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Abstract

pH-responsive diblock copolymers provide tailorable nanoparticle (NP) architecture and chemistry
critical for siRNA delivery. Here, diblock polymers varying in first (corona) and second (core)
block molecular weight (M,), corona/core ratio, and core hydrophobicity (%BMA) were
synthesized to determine their effect on siRNA delivery in murine tenocytes (mTenocyte) and
murine and human mesenchymal stem cells (MMSC and hMSCs, respectively). NP-mediated
SiRNA uptake, gene silencing, and cytocompatibility were quantified. Uptake is positively
correlated with first block M, in mTenocytes and hMSCs (p < 0.0005). All NP resulted in
significant gene silencing that was positively correlated with % BMA (p < 0.05) in all cell types.
Cytocompatibility was reduced in mTenocytes compared to MSCs (p < 0.0001). %BMA was
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positively correlated with cytocompatibility in MSCs (o < 0.05), suggesting stable NP are more
cytocompatible. Overall, this study shows that NP-siRNA cytocompatibility is cell type dependent,
and hydrophobicity (%BMA\) is the critical diblock copolymer property for efficient gene
silencing in musculoskeletal cell types.
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INTRODUCTION

The delivery of nucleic acids, specifically small interfering RNA (siRNA), has benefitted
immensely from nanoparticle-based delivery approaches.l2 siRNA mediates degradation of
complementary cytosolic mRNA via the RNA interference (RNAI) pathway. The ability to
silence any gene by simply knowing its nucleic acid sequence confers immense therapeutic
potential to SIRNA. However, there are many barriers to siRNA delivery,34 necessitating
development of delivery systems to achieve therapeutic efficacy. sSiRNA is susceptible to
degradation by nucleases, resulting in serum instability,® and due to its anionic nature and
large molecular weight, intact sSiRNA cannot passively diffuse through cell membrane,
leading to poor internalization. Most commonly, nanoparticles (NP) contain a cationic
component that serves to complex and protect anionic sSiRNA molecules from nuclease
degradation and allow for interaction with negatively charged cell membranes to facilitate
cellular uptake.® However, as endocytosis is the typical mechanism of cellular uptake of
such nanocomplexes, escape from endolysosomal trafficking is another delivery hurdle often
addressed via NP delivery systems.”

Many materials, including lipids,® as well as natural® and synthetic polymers,10 have been
utilized to form NP-siRNA complexes. In particular, polymers provide an attractive platform
for the development of siRNA delivery systems due to flexibility with respect to architecture
and chemical functionality. Both natural and synthetic polymers can incorporate a variety of
cationic components that allow for complexation with siRNA and interaction with the cell
membrane. Chitosan, a polysaccharide, is the most widely utilized natural polymer for
siRNA delivery owing to its cationic charge, biocompatibility, and biodegradability.1!
However, chitosan has inherent limitations, such as poor water solubility at physiological pH
leading to NP instability and low buffering capacity, which result in inefficient SiRNA
delivery. Substantial improvements have recently been made to chitosan by employing
synthetic polymer modifications.®12 Poly-(ethylenimine) (PEI) is also commonly employed
for NP-mediated delivery of siRNA. PEI is cationic, and bestows endosomal escape through
a combination of the proton sponge effect and polymer swelling upon protonation during
endolysosomal traficking.213 However, cytotoxicity and immunostimulation of PEI has been
well documented in a multitude of cell types in vitro and in vivo,24-17 which has led to the
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exploration of a variety of PEI modifications and alternative polymers to overcome these
significant limitations.18.19

We pioneered the development of diblock copolymers composed of a cationic block and a
pH-responsive endosomolytic block to achieve successful sSiRNA delivery to a variety of cell
types29-23 (Scheme 1). The cationic block is composed of poly(dimethylaminoethyl
methacrylate) ((\DMAEMA), which contains tertiary amines that are 50% protonated at
physiological pH to allow electrostatic complexation with anionic siRNA and facilitates cell
membrane trafficking. The second block is a tercopolymer composed of DMAEMA, 2-
propylacrylic acid (PAA), and butyl methacrylate (BMA), which confers pH-dependent
endosomal escape properties. Further, the second block is hydrophobic, which mediates self-
assembly of NP in aqueous neutral pH conditions.20 Increasing the amount of hydrophobic
BMA, up to 50% of the core block, with equimolar ratios of DMAEMA and PAA, leads to
more efficient siRNA delivery in HeLa cells.29 NP-siRNA delivery was drastically improved
by increasing the molecular weight of the tercopolymer block with the same composition,
which caused polymers to self-assemble into stable micellar NP due to increased
hydrophobic content.24 Furthermore, delivery of radioprotective siRNA to mouse salivary
glands showed robust in vivo efficacy.22:23 Additionally, PEGylated polymers allow for
systemic NP-siRNA delivery in vivo.25 Recent efforts have further adapted this NP-siRNA
delivery system to control gene expression for regenerative medicine applications. For
example, the NP-delivery system is capable of modulating gene expression in human
mesenchymal stem cells (MSCs) in vitro without affecting multipotential differentiation
capacity.? Moreover, the optimal hMSC:NP-siRNA ratios resulting in maximal siRNA
delivery while maintaining hMSC function were identified.2

