ.68,69 The unit length in the
simulation was set to σ = 2.6 Å, which is the length of the
oxygen−phosphorus double bond in a phosphodiester group
of the RNA molecule, and the characteristic time scale is

defined as τ σ= ϵ m/ 2 , where m is the mass of a bead. The
flexibility of the polymers was modeled by UBend = κ∑⟨ij⟩[1 −
cos (θ⟨i, i + 1⟩)] whose bending stiffness (κ) was determined by
comparing the simulated radius of gyration to the exper-
imentally reported one, which, in turn, is based on the
hydrodynamic radius measured via dynamic light scattering.
For a polymer in a good solvent, the radius of gyration is
related to the hydrodynamic radius through Rh = 0.537Rg.

70

We found the corresponding bending stiffness providing the
highest similarity to the experimental radius of gyration to be κ
= 15kBT. As shown in Figure 4 (right), the polymers unfold
(Rg increases) as the bending stiffness rises.
The binding properties of the complexes between siRNA

and the block copolymers containing varying amounts of
APMA and GPMA were already known from the previously
described experimental study. To find the hydrogen bond
strength of the copolymer blocks with RNA, we carried out a
top-down coarse-graining procedure by setting up complex-
ation simulations with diblock copolymers of the same size
containing either a short or long HPMA block and a second
block of respectively varying length consisting of either GPMA
or APMA (modeling of polymers 3, 4, 9, and 10). The strength
of the interaction between the RNA molecules and the
polymer structures (UHb in eq 1) was calculated, and we
adjusted the binding strength (ϵij in eq 1) to the value at which
stable complexes between RNA and the copolymers having
short GPMA or APMA blocks cannot be formed while
allowing copolymers with longer GPMA or APMA blocks to
effectively complex RNA molecules, thereby reproducing the
experimental data. To identify the appropriate energy scale of
the interaction modeling the hydrogen bonds between
GPMA/APMA and RNA (UHb) and compare the stability of
the complex, we carried out simulations of equal duration of
106 τ and performed time averaging over the last 5 × 105 τ.
Figure S33 shows the RNA−polymer effective interaction
energy against the potential strength (ϵ). At the interaction

strength of ϵ = 3.4kBT, copolymers with a longer GPMA
segment are able to attach to RNA; however, the complex is
not stable for the block copolymers with fewer GPMA units
inside the second block. Thus, for the rest of the simulations,
we set ϵ = 3.4kBT to be the interaction strength between a
single RNA binding site and a GPMA block of the copolymer.
This procedure was also followed for the other cases in which
the block copolymers consisted of only APMA and HPMA.
The same strength (ϵ = 3.4kBT) was found for the APMA-
mediated complexation of RNA. The reason for the small
difference can be explained by considering the limitations of
the simulation model: the model assumes identical charge
density, and the complexation interaction is treated as
isotropic. Hence, it ignores possible orientational interactions,
which might differentiate the interaction of GPMA and APMA
with any RNA molecule.The guanidinium group of the GPMA
units, in contrast to the primary amine of the APMA units, can,
in theory, form up to five hydrogen bonds in addition to an
electrostatic interaction based on its orientation to a nucleotide
unit of the siRNA molecule.50 Further, we investigated the
influence of the statistical incorporation of 20 APMA units into
the PHPMA block while keeping the contour length identical
to those of the previous examples and thereby modeling
polymer 7. In this case (results are not shown), no impact on
the binding energy and complexation was observed by the
additional APMA units. It is expected that this difference is the
direct consequence of the limitations of the simulation, which
cannot fully represent the molecular binding interactions.
Considering the point of cytotoxicity that originates from

the cationic charge density of polymers, it is appealing to
investigate the minimal length of a cationic block that still
provides sufficient binding affinity for efficient complexation of,
for example, siRNA by a diblock copolymer structure. We
employed a model of a polymer chain in good solvent
conditions to determine the minimum number of GPMA/
APMA building blocks at which the copolymers and RNA
form a stable complex. This can be estimated by calculating the
free energy difference of the RNA−copolymer system before
and after the complexation. We propose a two-state model, in
which the primary state is represented by detached polymers
and RNA molecules and the secondary state is defined by
polymers adhering to the siRNA. The free energy difference
between these two states is

Δ = Δ − ΔF E T S (2)

