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Abstract

Nanoparticle-mediated siRNA delivery is a promising therapeutic approach, however, yet the
processes required for transport of these materials across the numerous extracellular and
intracellular barriers are poorly understood. Efficient delivery of siRNA-containing nanoparticles
would ultimately benefit from an improved understanding of how parameters associated with
these barriers relate to the physicochemical properties of the nanoparticle vectors. We report the
synthesis of three Pluronic®-based, cholesterol end-capped cationic polyrotaxanes (PR*) threaded
with 2-hydroxypropyl-p-cyclodextrin (HPBCD) for siRNA delivery. The biological data showed
that PR*:siRNA complexes were well tolerated (~90% cell viability) and produced efficient
silencing (>80%) in HeLa-GFP and NIH 3T3-GFP cell lines. We further used a multi-parametric
approach to identify relationships between the PR* structure, PR*:siRNA complex physical
properties, and biological activity. Small angle x-ray scattering and cryoelectron microscopy
studies reveal periodicity and lamellar architectures for PR*:siRNA complexes, whereas the
biological assays, ¢ potential measurements, and imaging studies suggest that silencing efficiency
is influenced by the effective charge ratio (peff), polypropylene oxide (PO) block length, and
central PO block coverage (i.e., rigidity) of the PR* core. We infer from our findings that more
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compact PR*:siRNA nanostructures arising from lower molecular weight, rigid rod-like PR*
polymer cores produce improved silencing efficiency relative to higher molecular weight, more
flexible PR* vectors of similar effective charge. This study demonstrates that PR*:siRNA complex
formulations can be produced having higher performance than Lipofectamine® 2000, while
maintaining good cell viability and siRNA sequence protection in cell culture.
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gene silencing; siRNA; polyrotaxane; -cyclodextrin; cryoelectron microscopy; small angle x-ray
scattering

INTRODUCTION

Post-transcriptional gene silencing by RNA interference (RNAI) represents a promising new
approach for the targeted inhibition of gene expression. Potential new therapeutic
applications have been rapidly developing due to the small 21-29 nucleotide sequence
lengths needed to elicit an RNAI response and the attractive opportunities that exist in
treating cancer, neurological disorders, and cardiovascular diseases with this approach [1, 2].
Unfortunately, the impact of this therapeutic modality has been limited by the absence of
clinically validated synthetic delivery vehicles that are highly efficient and display low
toxicity. Viral vectors, although efficient and persistent, are challenged by issues such as
large-scale production, immunogenicity, and safety. Non-viral vectors are limited primarily
by low efficiency, however commercial scalability and low host immunogenicity relative to
viral vectors has maintained interest in further development of this approach [3]. Many
different non-viral delivery vehicles have been explored for siRNA delivery, including
nanoparticle complexes based on cationic lipids [4], cyclodextrin oligomers [5], lipid/Ca%*
mixtures [6], Au [7] or PLGA nanoparticles [8], and many other nanoparticle platforms [9].
All of these nanoparticle vehicles are capable of protecting the nucleic acid from enzymatic
degradation and enhancing the cell permeability of the siRNA cargo to boost siRNA
delivery into target cells; however, most of these vehicles possess unwanted toxicity, serum
instability, and/or unfavorable immunogenicity profiles [10, 11]. Moreover, transition of
these compounds from in vitro to in vivo studies has been an unmet challenge that may be
attributed to an inadequate knowledge of the structure-activity relationships governing the
performance of non-viral complexes [12, 13]. Consequently, the results of in vitro
experiments often cannot be directly translated or extrapolated to the in vivo process. This
limitation underscores the need for more extensive physicochemical and biological studies
to improve our understanding of polyplex structure and the transfection process for
subsequent in vivo applications [14].

Supramolecular structures such as polyrotaxanes (PR) are a new class of vectors that have
been explored for the transfection applications. PR structures consist of polymers ‘axle’ that
is threaded through macrocyclic molecules ‘wheels’ and is endcapped with bulky groups
that prevent dethreading. In previous reports, cationic cyclodextrin (CD) PR*s have been
evaluated for their DNA complexation and in vitro transfection ability, where macrocyle
were first threaded onto the polymer backbone followed by introduction of cationic
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substituents by post-modification reactions [15]. The first generation of PR consisted of a
central PEG scaffold that was threaded through cationic a-CDs and the scaffold was
terminated in disulfide bonds, providing degradability within the reducing environment of
the cell [16-18]. Receptor specific PR*, with targeting ligands on the endcap have also been
synthesized to promote uptake within the cell [19]. A temperature-activated threading of
CDs onto water soluble ionenes was recently demonstrated for the formation of PR and was
used for delivery of pDNA and siRNA [20]. This technique showed formation of more
structurally well-defined PR* which were easier to synthesize as it excludes the random
post-modification step of the earlier PR. In previous studies our group has demonstrated the
potential of linear and branched cationic a-CD PR™ as efficient siRNA delivery vehicles
[21, 22]. Recently Yui group has developed the PEG based PR* with a-CDs for siRNA
delivery and shown that more highly threaded PR* are more effective siRNA delivery agents
[23]. By varying the number of threading CDs and Dimethylethanolamine (DMAE) groups
on the PR, they established a relationship between charge density and threading efficiency
on the performance of DMAE-PR*/siRNA polyplexes. They have concluded that PRs with
larger numbers of threaded CDs exhibited higher siRNA binding abilities than flexible PRs
[23-25].

In this report, we describe the synthesis, biophysical characterization, and biological
performance of structurally related series of cationic polyrotaxanes (PR*), comprised of
Pluronic® block copolymers threaded within N,N-dimethylaminoethylamine (DMEDA)-
modified 2-hydroxypropyl-p-cyclodextrin (HPBCD) macrocycles and end-capped with
cholesterol, as potentially efficient and low toxicity siRNA delivery vehicles [26, 27]
(Figure 1).