Despite these efforts, it remains unknown how the diblock copolymer properties can be
manipulated to control NP-siRNA delivery efficiency and cytotoxicity, as previous studies
have not varied the overall and block molecular weights. We hypothesized that changing the
overall and block molecular weights would alter sSiRNA delivery outcomes, such as uptake,
cytotoxicity, and gene silencing, and that these effects would be dependent on cell type,
species, and differentiation state. Therefore, a library of diblock copolymers varying in first
block number-average molecular weight (A4,), second block MM, the ratio of the two block
M, (corona/core ratio), and the %BMA content were synthesized. These NP were then
tested for sSiRNA delivery efficacy in murine tenocytes (mTenocytes), murine MSCs
(mMSC), and human MSCs (hMSC). After measuring uptake, cytotoxicity, and gene
silencing of NP-siRNA treatments, we utilized a multiparameter regression analysis to
statistically evaluate how polymer properties alter sSiRNA delivery capabilities in each cell
type and whether these structure—function relationships are consistent across cell types and
species.

EXPERIMENTAL SECTION

Polymer Synthesis and Characterization

Synthesis of Chain Transfer Agent (CTA)—The CTA used for reversible addition—
fragmentation chain transfer (RAFT) polymerization, 4-cyano-4-
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[(ethylsulfanylthiocarbonyl)sulfanyl]pentanoic acid (ECT), was synthesized as previously
described.27:28

Synthesis of Cationic siRNA Complexation Block (First Block, Corona)—ECT
and the radical initiator 2,2'-azobis(2-methylpropioni-trile) (AIBN) were used to polymerize
poly(dimethylaminoethyl methacrylate) via RAFT polymerization. The degree of
polymerization (DP), or [monomer]/[CTA], was varied according to Table 1 to control block
M, and [ECT]/[AIBN] = 10 for all polymerizations except the first blocks of NP C where
[CTA]/[initiator] = 1 and NP G, where [CTA]/[initiator] = 5. Distilled DMAEMA, ECT, and
AIBN were mixed in dimethylformamide (DMF) at 25 wt %. The reaction vessel was
purged with N, for 40 min and polymerized for 6 h at 60 °C in an oil bath. Exposing to
atmospheric oxygen terminated the reaction. The product was precipitated and washed four
times in 80:20 pentane/diethyl ether with centrifugation and dried under vacuum overnight.

Synthesis of pH-Responsive Endosomal Escape Block (Second Block, Core)
—DP was varied using the pPDMAEMA macroCTA according to Table 1 to control second
block M, while maintaining [CTA]/[initiator] = 10 (except for NP G, where [CTA]/
[initiator] = 5). Monomer feeds of DMAEMA/propylacrylic acid (PAA)/butyl methacrylate
(BMA) were used at 25%:25%:50% for all polymers except NP H (35%:35%:30%) and NP
B (15%:15%:70%), where % BMA was intentionally varied. macroCTA, monomers, and
initiator were dissolved in DMF at 25 wt %. The reaction vessel was purged with N, for 40
min and polymerized at 60 °C for 24 h. Exposing to atmospheric oxygen terminated the
reaction. The product was precipitated in 80:20 pentane/diethyl ether twice, resolubilized in
a minimal amount of acetone, and precipitated/washed three more times in 80:20 pentane/
diethyl ether. The resulting polymer was dried overnight under vacuum.