Here, ΔE is the adhesion energy difference after the copolymer
has bound to the RNA molecule. The entropy of a chain of
length N can be approximated with the entropy of a simple,
fully flexible model polymer with excluded volume (defined
self-avoiding walk (SAW) in polymer theory), S = kB(log C +
N log Z̅ + (γ − 1)log N). Here, the parameters C, Z̅, and γ are
constants whose values for the SAW on a three-dimensional
cubic lattice are set as Z̅ = 4.68 and γ ≅ 7/6.71 Thus, the free
energy difference between the state in which both the chain
and RNA are free and the state in which the copolymers are
bound to the RNA molecule is given by

γΔ ϵ = − ϵ + [ + −

− ]

F N N k T N Z

N N N

( , ) log ( 1)

log( /( ))
f e B f

f (3)

In this equation, Nf represents the total number of monomers
inside the polymer with the ability to interact with a RNA
molecule. We assume that, in the bound state, the length of the
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chain’s free segment contributing to the chain’s configurational
entropy is N − Nf. Additionally, it is assumed that the RNA has
a sufficiently large number of binding sites; that is, RNA is
infinitely long, and the entropy change in the bound state is
independent of the number of attaching polymers. The
number of monomers that are effectively interacting with
RNA molecules, that is, monomers having the interacting
energy of ϵ, is denoted by Ne. Considering the short-ranged
character of the interaction, the finite distance between the
RNA binding sites, and also the binding conformation, the
effective number of monomers interacting with RNA must be
less than the total number of monomers that is able to form an
electrostatic interaction (Ne < Nf). The fraction of Ne/Nf was
simulated for diblock copolymers with short and long GPMA
blocks (polymers 9 and 10, Figure S34). In these simulations,
the effective number of interacting monomers was calculated
by normalizing the interaction energy between the GPMA
blocks of the diblock copolymers and the siRNA molecules to
the number of attached block copolymers (Nb) and the
theoretically possible corresponding strength of interaction
with respect to the total amount of available GPMA units, that
is, UHb/(NbNfϵ). It was observed that the number of block
copolymers attaching to siRNA varies from 1 or 2 in the low ϵ
regime to 3 or 4 in the high ϵ regime. It was also seen that, for
both polymers 9 and 10, the ratio Ne/Nf grows with increasing
ϵ and falls within the range of 0.1−0.4 for the range of ϵ = 3−
7kBT. At ϵ = 3.4kBT, at which only polymer 9 forms a complex
with the siRNA, Ne/Nf is 0.2. This means that ∼12 out of 58
GPMA units are effectively interacting with the RNA molecule.
By assigning Ne/Nf = 0.2 and ϵ = 3.4kBT in eq 3, the free
energy has a monotonically increasing dependency on Nf,
implying that no stable complex can be formed even for block
copolymers with large GPMA units. However, it can be seen
that at, ϵ = 3.4kBT, the free energy is monotonically decreasing
with increasing Nf only if Ne/Nf ≥ 0.45. Hence, we set Ne =
0.5Nf to calculate the free energy difference (eq 3). For low
adhesion strength (ϵ < 3.0kBT), the free energy is positive for
all possible values of Nf, implying an unstable complexation.
However, for the strength of ϵ = 3.4kBT, which is shown by a
red dashed line in Figure S35, the free energy becomes
negative and decreases with increasing Nf. The decrease in the
free energy continues for the higher values of strength ϵ,
meaning that the complex is stable even for the low values of
Nf. The free energy difference as the function of ϵ was also
followed for the two cases where Nf equals either 58 or 16
(inset of Figure S35). These two examples correspond to the
experimentally known polymers 9 and 10. They were used to
confirm that, with ϵ = 3.4kBT, realistic results for the
interaction energy of the GPMA-containing block copolymers
with a single RNA molecule can be achieved (Figure S33). For
the adhesion energy of ϵ ≅ 3.4kBT, the free energy difference
has the following values: ΔFNf = 16 ≅ − 2.49kB and ΔFNf = 58 ≅
− 8.9kBT. These findings show that the complexation of an
siRNA molecule using a short second block of only 16 GPMA
units is possible in theory; however, the low value of ΔFNf

leads
to rapid decomposition of the complexes. We have found that,
for a copolymer with a PGPMA block of 25 units (ΔFNf = 25 =
− 3.89kBT), the complexation free energy difference is
sufficiently low to allow the formation of stable complexes.
Simulations with N = 205 and Nf = 25 (lengthbinding block/
lengthnonbinding block = 1:7.5) confirmed the stability of the
formed complexes, thereby supporting the assumption that, for