Zeta (C) potential measurements were performed to determine the effective charge of each
cationic PR* compound (geff pr+) as Well as the electroneutrality ratio (mpr+/mgna)o of
each polyplex (i.e., the point where the PR™ positive charges and the siRNA negative
charges balance at ot = 1). Cryogenic transmission electron microscopy (cryo-TEM),
dynamic light scattering (DLS), and small-angle X-ray scattering (SAXS) methods were
also employed to reveal the size, morphology, and supramolecular structure of the
PR*:siRNA complexes. Finally, we have evaluated the biological performance of the
complexes using flow cytometry and confocal fluorescence microscopy to monitor cellular
localization, cell viability/cytotoxicity, and GFP knockdown efficiency of the three PR™:
SiIRNA complex.

Our findings show that PR*:siRNA complexes form lamellar structures. We also observe
that the size, rigidity, and effective charge ratios, pesr, 0f the PR* and its complexes play a
key role in determining the silencing efficiency. These findings establish a structure-
biological activity relationship that can be used for future materials designs and to provide
insights into the mechanism of siRNA complexation and release after internalization to elicit
an RNA. response. It also provides important information for the production of optimal
polyplex formulations that can afford good siRNA protection, while employing a minimum
amount of PR™ vector, for subsequent biomedical applications that require low toxicity and
high efficiency transfection complexes.
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MATERIALS AND METHODS

Materials for PR* Synthesis

Triblock copolymers Pluronic® F127 (EO 200, PO 65), L35 (EO 22, PO 16), and L81 (EO
6, PO 43) were purchased form Sigma-Aldrich (USA) in powder form and dried by
azeotropic distillation from benzene before use. Other reagents such as N,N-
dimethylethylenediamine (DMEDA\), 2-Hydroxypropyl-B-cyclodextrin (with average degree
of hydroxypropy! substitution = 6.8), triethylamine (TEA), tris(2-aminoethyl)amine
(TAEA), cholesteryl chloroformate, and carbonyldiimidazole (CDI), were also purchased
from Sigma-Aldrich (USA) and used without further processing. Except DCM and DMF, all
the solvents were used without further purification; DMF and DCM were dried over CaH,,
filtered, distilled at low pressure and stored under Ar environment prior to use. Cellulose
dialysis membranes (Spectrum Labs, USA) were rinsed thrice followed by immersion in
deionized water for at least 30 min at room temperature prior to use. Ultra-pure H,O
(resistivity ~ 18.0 MQ/cm™1) was used for all the experiments and was obtained from a
NANOpure water purification system.

Materials for Transfection Complex Formulation and Biological Assays

GFP-22 siRNA was purchased from Qiagen (USA) and scrambled siRNA (custom 22 mer)
was purchased from GE Healthcare Dharmacon (USA) (Sense Strand: 5’- GCA AGC TGA
CCC TGA AGT TC (dTdT)-3’, anti-sense strand 3’- GAA CUU CAG GGU CAG CuU
GC-5’, Mol. Wt. 13,965.6 (g/mol), the oligonucleotide has been converted to the 2’-
hydroxyl, and annealed), Inc. MTS reagent was purchased from Promega (USA).
Lipofectamine® 2000 (L2K) transfection reagent, SY TOX® Red dead cell stain,
LysoTracker® Blue DND-22, and AlexaFluor®680 Wheat Germ Agglutinin- (AlexaFluor®
680 WGA) conjugate were purchased from Life Technologies (USA). Label IT® siRNA
Tracker intracellular localization kit (Cy3) was obtained from Mirus (USA). Fetal Bovine
Serum (FBS), DMEM and RPMI media, sodium pyruvate, PBS and trypsin, were purchased
from Atlanta Biologicals (USA). Mark-tubes made of borosilicate glass #50, (L= 80 OD=
1.50 Wall= 0.01 mm) were purchased from Hilgenberg GmbH (Germany).

Synthesis of DMEDA-HPBCD:Pluronic-Chl Polyrotaxanes (PR")
The PR* (Figure 1, Table 1) were synthesized using a previously reported protocol [27, 28].

Formulation of PR*:siRNA Complexes

We optimized the condition for L2K in HeLa-GFP and NIH 3T3-GFP using the suggested
protocol by the vendor (Life Technologies, USA) with a few modifications to achieve
maximum silencing efficiency with moderate toxicity (cell viability >95%) in our cell lines.
Based on these observations, we found that 100 nmol of siRNA was enough to provide
maximum effect for a given population of cells; this quantity was then kept constant for the
polyrotaxane-based complexes.

The nanoplexes were formulated in 20 mM HEPES, pH 7.4 buffer and for all biological
studies, a final siRNA concentration of 100 nM was used, similar to that recommended for
the benchmark positive control, L2K.
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For typical a polyplex formation, siRNA solution (either GFP-22 siRNA, scrambled siRNA,
or Cy3-labeled GFP-22 siRNA (siRNA-Cy3)) was vortex mixed with a PR* solution (2 - 10
pg/mL, depending on peff) in HEPES buffer. The o ratios were varied between 0 and 15 to
identify the optimum concentration of PR™ required to provide both high colloidal stability
and good biological performance.

Characterization of Polyrotaxane-siRNA Polyplexes

CPotential and Particle Size Analysis—The electrophoretic mobility, particle size, and
size distribution of PR*:siRNA complexes were determined by dynamic light scattering
using a particle size analyzer (Zetasizer Nano S, Malvern Instruments) at 20 °C with a
scattering angle of 90°. Each electrophoretic mobility value reported was an average over 30
independent measurements. { potentials were obtained from the measured electrophoretic
mobility, using the Henry equation. siRNA complexes (20 pg in 50 pL of HEPES) of
increasing PR* content (mpr+/ mgna) Were formulated and incubated at 4 °C for 1 h. After
incubation, all complexes were diluted to 1 mL by HEPES buffer and measured using a
Zetasizer Nano-S, (Malvern Instruments Ltd.) at a scattering angle of 90°. At least 40
measurements were made and averaged for each sample for {-potential determination