Polymer Characterization—Gel permeation chromatography (GPC; Shimadzu
Technologies) was used to obtain molecular weight and polydispersity (PDI, M,/M,) of first
block and diblock copolymers using a TSKgel Guard SuperH-H guard column (Tosoh
Biosciences) and a TSKgel Super HM-N for separation using a column oven at 60 °C. The
mobile phase consisted of HPLC grade DMF containing 0.05 M LiCl (0.2 um filtered) and
used at a flow rate of 0.35 mL/min. The GPC system was equipped with a miniDAWN
TREOS multiangle light scattering detector (Wyatt Technologies) and an Optilab T-rEX
differential refractometer (Wyatt Technologies) to determine absolute molecular weights
using previously reported ds/dc value for p(DMAEMA) in DMF (0.06 mL/g).2%30 1H NMR
spectroscopy (Bruker Avance400) was used to verify diblock copolymer composition, as
previously described.24:28

NP Self-Assembly and Characterization

Raw polymer was dissolved in 100% EtOH and added to an equal volume of 1x Dulbecco’s
Phosphate Buffered Saline (DPBS, Invitrogen). This mixture was dialyzed against ultrapure
water (dH,0, Barnstead NanoPure Diamond) using 3500 Da molecular weight cutoff
dialysis tubing (Spectrum Laboratories) for at least 24 h with multiple dH,O changes. The
dialyzed polymer was 0.2 um filtered, frozen at —80 °C, and lyophilized for long-term
storage. When needed, lyophilized polymer was dissolved in 100% EtOH at 20 mg/mL and
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diluted 10x in dH,0 to 2 mg/mL. Polymer solutions were further purified using PD-10
desalting columns (GE Healthcare), lyophilized, dissolved in 100% EtOH at 20 mg/mL, and
diluted 10x in dH,0 to 2 mg/mL. Zetasizer Nano ZS (Malvern) was used to measure
diameter and zeta potential, as previously described.2 Briefly, NP solutions were diluted
10x in 1x DPBS and NP diameter was measured in disposable cuvettes for diameter
measurements. NP were diluted 10x in dH,O and zeta potential was measured in folded
capillary cells.

Murine Tenocyte (mTenocyte) Isolation and Culture—Flexor digitorum longus
tendons were obtained from the hind limbs of freshly sacrificed 6-week-old C57BI/6J male
mice and processed for mTenocyte harvest and cell culture as previously described.3!
Briefly, specimens were isolated and cleared of surrounding soft tissue. In sterile conditions,
tendons were washed in 1x DPBS with 1% Pen Strep (Gibco), minced into 1 mm pieces,
and placed in 0.25% Trypsin-EDTA (Gibco) for 1 h at room temperature. The tendon
fragments were then cultured in MEM-a (no nucleosides, Gibco), supplemented with 20%
FBS (Sigma-Aldrich), 1% Pen Strep, and 6.5 (/L of 2-mercaptoethanol (Sigma-Aldrich).
mTenocytes emerge from the tissue over 10-14 days. Isolated mTenocytes were passaged
five times and then cryopreserved at —80 °C in 50% MEM-a, 40% FBS, and 10% DMSO
(Sigma-Aldrich). The tenocytes were later thawed, plated, and expanded for experimental
use at passage 7.

Murine Mesenchymal Stem Cell (mMSC) Culture—Bone marrow-derived OriCell
Strain C57BL/6 Mouse Mesenchymal Stem Cells (mMSC) were purchased from Cyagen.
mMSCs arrive cryopreserved at passage 6. Vials were thawed and expanded in low-glucose
Dulbecco’s Modified Eagle’s Medium (DMEM) containing 10% FBS (Atlanta Biologicals)
and 1% Antibiotic-Antimycotic (Gibco). mMSCs were cultured to subconfluent levels and
used for experiments or trypsinized using 0.25% trypsin-EDTA for further passaging.
mMSCs were used at passages 7-10 for experiments.

Human Mesenchymal Stem Cell (hMSC) Isolation and Culture—Human bone
marrow isolates were purchased from Lonza, and hMSCs were isolated as previously
described.32 Briefly, bone marrow aspirate was plated at 10 z4_/cm? in hMSC growth media
(hGM) composed of low-glucose DMEM containing 1 ng/mL human recombinant basic
fibroblast growth factor-2 (bFBF-2, Corning), 10% FBS, and 1% antibiotic-antimycotic
(hMSC GM). Plated aspirates were left untouched for 7 days in a cell culture incubator kept
at 37 °C and 5% CO, after which marrow aspirate and media were removed. Nonadherent
cells were removed by a single 1x DPBS wash and fresh hGM was added. Adherent MSCs
were grown until colonies were subconfluent. h(MSC colonies were trypsinized with 0.25%
trypsin-EDTA, seeded at 5000 cells/cm? in cell culture flasks, and grown to subconfluence.
hMSCs were cryopreserved at 1 x 106 cells/mL in freezing media composed of low-glucose
DMEM, 20% FBS, and 10% DMSO at passage 1. hMSC were thawed and subcultured for
experiments at passages 2—4.
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Preparation of NP-siRNA Treatments