the given length of the polymer chain, a block of at least 25
cationic monomers is required to enable the formation of
stable complexes with siRNA. These findings support the
presivously described results of the the experimental binding
study: a threshold length of the cationic block ensuring
efficient complexation exists, and at the given polymer size, this
block needs to be at least 25 units long.
Having set up the parameters of the simulation, we

proceeded to investigate the modeled polymer 8 and the
copolymer (HPMA166-s-APMA20)-b-GPMA25, which corre-
sponds to polymer 7, whose lengthbinding/lengthnonbinding block

ratio has been optimized to fit the minimal block length of
cationic monomers (25 units), which is required to facilitate
efficient complexation during the simulation. The first block is
a statistical copolymer between HPMA and APMA, which
does not possess binding properties, whereas the second block
is the previously discussed GPMA block. The complexation
was analyzed by using two sets of either 8 or 16 RNA
molecules within a cubic simulation box. In these setups, the
side length was set to 800σ, and the number density of the
polymers was set by the experimentally relevant number
density of 1.56 × 105 (1/μm3) (Figure 5).

While randomly aligned, the RNAs are initially placed next
to one another. This concentrated arrangement of RNAs
mimics the experimental setup, in which an siRNA stock
solution was injected locally into a solution containing the
respective polymers. In each case, six simulation runs were
performed for the duration of 106 τ, and complex formation
was observed. We define clusters as structures containing
either a single RNA molecule or multiple RNA molecules that
are interconnected by polymers. Figure 6a depicts the complex
distribution depending on the number of siRNA molecules per

Figure 5. Illustration of the initial configuration of the simulation box
containing copolymers (shown in black, blue, and red) and RNA
molecules (shown in yellow). At the initial configuration, the RNA
molecules, while randomly aligned, are located close to each other
similar to the intial experimental setup of injecting siRNA molecules
into a polymer solution.
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cluster. The bar plot shows that, while in all observed
complexes, the number of the siRNA molecules is limited up to
six molecules, the dispersity of the clusters with respect to the
number of cluster-bound RNA molecules is higher for the
copolymer system with a long GPMA block. The simulation
showed good agreement with data obtained during fluo-
rescence correlation spectroscopy (FCS) experiments that
provided insights into the size of a complex and also the
amount of complex-bound siRNA molecules.72 This inves-
tigation was performed for polymers 7 and 8, which have the
highest structural comparability to the simulated copolymers 7
and 8. In the case of polymer 8, the FCS results showed that all

siRNA molecules are incorporated in large complexes as
evident from the 1-component fit (m = 1 in eq 7) of the
autocorrelation curve (Figure S4) and the high spikes with no
background in the fluorescence intensity time trace (inlay in
Figure S4). The average hydrodynamic radius calculated for
polymer 8 polyplexes was 45 nm, which is nearly identical to
the value determined by means of DLS (49.6 nm).
Comparison of the fluorescence brightness of the complexes
to that of single siRNA molecules yielded an average value of
12 siRNA molecules per complex for the polymer 8-based
polyplexes. However, this calculation approach, which relies on
the average molecular brightness of the complexes, enforces a
bias toward large and brighter complexes. Hence, the
calculated number of siRNA molecules per complex is
overestimated, and we expect the real number to be lower.
The fluorescence correlation spectroscopy data of polymer 7-
based complexes, on the other hand, were best quantified by
fitting the curve with a 3-component fit (m = 3 in eq 7), where
one component is fixed to free siRNA. These results indicate
that polymer 7 facilitates the formation of two types of
complexes: (1) small polyplexes (Rh = 6 nm) and (2) a small
population (∼5%) of large complexes (Rh > 35 nm) that
contain multiple siRNA molecules. These observations diverge
from the results of the DLS experiment, where solely large
structures (83.6 nm) were observed. We expect this difference
to be caused by the presence of the large polyplexes themselves
since larger aggregates scatter light more strongly, thereby
being easily over-represented in DLS experiments.73 In this
case, cryo-TEM did not confirm this hypothesis since neither
large aggregates nor polyplexes in the case of polymer 7 could
be visualized. The behavior of the two polymers during the
fluorescence correlation spectroscopy experiment was well
estimated by the simulation. Polymer 8 and its simulated
analogue formed large complexes by bridging many siRNA
molecules, while polymer 7 and its simulated counterpart
formed predominantly small polyplexes, which contained only
a few siRNA molecules.
In the case of the polymer with a short GPMA block,

complexes are distributed much more homogeneously, namely,
one or two RNA molecules per cluster. Concerning the average
number of adhered polymers in relation to the total amount of
siRNA molecules within each cluster, it can be said that the

Figure 6. (a) Distribution of the complex size with respect to the
number of RNA molecules inside a respective cluster for both systems
containing either short (blue and green bars, polymer 7) or long (red
and black bars, polymer 8) GPMA blocks. The inset illustrates a single
cluster composed of six siRNA molecules and six block copolymers.
(b) Correlation between the number of polymers and the number of
siRNA molecules inside a respective cluster depending on the
polymer structure and the amount of siRNA molecules inside a
simulation box.