Cryo-Transmission Electron Microscopy (cryo-TEM)—Cryo-TEM experiments
were conducted following the general procedures reported previously [29, 30], except that
Quantifoil R1.2/1.3 (1.2 mm hole diameter) on 400-mesh copper grids were used as sample
substrates. Images were obtained using a Titan Krios cryo-electron microscope operating at
300 kV under low-dose conditions at a nominal magnification of 29,000x and using
different degrees of defocus (-3 to-10 nm) to obtain adequate phase contrast. Images were
recorded using an Ultra Scan 4000 Gatan digital camera. These Charge-coupled device
(CCD) images were processed and analyzed (Gatan, Inc). Experiments were carried out for
PR*:siRNA complexes at effective charge ratios (oeff) of 2 and 3. For the TEM analysis all
the complexes were made at high pDNA concentration (60 pg/50 pL) in HEPES buffer and
analysed. Samples for SAXS (80 pg/uL) were made in small cpillaries tube and the samples
were dried in hot oven at 40 °C so as to evaporate excess water. Small-angle X-ray
scattering (SAXS) experiments were carried out utilizing a NanoStar SAXS system (Bruker,
Germany). An incident beam, fixed at ~8 keV, was employed, with a 0.4 mm pinhole setup
using a sample to detector distance of ~ 26 cm. An HiStar xenon gas area detector (1024 x
1024 pixels) with a photon count ~ 1500 photons/second was used for data collection.
Samples were placed in sealed glass capillaries (1.5 mm O.D. and 1.48 mm 1.D.).

Small Angle X-ray Scattering (SAXS)—Small-angle X-ray scattering (SAXS)
experiments were carried out utilizing a NanoStar SAXS system (Bruker, Germany). An
incident beam, fixed at ~8 keV, was employed, with a 0.4 mm pinhole setup using a sample
to detector distance of ~ 26 cm. An HiStar xenon gas area detector (1024 x 1024 pixels)
with a photon count ~ 1500 photons/second was used for data collection. Samples were
placed in sealed glass capillaries (1.5 mm O.D. and 1.48 mm 1.D.). Experiments were
carried out at several effective charge ratios (oef) of the PR*:siRNA complexes.
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Gel Retardation Assay—The complexation behavior of PR* with siRNA was analyzed
by gel retardation assay (4% agarose gel electrophoresis). The agarose gels were made in
TBE electrophoresis buffer (pH 8.0) containing GelRed fluorescent stain at 1:10,000
dilution. PR*:siRNA complexes with 0.2 g of siRNA at different g ratios were loaded in
different wells onto the gel. All the samples were mixed with gel loading dye (1:5 dilution)
before loading into the wells and electrophoresis was carried out at room temperature and at
constant voltage of 55 V for 90 min in TBE electrophoresis buffer. The GFP22-siRNA
bands were then analyzed using FluorChem E System at a wavelength of 365 nm.

Biological Performance

Cell Viability Assay—Cytotoxicity profile of all the PR*:siRNA complexes relative to
L2K and untreated cells was evaluated using the MTS assay in a human cervical cancer cell
line (HeLa-GFP) and a murine fibroblast cell line (NIH 3T3-GFP). Cell viabilities were
measured as a function of increasing pefs. The cells at densities of 10,000 cell/well were
seeded in 96-well microtiter plates (Greiner, 96-well multiwall plates-fat bottom) in
complete DMEM medium supplemented with 10% FBS at 37 °C, 5% CO», and 95% relative
humidity. After 24 h (cell confluency of 80-90%), the culture media was replaced with
serum-free media containing complexes with increasing pgsf and the cells were further
incubated for 24 h. After 24h, MTS reagent (15puL) was added to each well and incubated
for 2 h prior to readout. The absorbance was measured at a wavelength of 492 nm using a
multimode plate reader (Beckman Coulter, DTX880). The blank correction was performed
by subtracting the absorbance of the sample well just before addition of the MTS reagent.
The cell viability (%) relative to control cells (untreated cells) was calculated as [Aliest/
[Alcontrol X 100%, where [Alcontrol is the absorbance of the control wells and [Alest is the
absorbance of the wells with PR*:siRNA. All samples were made in triplicates and
cytotoxicity values reported are averaged from the three measurements.

Cellular Uptake Studies—Localization of the complexes within HeLa-GFP cells was
studied by plating 100,000 cells per well at 37 °C, 5% CO», and 95% relative humidity in
24-well plates and incubating them for 24 h so as to reach cell confluency of 80-90% before
the experiment. Complexes of siRNA-Cy3 with the PR™ at different pufs ratios were
incubated with cells for 4 h at 37 °C in serum free media. After 4 h, the excess or non-cell
associated particles were removed by aspirating the spent media and the cells were washed
with PBS (3x%), trypsinized, transferred to flow sample cells and then analyzed by flow
cytometry (Beckman-Coulter FC500) using the FL3 channel.

In Vitro knockdown/Cell Viability Experiments—HelLa-GFP and NIH 3T3-GFP cells
were cultured in complete DMEM medium as described for the uptake studies. After 24 h
(cell confluency of 80-90%), the culture media was replaced with serum free media
containing 90 pmol GFP22-siRNA complexes with PR* at pe¢f ratios of 0.5-15. The cells
were incubated with the complexes for 4 h, after which cells were washed three times with
PBS, followed by addition of fresh serum-supplemented media. After total of 36 h
incubation, the media was aspirated and the cells were washed with PBS (3x), detached
form the surface using trypsin and collected in FACS analysis tubes. SYTOX® Red dead
cell stain (1 pL) was added to each sample and incubated for 15 min before analysis by

Biomaterials. Author manuscript; available in PMC 2017 April 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Badwaik et al.

Page 7

FACS using the FL1 channel for GFP fluorescence and the FL4 channel for the fluorescence
from SYTOX® stain. %GFP-positive cells, % GFP median fluorescence intensity, and %
median intensity due to SYTOX® stain was collected and analyzed using FlowJo-v10
software relative to L2K. Statistical analysis for the biological studies was conducted by
using R software (http://cran.r-project.org). Data are reported as absolute values or relatives
to the controls. Normality was evaluated for each variable using Shapiro-Wilk test. Data
with normal distribution were compared using ANOVA, and Bonferroni was used as post-
hoc analysis.

Intracellular Trafficking of PR*:siRNA Complexes—Temporal and spatial tracking
of PR*: siRNA was studied using the multiphoton confocal microscopy. The lysosomal
compartments in the cytoplasm were stained using LysoTracker® Blue DND-22 while the
plasma membrane was stained using AlexaFluor® 680 WGA. The GFP22-siRNA used in
this study was tagged with Cy3 dye using a kit from Mirus, which attached of the label to
SiRNA without altering siRNA structure or affecting downstream target knockdown
performance. HeLa-GFP cells were cultured in complete DMEM medium supplemented
with 10% FBS at a cell density of 35,000 cells/well in 4 chambered glass slides. After 24 h,
the culture media was replaced with DMEM media containing the PR*:siRNA-Cy3
complexes at an pg¢f ratio of 3. The cells were incubated with the complexes for various time
points (2, 4, 9, 24, 36 and 48 h) after which they were stained with AlexaFluor® 680 WGA
(5 pL) for 10 min, washed with PBS (2x), and followed by incubation with 2 puL
LysoTracker® Blue DND-22 for 10 min. The cells were then washed with PBS (3x) and
observed under a confocal microscope (Nikon A1R MP) using a 60x silicone oil objective.

RESULTS AND DISCUSSION

PR*:siRNA Electrostatic Interactions

Effective non-viral nucleic acid delivery requires knowledge of the electroneutrality
characteristics of the transfection complexes being employed, since the complexes benefit
form a net positive charge (0.t > 1) to promote their interactions with the negative charges
present on the plasma membrane of target cells. In addition, the effective charge ratio of the
complex determines the structure, physical properties and biological response to the nucleic
acid vector. We used, the total PR* vector to siRNA mass ratio (mpg+/mgna) and the
effective charge ratio (oeff) between the positive PR* charges and the negative siRNA
phosphate groups to define the polyplex composition. These quantities are related by the
following equation:

77,+ qeﬁ PRt (mp3+ /]\{p}ﬁ» ) qeff PRt ]\JRNA mPR+
Pelf === - M \m W

n qefj RNA (mRNA /‘Z\'{RNA) qeff RNA PR+ RNA

where Mpgr+ and Mgy are the molar masses of PR* and siRNA, respectively; n* and n~ are
the number of moles of charges on the positive PR™ and negative siRNA; and geft pr+ and
deff RNA are the effective charges of PR*and siRNA, respectively. Because an efficient cell
transfection event is favored by complexes with a net positive charge, there is a specific
electroneutrality ratio (mpr+/ mrya) Where oef = 1, that suggests a lower limit from which
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the polyplex becomes a potentially efficient nucleic acid delivery vector [31]. Since this
parameter is related to the potential and net charge of the transfection complex, zeta
potential ({) measurements are the most widely used method for determining the
electroneutrality mass ratio of the nanoparticle formulation, although other methods such as
agarose gel electrophoresis and dye intercalation assays may also be used [32-35]. Figure 2
shows plots of { versus (mpr+/Mrna) for the three PR*:siRNA complexes derived from
L35-PR*, L81-PR*, and F127-PR*. The electroneutrality ratio (mpg+/ mrna)o of the PR*:
siRNA transfection complexes is defined as the point where a sign inversion occurs in the
sigmoidal £ versus (mpr+/ mgna) profile. This value, where pg¢s = 1, is related to the
previous quantities of Eq. 1 by

Mppr \ Doy rvaMppy
—H ) = ©)

RNA / ¢ qeff PRt ]\'IRNA

Many studies have shown that multivalent cationic gene vectors typically have an effective
charge that is significantly lower than the nominal charge [31, 32, 36]. Therefore,
determination of the effective charge is crucial for understanding the role of polyplex charge
on transfection efficiency. Long linear DNA molecules (e.g., those containing thousands of
base pairs like calf thymus DNA or salmon sperm DNA) and shorter DNA or RNA
molecules (i.e., those containing 20-24 bp) have an effective negative charge (Qetf rna) that
matches its nominal charge (i.e., =2 per bp)[31, 37, 38]. Thus, the effective charge of any
multivalent cationic transfection agent like the PR* used for siRNA complexation in this
work (geff pr*) Can be determined from Eq. 2 (Table S2) using the experimentally
determined electroneutrality mass ratio (mpr+/ mrna)e [31]. The obtained geff pr+ values
(Table 1) showed that the three cationic polyrotaxanes have a lower effective charge than its
nominal one, ranging from 80%, 58% and 41% for L35-PR*, L81-PR*, and F127-PR™,
respectively.

This trend is not related to the number of HPBCD threaded onto the Pluronic® core, nor its
nominal charges, effective charges, or molecular weight, but rather to the length and
apparent rigidity of the highly threaded PO “axle” within the PR* core. We infer from these
findings that as the polymer “axle” where the charged HPBCDs are threaded becomes longer
and more flexible, the capability of their charged regions to fully interact with sSiRNA
decreases, resulting in a lower percentage of effective charge.

Once the effective charge of each polyrotaxane (Qetf pr+) Was determined, the effective
charge ratio, peff, between the positive PR* and negative siRNA was also calculated using
Eqg. 1. The peff quantity is the key parameter enabling the preparation and characterization of
polyplex for optimal silencing efficiency and minimal cytotoxicity due to lower net positive
charge. It should also be noted that the { versus (mpr+/ mgna) plots (Figure 2) reveal that
the electroneutrality curves for each PR*:siRNA has a different slope, such that the
complexes formed by L81-PR* showed the steepest slope relative to L35- and F127-based
PR*:siRNA complexes. These trends are directly proportional to the effective charge on the
polymer. The slope of the curve is likely correlated with the strength and stability of the
PR*:siRNA complexation, suggesting that the order of complex stability should be L81-
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PR*:siRNA > L35-PR*:siRNA > F127-PR*:siRNA. These findings are supported by cryo-
TEM and agarose gel studies as described below.