Figure 7. Snapshots of formed clusters between siRNA molecules and either (a) polymer 8 or (b) polymer 7. In both cases, a total of 16 siRNA
molecules were present in the simulation box. The RNA molecules are shown in yellow color, and its binding sites are marked in red. The color
scheme of the coarse-grained model of the block copolymers is as follows: blue, HPMA; pink, APMA; black, GPMA. For the sake of improved
visibility, only RNA-attached copolymers are illustrated.
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ratio (6:5) appears to stay the same for all observed cluster
sizes without a clear dependency on the polymer structure
(Figure 6b). Snapshots of the two described systems are
illustrated in Figure 7. Here, one can observe that the majority
of the polymer chains, not depending on the polymer
structure, interconnect siRNA molecules to form complexes.
This observation can support the idea that each complex is
made up of substructures consisting of polymers bridging two
siRNA molecules.
Another differentiation must be also made between block

copolymers possessing a long or short cationic block. While the
ratio between siRNA and polymer chains does not change for
neither structure even at a growing cluster size, Figure 8 shows

clearly that long cationic blocks can bridge up to four to five
siRNA molecules. In contrast, short blocks bridge only up to
two siRNA molecules. This observation can be taken as a hint
that block copolymer structures such as polymer 8, possessing
a comparatively long block for siRNA interaction, are following
a different mode of cluster formation; that is, they can bridge
more than two siRNA molecules. These observations support
the previously described interaction types between siRNA and
linear cationic polymers (longitudinal, transversal, and
enveloping). We also confirmed that the polymer architecture
determines which interaction type is predominant. The effects
of the block length and the source of the cationic charge also
became apparent during cryo-TEM studies. Polymer 8, which
is equipped with a longer GPMA block, on the one hand,
formed a heterogeneous mixture of spherical aggregates
featuring different sizes and a radius of 26 nm on average
(Figure S31). The intergroup comparison using polymer 3 and
9 as references (Figures S30 and S32) revealed that a long
cationic block bearing guanidinium groups (polymer 9)
promotes the formation of micelles (diameter of 9.4 nm),
which, in turn, form wormlike structures (width of 7.3 nm),
presumably via occurrence of fusion−fission processes.
Replacing the guanidinium groups with primary amines
(polymer 3) led to spherical polyplexes with an average radius
of 30 nm.
To further characterize the structure of the complexes, we

have calculated the radius of gyration (Rg) by using the
following formula

∑ −=R M m R R1/ ( )
i

i i CMg
2 2

(4)

Here, mi is the mass of each monomer unit in the complex, and
= ∑M mR R1/ i iCM i is the center of mass of the cluster. In

Figure 9, we compare Rg of the simulated complexes formed

between siRNA and either polymer 8 or polymer 7 to the total
number of siRNA molecules per cluster. Here, a trend was
observed, where the size of the complexes (Rg) increased
proprotionally to the number of incorporated siRNA molecules
inside the respective cluster. In cases where clusters contain
only one or two siRNA molecules, another trend became
apparent. Here, the block copolymer structure with a short
GPMA block as the complexation partner leads to larger
clusters (Rg,1 siRNA = 9.06 nm and Rg,2 siRNA = 10.1 nm) in
comparison to its counterpart with a long GPMA block
(Rg,1 siRNA = 8.12 nm and Rg,2 siRNA = 7.91 nm).
This observation can be explained by the formation of more

extended structures in the case of polymer 7 as the binding
partner. Due to the short size of the siRNA-attached GPMA
blocks and the overall size of both polymer structures being the
same, the effective length of the nonbinding block, which
protrudes from the complex’s center, is much larger in
comparison to the polymer structure possessing a long
GPMA block, which, in turn, increases Rg. In the case of
polyplexes consisting of polymer 7 and one or two siRNA
molecules, large deviations from the mean value were
observed. However, this phenomenon can be explained by
considering the dispersity of the number of attached
copolymers to the siRNA molecules (Figure 9, inset) since
Rg is also affected by the number of attached copolymer
molecules.
To further study the inner structure of the clusters, we

investigated the degree of mutual alignment of siRNA
molecules in a complex to understand if the proximity
enforced by the polymers affects the degree of order. For
that purpose, we made use of the following order parameter,
which is usually employed for liquid crystals74