Size, Structure, Morphology, and Stability of the PR™:siRNA Transfection Complexes

The size, morphology, and structure of transfection complexes formed by non-viral vectors
and DNA or RNA are well-known factors that impact their transfection and silencing
efficiency [32, 38—43]. We analyzed these characteristics as a function of PR* type using
DLS, gel electrophoresis, cryo-TEM, and SAXS techniques at several charge ratios in the
useful range for gene silencing (oer>1). Initially, the size of the PR*:siRNA complexes was
determined by DLS. Average hydrodynamic diameters of 250 + 25, 300 + 20, and 300 + 100
nm were obtained for the L81-PR*:siRNA, L35-PR*:siRNA, and F127-PR*:siRNA
complexes, respectively (Figure S1 & S2), at several effective charge ratios (0.t > 1). We
infer from these results that the size of the polyplex roughly correlates with the PR*:siRNA
complexation strength as indicated by the electrophoretic mobility analysis in Figure S-3.
PR*:siRNA stability analysis using gel shift analysis displayed that the complexation ability
of PR* with siRNA increased with increasing peff ratio for all PR* species. It is noteworthy
to compare the complexation behaviour among the PR* members, where F127 showed
significant complexation (i.e., maximum amount of sSiRNA retained in the sample wells)
above petr = 10, whereas a similar trend was observed for L35 and L81 at lower effective
charges of pefr >7.5 and pes> 5, respectively (Figure S-3)

Next, cryo-TEM images were collected for positively charged PR*:siRNA complexes (osff >
1). Unfortunately, due to poor solubility and the low overall charge of F127-PR*, it was not
possible to prepare and analyze highly concentrated samples of this vector, or its SIRNA
complexes, for cryo-TEM and SAXS experiments. The micrographs shown in Figure 3A
show typical nanoparticles formed by L81-PR*: siRNA and L35-PR*: siRNA complexation.
From the analysis of these images, it can be concluded that they consist mostly of spherical
nano-aggregates, with average diameters around 200 £10 nm, in reasonable agreement with
those found by DLS. Many of the complexes in Figure 3A show a roughly multilamellar
arrangement, comprised of periodic monolayers that display a typical fingerprint-type
pattern in their structure. Fast Fourier Transform (FFT) analysis of selected nano-aggregate
particles as a probe for periodicity show a profile wherein the diffraction spots correspond to
a lamellar pattern (Figure 3A, insets).

Interlamellar spacing averages of 7.6 £ 0.6 nm, and 7.4 £ 0.7 nm were obtained for L81-
PR*:siRNA and L35-PR*:siRNA, respectively, consistent with the multilamellar structural
features that have previously been reported for lipoplexes comprised of cationic lipids and
plasmid DNA [32, 38] or siRNA [44] We conclude from these findings that the interlamellar
spacing is a roughly constant value of 7.5 nm for all the PR*:siRNA complexes in this study,
since the same DMEDA-modified HPBCD “wheels” are threaded onto the Pluronic® “axle”,
thereby yielding the same lamellar thicknesses for the three PR*:siRNA transfection
complexes. Thus, assuming a PR* thickness similar to that of the FIPBCD-DMEDA*
diameter (4.8 nm), the remaining thickness of ~2.7 nm is sufficient to accommodate a
monolayer of double-stranded siRNA. This multilamellar pattern is a frequently reported
structure for lipoplexes,[31, 32, 44] with similar average values described for the
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interlamellar distances of those assemblies, suggesting that there is no appreciable structural
difference in siRNA compaction among cationic lipid vectors and these PR* constructs.

The cationic PR*:siRNA complex structures were also investigated across a range of charge
ratios (pefr > 1) by SAXS. Figure 3B shows several SAXS diffractograms, plotted as
intensity versus q factor. Bragg peaks apparent in these diffractograms show that the PR*:
SiRNA complexes form a lamellar structure (L) with an interlayer distance (d) related to g
of the first peak (d = 277q100) (Table S-1). Thus, the PR*:siRNA complexes may be
represented as alternating layers of PR* and siRNA helixes, where d(= d, + dyy) is the sum
of the monolayer thicknesses of the PR* (dy,) and siRNA (d,,) layers. The obtained d values
are 8.0 £ 0.2 nm, and 8.1 £0.2 nm for L81-PR*:siRNA and L35-PR*:siRNA, respectively,
similar to that reported for lipid-siRNA lipoplexes with a lamellar structure [44]. This
feature arises from the fact that the thicknesses of the PR* monolayer are all identical and
match the HPBCD-DMEDA™ dimensions as described above. If a value of dy, ~4.8 nm is
used for the PR* layer thickness, the siRNA monolayer thickness is calculated as dy, = 3.2 +
0.2 nm. This value is independent of the pets used and is consistent with the presence of a
monolayer of hydrated siRNA helixes. Since the detection of a lamellar structure by SAXS,
with d and d,, values that are in reasonable agreement with those obtained from cryo-TEM
experiments, we conclude that PR*:siRNA complexes are best characterized as
multilamellar structures above the point of electroneutrality (Figure 3C)[45]. The d value
estimated by cryo-TEM is approximately 8% lower than the value of dqgg (~8.0 nm)
calculated from the SAXS diffractograms for the L structure of PR*:siRNA complexes,
although the SAXS results are expected to be much more precise in this respect. The clear
peak appearing in all diffractograms at higher g factors that is not associated with the
lamellar structure is related to the intralayer siRNA - siRNA separation (dgrna), @S
previously reported previously by Safinya and co-workers [46, 47]. This feature (Qgrna =
2m/dgrna) €nables the determination of the separation between siRNA strands within the
siRNA monolayer (dsrna) as dgrna = 2.3 — 3.2 nm for the PR*:siRNA complexes (Table
S-1), that is slightly lower than those reported for lipoplexes studies [31, 38, 46]. The lower
dsirna Value obtained for the PR*:siRNA complexes may be attributed to the fact that, in the
mixed lipid compositions used in most lipoplex formulations, the cationic lipid molecules
are phase-separated within the bilayer and concentrated near the nucleic acid chains and
separated by domains of helper lipid (e.g., neutral or zwitterionic components of the lipid
mixture)[48-50], whereas in these PR*: siRNA complexes, the positive charges of the PR*
component are more closely and evenly spaced, thus, leading to a reduction in the sSiRNA-
SiRNA separation.

Cytotoxicity and RNAI Evaluation

The cell viability of PR*:siRNA complexes were evaluated in HeLa-GFP and NIH 3T3-GFP
cells as a function of peff ratio (Figure 4A) to compare the cytotoxicity profile of the various
transfection agents as a function of their charge densities and molecular weight. The toxicity
profile were also compared with L2K, a commercial transfection agent which was used as
the benchmark for these experiments.
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The relative cell viability profiles of the PR*:siRNA and L2K:siRNA complexes were
evaluated by MTS assay. In HeLa-GFP cells, all the PR* had cell viability profiles that were
comparable or better than L2K, with L81-PR* showing the best cell viability (>90%). For all
the PR*:siRNA, increasing oef caused increased cytotoxicity; however, cytotoxicity at the
highest concentrations of PR* (o.ft= 15) were modest, affecting only 10 — 20% of the total
cell population. Since L81-PR* has the highest charge density, a smaller quantity of this PR*
was required to achieve a target pgs upon sSiRNA complexation compared to the amounts
required to achieve the same pgs With L35-PR™ and F127-PR™. A similar trend in
cytotoxicity was also observed in NIH 3T3-GFP cells (Figure S-4). We conclude that the
L81-PR* complexes are less cytotoxic, since they require lower concentration of cationic
polymer to produce effective transfection complexes [51].

The invitro cellular localization profiles of PR*:siRNA-Cy3 complexes were assessed in
HeLa-GFP cells at various o ratios in serum free media (Figure 4B) under conditions that
were optimized for L2K:siRNA complexes. It was observed that L2K complexes had
cellular localization profile of ~80%, as reported previously [33].

L81-PR*:siRNA and L35-PR*:siRNA complexes had comparable or better cellular uptake
efficiencies (= 90%) relative to L2K at pefs ratios above 1.5; however, the uptake levels of
F127-PR*:siRNA complexes was slightly lower than the rest PR* members of the family at
all peft ratios studied. In all cases, the uptake efficiency increased with increasing pets until
reaching a plateau near pes= 10. It is interesting to note that increased localization correlated
with increased positive { (e.g., for L81-PR*:siRNA, there is a significant increase in
localization from pe¢r =1.5 to 5; however, after p.t = 5, very modest increases were
observed). Similar behavior was noted for L35-PR*:siRNA and F127-PR*:siRNA at peft
=10. We attribute the high localization efficiency of L81-PR*:siRNA to the enhanced
stability of these complexes in the presence of biogenic polyanions present under cell culture
conditions, thereby leading to higher cellular association. Moreover, better complexation
also contributes to higher cargo loading, making each endocytic event more productive with
respect to siRNA uptake. In summary, all of the PR* family members could promote the
SiRNA uptake in 80 — 98% of the total cell population.

The gene silencing efficiency of the PR*:siRNA complexes was assessed in HeLa-GFP and
NIH 3T3-GFP cells using a two-color flow cytometry assay. The RNAI experiment was run
in tandem with a cell viability assay to enable the measurement of both these parameters in
the same experiment. The experiment was performed with untreated cells and cell treated
with PR*: scrambled RNA (NC-RNA\) as a negative control and L2K as a positive control.
The gene silencing efficiency was monitored by observing the percentage of the total cell
population that displayed a reduction in GFP expression (Figure 5A), as well as a reduction
in median fluorescence efficiency (MFI) (Figure 5B). Cell viability was measured by
SYTOX® Red dead staining, which only stains the nucleic acids of membrane-compromised
dead and dying cells.

HeLa-GFP experiments revealed that the silencing efficiency was dependent on the pe¢s ratio
and the PR* family member that was used. We found that at their maximum pe# ratio, all
PR*:siRNA complexes had remarkable silencing efficiency. Nonetheless, each PR* reached
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the maximum silencing efficiency at a different pq¢s that was similar to the pess Observed to
produce a plateau in cellular localization (Figure 4B) and the zeta potential plot (Figure 2).
Very similar observations were made for NIH 3T3-GFP cells, where all the PR* displayed
the same trend of increased silencing efficiency with increased pofs Up to the plateau level;
however, in this cell line, the silencing was not as robust as for L2K (Figure S-6). The
comparison between the silencing efficiency of NC-siRNA and untreated cells results were
significant (p < 0.05), which could be due to the moderate toxicity as evidenced by the cell
viability values on Y2 axis on Figure 5b.

Cell viabilities, measured in tandem with silencing efficiencies using SY TOX® Red dead
stain to label the membrane-compromised cells, showed that cells treated with the PR*
complexes had viabilities between 80% - 90%, regardless of the PR* used, although the cell
viability dropped from 90%) to 80% when the ot ratio approached the plateau level. These
cell viability profiles were similar to the commercial reagent, L2K, used as a standard in
these experiments. The comparison between untreated and PR*:siRNA treated results at all
Pefs ratio (except pefr~ 1.5) was significant (was <0.01, n=6)

Trafficking of PR*:pDNA Complexes

Cellular uptake and intracellular trafficking of sSiRNA complexes formed with L81-
PR*:siRNA was studied as a function of time by confocal microscopy (Figure 6). It was
observed 2 h after treatment with transfection complexes that few particles were associated
with the cells; however, the L81-PR*:siRNA complex binding and internalization increased
significantly between 2 — 4 h incubation, such that a large population of transfection
complexes (green) were seen in association with cell membranes (blue), accompanied by a
smaller number that were associated with acidic endosomal and lysosomal compartments
(red). Moreover, the z-stack images of individual cells at each time point indicate that most
of the particles are only at the surface of the cell after 2h, while at 4h, many particles have
been internalized. As the time after exposure increased, most of the particles appeared to be
interacting with acidic endosomes and lysosomes, depicted as yellow fluorescence in the
images due to overlap of the red LysoTracker® and green PR*:siRNA-Cy3 signals (Figure
7). Interestingly, with increasing time, the green signal due to the transfection complexes
seems to fade gradually, likely due to escape of siRNA from the nanocomplexes and
distribution throughout the cytoplasm, causing a diminution of the signal below detectable
levels (Figure 8). Cells treated with L81-PR*:siRNA complexes were compared to untreated
cells with respect to dynamic expression of GFP. It was found that the MFI in untreated cells
remained consistent throughout the incubation, while in the case of L81-PR*:siRNA-treated
cells, the MFI gradually decreased up to 40% rfu relative to controls at 36 h. Most of the
cells showed almost no signal, while a few showed a significantly reduced GFP fluorescence
(Figure S-7). The reduction in MFI can be directly correlated with the silencing effect and is
consistent with the quantitative data obtained from flow cytometry.