∑ θ= −
=
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i
c 1

2
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For the ith siRNA molecule inside a complex composed of Nc
RNAs, θi is the angle between the unit vector defined along its
longitudinal axis ti⃗

RNA and the complex director T⃗cmp, which is
obtained by summation over all directions of the RNA unit

Figure 8. Number of siRNA molecules joined together by a single
polymer chain in correlation to the total number of siRNA molecules
per complex. The results are differentiated with regard to the
investigated polymer structure: polymer 8 (red) and polymer 7
(blue).

Figure 9. Radius of gyration (Rg) of the clusters formed between
siRNA and either polymer 8 (red) or polymer 7 (blue) in correlation
to the total number of siRNA molecules per cluster. The inset shows
the Rg of the clusters based on the block copolymer having a short (25
units) GPMA block. Here, the dependency of the Rg of the cluster on
the amount of siRNA-bound polymer chains is shown: one polymer
per cluster (squares) and two or more polymers per cluster
(triangles).
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vector inside a respective complex ( ⃗ = ∑ ⃗=T ti
N

i
cmp

1
RNAc ), and

the time averaging is shown with a bracket ⟨...⟩. For a
completely randomly oriented structure, the order parameter
becomes zero, while it equals 1 for a perfectly aligned structure.
The calculated order parameters of the complexes are reported
in Figure 10. For the purpose of better evaluation of the

collected results, we also ran control simulations, in which only
steric interactions between the siRNA molecules and the block
copolymers were possible. These data were compared to those
collected in control simulations that serve as a benchmark.
Here, polymers are present; however, they do not adhere to
the siRNA, with the interaction being exclusively steric. The
orientation of the siRNAs is thus only determined by thermal
fluctuations and the excluded volume among the molecules.
The notion of the previously employed cluster does not apply
in this case since the polymers cannot bind to the RNAs;
hence, a cluster of size N is defined by picking a molecule and
identifying its N − 1 closest neighbors. This procedure is
repeated for each molecule and for all N between 2 and 6.
The data reported in Figure 10 provide several interesting

levels of information. The first observation is that the degree of
ordering between siRNA molecules does not depend on the
type of polymer involved in the complex. Polymer 8 as well as
polymer 7 achieved practically the same order parameter S at
the points of comparison (for two and three RNA molecules in
the polyplex). Second, the parameter S is, within the statistical
error, independent of the number of involved nucleic acid
molecules. This fact points to a substantial mechanical
decoupling of the RNA molecules in the complex so that the
relative conformations accessible to, say, two molecules are not
appreciably restricted or enhanced by the presence of a third
one. Last, the comparison to the reference case shows an
interesting behavior. Specifically, while the trend followed by
the complexed molecules is consistent with the control data for
an RNA molecule number of >2, a nontrivial deviation can be
observed when only two siRNA molecules are involved in the
polyplex. In the absence of block copolymers, the RNA
molecules would attain a lower (practically zero) degree of
mutual orientation with respect to those clusters composed of
at least three RNAs. When bound together by the polymers,
however, the ordering increases and attains the value that is
maintained in complexes with up to six RNA molecules. The
consequence that one can draw from these observations is that
the polymer-mediated binding of two siRNA molecules

introduces a mechanical coupling, which results in a mildly
increased orientational correlation; this coupling, however, is
not additive with the number of complexed RNA molecules,
and for more than two molecules, the degree of ordering
remains the same as the one that can be observed in a group of
neighboring but randomly oriented molecules only subject to
the constraints imposed by the excluded volume. In particular,
this last property supports the viability of a mesoscopic
modeling of the complexes as spherically symmetric objects.
These findings are a possible explanation for the excellent
internalization results of siRNA/polymer 8 complexes into
HEK293 cells since spherical particles are known to be taken
up more efficiently by eukaryotic cells than their nonspherical
counterparts.75

The cationic charge density impacts the properties of the
siRNA delivery agents, including their ability to transport the
cargo across plasma membranes and release it inside the
cytosol, but also, biocompatibility is affected. The charge
distribution of the simulated complexes was calculated by using
eq 6.