Structure-Knockdown Activity Relationship

When siRNA is initially compacted by the PR, it is expected that the resulting structure
will depend on the magnitude of the intermolecular interactions and the conformational
dynamics of the two polyions, PR* and siRNA. It is also anticipated that the polyplex
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structure (inverted hexagonal, lamellar or cubic) would influence its silencing efficiency
upon contact and internalization by the cells. In fact, systematic studies of the structure and
knockdown efficiency of lipoplexes containing different cationic lipids have made it
possible to establish a correlation between the coexistence of several lipoplex structures and
higher transfection efficiency. [38, 44] Those results suggest that knockdown is synergized
by the presence of structural polymorphism. As the results above show, SAXS and cryo-
TEM experiments indicate that only one lamellar structure is present in the transfection
complexes. Thus, there must be other effects to explain why the knockdown efficiency
follows the trend L81-PR*:siRNA > L35-PR*:siRNA > F127-PR*:siRNA.

In this sense, the slope of the {-potential sigmoidal plots (Figure 2) may be used as an
indication of the relative strength of electrostatic interactions between the PR* and siRNA
cargo. Based on that, the L81-PR*:siRNA complex showed the highest slope (7 mV/mass),
L35-PR*:siRNA complex showed an intermediate slope (1 mV/mass) while the F127-
PR*:siRNA complex showed the most smoothed slope (0.35 mV/mass), thus suggesting a
trend of decreasing electrostatic interactions in this respective order. In addition, DLS, gel
shift (Figure S1-S3), cryo-TEM, and SAXS (Figure 3) results obtained for all the polyplexes
confirms the trend of a gradual increase in electrostatic interaction between siRNA and
F127-, L35- and L81-based PR*, respectively. These differences in electrostatic interactions
between PR* and siRNA are rooted in the structural differences of the PR* at the molecular
level. Based on previous literature of Pluronic®-derived PR*, the CDs are localized
predominantly on the PO block rather than the EO block. Moreover, it has been shown that
each CD includes two PO monomer units [52].

Other studies have also shown that higher CD threading restricts the flexibility of the
polymer and forms a rigid rod like structure[25, 53], thus we believe that threading not only
increases the probability for siRNA interactions via encounter of two rod-like objects, but
also helps maintain the relative stoichiometry balance (i.e. effective charges) between the
PR* cations and the siRNA anions. This hypothesis is supported by our cryo-TEM
observations (Figure 3A) showing that the fingerprint multilamellar pattern of the L81-PR™:
siRNA complexes is more structured, with large nano-aggregates containing more
multilayers and a clear spherical morphology, than for the L35-PR*: siRNA complexes. The
observations made on the basis of biological data for the PR* family suggests that the
transfection efficiency is in the decreasing order as L81-PR*:siRNA> L35-PR*:siRNA>
F127-PR*:siRNA. Although there can be many parameters such as difference in
hydrophobicity of the polymers, complex structures, electrostatic interaction or rigidity that
could impact their relative transfection efficiencies, based on our observation of SAXS and
cryo-TEM data, we believe that the rigid structure resulting from the most ordered
complexes is the main factor that promotes the highest transfection activity. Our findings
show that F127-PR* has the lowest threading efficiency (~30%), compared to L35- (88%)
and L81-PR* (56%), as well as the longest EO length. These factors combine to hinder the
formation of strong network of electrostatic interactions between F127-PR*and siRNA
(Figure 9). These weaker interactions may be responsible for the lower silencing efficiency
compared to the other members of the PR* family due to colloidal instability under cell
culture conditions such that uptake of siRNA complexes is less effective for F127-PR*.
Between the highly threaded members (L35-PR* and L81-PR™), L35 has the higher HPRCD
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threading efficiency, thereby increasing the probability of strong electrostatic interactions
with siRNA; however, the longer EO blocks of L35 may partially disrupt its interactions
with the siRNA cargo. Consequently, the L35-PR*:siRNA complexes possess weaker
electrostatic interactions than L81-PR*, which has lower threading but a very short EO
chain, leading to the production of complexes with greater colloidal stability, cellular
uptake, and knockdown efficiency. We conclude the silencing efficiency of PR*:siRNA
complexes is most highly dependent on strong electrostatic interaction between the PR*
condensing agent and siRNA, with the formation of a highly ordered lamellar architecture of
the complex as a factor of secondary importance. The electrostatic interaction dependence of
these two key parameters, i.e., threading efficiency and the length of the EO block, to
produce a lamellar architecture is a direct result of the increased rigidity of the threaded PR*
[54-56].

CONCLUSIONS

Three novel Pluronic®-based, cholesterol end-capped cationic polyrotaxanes bearing
DMEDA-modified 2-hydroxypropyl-p-cyclodextrin macrocycles were synthesized and
evaluated for their sSiRNA delivery efficiency. Cytotoxicity experiments show that the
PR*:siRNA complexes are well tolerated. RNAi experiments indicate that they are capable
of efficient silencing (>80%) in multiple cell lines in a manner that is influenced by the
effective charge ratio (peff), PO block length, and central block coverage (i.e., rigidity) of the
PR* core. DLS measurements show that particles in the 200 — 300 nm range are formed by
the PR*:siRNA complexes. SAXS and cryo-TEM experiments studies reveal that these
particles are comprised of periodic, lamellar architectures. These findings suggest that
compact PR*:siRNA nanostructures can produced having higher transfection performance
than Lipofectamine® 2000 in cell line such as HeLa and NIH 3T3 in vitro, while
maintaining good cell viability and siRNA sequence protection in cell culture. We further
conclude that knockdown efficiency by PR*:siRNA complexes is most highly dependent on
strong electrostatic interaction between the PR* condensing agent and siRNA, with the
formation of a highly ordered lamellar architecture of the complex as a secondary factor.
The electrostatic interaction is dependent on two key parameters i.e higher threading
efficiency and the shorter length of the non-cationic part of polymer (i.e. EO domain), which
are also responsible for the increased rigidity of the threaded PR*.
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviation

PO
EO

polypropylene alcohol
polyethylene alcohol

HPBCD 2-Hydroxypropyl-p-cyclodextrin

PR*
L2K
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Figure 1.

Chemical structure of DMEDA-HPBCD:Pluronic-Chl Polyrotaxanes (PR*).
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Figure 2.

Dependence of zeta potential (£) on polyplex compositions (mpr+; Msirna) for L81-
PR*:siRNA, L35-PR*:siRNA and F127-PR*:siRNA in HEPES buffer at 20 °C, pH=7.4. The
amount of PR* was increased relative to siRNA until the formulations showed no significant
increase in { (plateau phase). The surface charge of PR* only (i.e Mpr+/ Msirna= 00) iS
shown by dotted line at the top of each graph, indicating the maximum PR™ positive surface
charge PR™.

Biomaterials. Author manuscript; available in PMC 2017 April 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Badwaik et al. Page 21

A L35:siRNA L81:siRNA c

L35: siRNA, p=3

Intensity (a. u.)

L35: siRNA, p=2

L81: siRNA, p=3

7 L81: siRNA, p=2
) . I I ol I L I b (

— £
10 15 20 25 30 35 HPBCD-DMEDA siRNA
q (nm)

Figure 3.
(A) Selected cryo-TEM micrographs showing a general structure of L35-PR*:siRNA and

L81-PR*:siRNA at pefs = 3. The insets showing a FFT profile from a particular area of the
polyplexes. (B) SAXS diffractograms of PR*:siRNA complexes at effective charge ratios of
2 and 3. (C) Scheme representing the multilamellar arrangement constituted by a series of
PR* monolayers with siRNA compacted and sandwiched between them. The interlamellar
spacing (dy,) was found to be ~4.8 and thickness of siRNA (d,,) to be ~ 3.2 nm (figure
drawn to arbitrary scale)
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Figure 4.

(A) MTS cell viability assay for HeLa-GFP cells, after 24 h exposure to PR*:siRNA,
L2K:siRNA complexes as function of pg ratios. (B) Cell associated fluorescence of naked
siRNA, PR*:siRNA-Cy3(at pess ratios of 1.5 to 15), L2K:siRNA-Cy3 in HeLa-GFP after
incubation for 4 h.
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Figure 5.

(A) Flow cytometric analysis of GFP knockdown efficiency (% GFP+ cells) in HeLa-GFP
cells after exposure PR™: siRNA complexes at various pess ratios of 1.5 to 15 with
L2K:siRNA as positive controls and untreated cells and cells treated with naked siRNA (free
siRNA), PR*:NC-RNA (scrambled RNA) as negative control. (B) Two-color flow-
cytometric analysis of GFP knockdown efficiency (median fluorescence intensity) and cyto-
toxicity in HeLa-GFP cells after exposure to PR*:siRNA complexes at various pess ratios of
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1.5 to 15 with L2K:siRNA as positive controls and untreated cells, cells treated with naked
siRNA (free siRNA and PR*:NC-RNA (scrambled RNA) as negative control.
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Figure 6.

Multiphoton confocal images of HeLa-GFP cells treated with L81-PR*:siRNA complexes at
different time points. Stains: Light blue, stably expressed GFP; Purple, plasma membrane;
Red, late endosomes and lysosomes; Green, PR*:siRNA complexes. From top to bottom:
Images taken at increasing time points as indicated in front of each row. From left to right:
Column 1, LysoTracker® Blue DND-22-stained HeLa-GFP cells (control, untreated with
L81-PR*:siRNA complexes); Column 2, HeLa-GFP treated with L81-PR*:siRNA
complexes; Column 3, Images from Column 2 in the absence of any stains (GFP
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expression); Column 4, Images of Column 2, filtered for fluorescence emission from L81-
PR*:siRNA-cy3 complexes only.
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Figure 7.

Z stack images of HeLa-GFP cells treated at different time points, showing the interaction of
L81-PR*:siRNA complexes with the acidic compartments after the time point of 2 hrs.
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PR*:siRNA complex Cellular
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Gene Knockdown siRNA Release Particle Disassembly

Figure 8.
Conceptual diagram showing PR*:siRNA complexation, cellular internalization,

endocytosis, particle degradation into late endosomal/lysosomal compartments resulting in
escape of siRNA from the complexes, and release of siRNA into cytoplasm, to enable gene
silencing.
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Figure 9.

Representative structures of Pluronic polymers F127, L35 and L81 (Top row) and F127-,
L35-, and L81-based polyrotaxanes (middle row) and siRNA:PR* complexes (bottom row).
The lengths of the polymers and siRNA (22 bp) in these diagrams are approximate and are
based on calculations obtained from prior reports [52]. The estimated effective length of the
Pluronics and siRNA are as follows F127~87.5 nm (PO~21.5 nm, EO~ 66 nm), L35 ~ 12.5
nm (PO~5.3 nm, EO~ 7.3 nm), L81~ 16.5 nm (PO~14.2 nm, EO~ 2 nm) and siRNA (22 bp)
~7.5 nm[52]. The scheme represents the composition of unmodified polymers that were
chosen for PR* family based on the total length and distribution of hydrophilic (EO) and
hydrophobic (PO) domains. The PR* representation shows the variation in threading
efficiency, expected structural behaviour of PR*, and the most probable region of HPBCD
localization. Based on previous literature and the data obtained for PR*:siRNA complexes, it
can be concluded that high threading leads to lower flexibility of the PR*, thus increasing
the overall rigidity of the PR*, such that its rod-like structure helps promote electrostatic

interaction with siRNA.
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Values of the Characteristic Parameters for Polyrotaxanes (PR*) and Effective Charge, gpr+, for PR*-siRNA?

Polyplex Formulations.

Polyrotaxanes Components

HPBCD-Chl:Pluronic Polyrotaxanes

L81-PR* L35-PR* F127-PR*

Pluronic® core L81 L35 F127
Number of HPBCD unis 12 7 10

PR* threading efficiency 56% 88% 30%

PR* molecular weight 34.4kD 18.2 kD 35.6 kD

# DMEDA/PR* (nominal charge) | 98 30 56

gprt (effective charge) 57 24 23

% of PR* charge available 58 80 41

asiRNA used in this work, with a molecular weight of 14.0 kD contains (20+2 ends) bp and thus, deff RNA = dnominal RNA = 44.
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