∑ δ δ= − − | ⃗ − |⃗∓ ∓g r q q r r r( ) ( ) ( )
i

i iq CM
(6)

Here, i runs over all positively or negatively charged
components of the complex, and rC⃗M is the position of the
complex’s center of mass. The cationic charges of the block
copolymers and the negative charges belonging to the siRNA
molecules are colocalized (Figure S36). In addition, the
normalized distribution of the complex charge becomes
sharper as the number of siRNA molecules in the complex
increases, which indicates efficient packing of the cargo.

■ CONCLUSIONS
We synthesized a library of 12 different block copolymers using
a controlled polymerization approach, which provided low
dispersity (Đ < 1.12) and only marginal deviations in the
apparent molar mass of the materials. Among these structures,
only polymers 1, 4, 6, and 10 were not able to form stable
complexes with siRNA, which we attribute to an unfavorable
lengthbinding block/lengthnonbinding block ratio, where the simulation-
determined threshold length ratio (1:8.7 (experimental) or
1:7.5 (simulated)) is not reached. EMSA and MST analysis
showed that changing the length of the cationic block, while
keeping the overall molar mass constant, modulates the
binding affinity; however, the investigation of the binding
properties of each polymer sample also indicated the existence
of such a threshold length. Numerical simulations of block
copolymers confirmed these observations, and a cationic block
with a length of 25 units was calculated as necessary to induce
sufficient polyplex stability. Detailed insights into the structural
organization of the complexes and their polymer sequence-
dependent architecture were obtained by investigating the size
and order of the complexes. The rigid rod-like character of
siRNA molecules makes condensation by the polymeric carrier
more difficult. It was therefore expected to observe a seeming
absence of correlation between the measured polyplex size to
either the binding efficacy, the charge density, the source of the
cationic charges (GPMA or APMA monomers), or even the
hydrodynamic radius of the polymer structures; however, we
have demonstrated that the length of the cationic block
strongly impacts the size of the resulting polyplex. This
observation can be explained by the inability of siRNA
molecules to adopt bent conformations, thereby allowing only

Figure 10. The calculated orientational order parameters for the
siRNA molecules inside different complexes in correlation to the
number of siRNA molecules per complex are shown for the clusters
formed between siRNA and either (red) polymer 8 or (blue) polymer
7. The illustrated complex structures, inset in the figure, belong to the
control simulations, whose order parameters are shown in black.
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three types of interactions with linear cationic polymers: (1) a
longitudinal arrangement; (2) a transversal arrangement,
where a cationic polymer bridges two or more siRNA
molecules; and (3) an enveloping arrangement, where the
cationic polymer coils around the siRNA molecule. Simu-
lations confirmed that the type of interaction is influenced by
the length of the cationic block. Specifically, a shorter
guanidinium block, and correspondingly, a longer nonbinding
segment, impedes bridging of multiple siRNA molecules and
favors the formation of single siRNA/single polymer chain
complexes. Such structures were larger than expected during
the simulation due to the nonbinding blocks protruding from
the polyplex core. Using long binding blocks, on the other
hand, leads to polyplexes with multiple bridged siRNA
molecules without strongly increasing the overall size. A
systematic analysis of the polyplex structures also highlighted a
random relative orientation of the siRNA molecules. The
absence (on average) of angular correlation among siRNAs
justifies a pictorial representation of the complex as a sphere,
which bears consequences for their ability to transport siRNAs
across plasma membranes. These results of the computational
study were confirmed by closely monitoring the internalization
of the polyplexes. Polymer 8-based complexes, for example,
were shown to enter HEK293 cells after only 30 min, and they
were detected in the cytosol after 2 h of incubation. The
architecture of the polymers also had an impact on their
knock-down efficacy. GPMA-based copolymers performed less
efficiently than their APMA counterparts due to their higher
affinity toward siRNA. The ability of the guanidinium group to
form not only electrostatic interactions but also multiple
hydrogen bonds leads to strong binding, which, in turn,
hampers the release of the siRNA molecules. This work is the
first to report a combined experimental and theoretical
investigation of guanidinium group-based polymeric delivery
agents and their complexation with siRNA, providing a
substantial advancement in the comprehension of the
mechanisms that underlie the formation of complexes and
their properties. These data thus represent a relevant starting
point for the knowledge-based design of improved nonviral
RNA delivery vectors and, consequently, for their systematic
usage in safer and more effective gene regulation therapies.
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