The critical charge ratio, or the ratio of positive charges of first block M, assuming 50%
protonation of DMAEMA at pH 7.4 to the negative charges on siRNA at which there is no
free siRNA, was determined using gel retardation assays for each NP as previously
described.?1.26:28 A1l NPs had a critical charge ratio ranging from 1-2, indicating that all
NPs complex siRNA in a similar capacity, as the variability is likely due to, and accounts
for, error associated with measured molecular weights, NP concentration, and the
assumptions that 50% of DMAEMA residues are protonated at pH 7.4 and siRNA length (21
basepairs). Determination of this critical charge ratio confirms that all NP treatments
complex 100% of the siRNA dose. NP-siRNA treatments were prepared by diluting SiRNA
in 1x DPBS, adding NP, and incubating the solution for at least 25 min at room temperature
to allow for complexation. Treatments were made at 10%, the desired final concentration of
30 nM siRNA complexed to NP at a charge ratio of 4:1 beyond the critical charge ratio to
maintain an overall cationic charge, which was shown to be ideal for delivery to HelLa
cells?® and hMSCs?! and added directly to cells in Opti-Mem | Reduced Serum Media
(Gibco) and incubated for 24 h. Untreated cells received an equal treatment volume of 1x
DPBS. Lipofectamine2000 was used as a positive control according to the manufacturer’s
protocol using 30 nM siRNA.

NP-siRNA Uptake

Cells were seeded at 8000 cells/cm? and allowed to adhere overnight. The next day, NP-
siRNA treatments were prepared using nontargeting Sifencer FAM-labeled Negative Control
SiRNA 1 (Ambion) and cells were washed 2x with 1x DPBS. NP-siRNA treatments were
added directly to wells containing fresh Opti-Mem media and incubated for 24 h at 37 °C
and 5% CO,. After treatment, cells were washed 2x with 1x DPBS, trypsinized, quenched
with media, and transferred to 1.5 mL tubes. Tubes were centrifuged for 5 min at 1000 rpm
to pellet cells and the supernatant was removed. The cell pellet was resuspended in 1x
DPBS, centrifuged to pellet washed cells, and the supernatant was aspirated. Cells were
resuspended in 100 i flow buffer (0.5 w/v% bovine serum albumin, and 0.01 v/v% trypan
blue to quench extracellular fluorescence33). Cells were analyzed on an Accuri C6 flow
cytometer (BD). Propidium lodide (PI, Molecular Probes) was added to each sample (1:500)
immediately prior to analysis for discrimination of dead cells. 5000 cells were gated for
analysis using single stained samples for compensation. Analysis was performed using
FlowJo software. Median fluorescence intensities (MFI) of treated cells were normalized to
untreated cells (-, negative control) to determine relative sSiRNA uptake levels.

NP-Mediated GAPDH Gene Knockdown

Cells were seeded at 8000 cells/cm? and allowed to adhere overnight. The next day, NP-
siRNA treatments were prepared using Silencer GAPDH siRNA (human, mouse, rat;
Ambion) and cells were washed 2x with 1x DPBS. NP-siRNA treatments were added
directly to wells containing fresh Opti-Mem media and incubated for 24 h at 37 °C and 5%
CO». The next day, NP-siRNA containing media was replaced with fresh growth media and
cells were incubated for an additional 24 h. Total RNA from hMSCs was purified according
to manufacturer’s protocols using E.Z.N.A. Total RNA Kit | (Omega Biotek) and from
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mMSCs and mTenocytes using NucleoSpin RNA kit (Macherey-Nagel). Both kits include
on-membrane DNase digestion. RNA quality (260/280 > 1.8) and quantity was determined
using a NanoDrop 1000 (Thermo Scientific) or NanoVue Plus (GE Healthcare Life
Sciences) spectrophotometer. A maximum of 1 xg of RNA was reverse transcribed to cDNA
using iScript cDNA synthesis kit (Bio-Rad) and all cDNA concentrations were normalized
such that each PCR reaction contained equal amounts of cDNA. For mTenocyte gene
expression, RT-PCR was performed using 10 /L SYBR Green FastMix (QuantaBio), 5 /L of
forward and reverse primers at 300 nM final concentrations, and 5 L of cDNA as
previously described.3! Target gene expression was detected using Rotor-Gene Q RT-PCR
system (Qiagen). hMSC and mMSC target gene expression was quantifioed via RT-PCR
using 10 gL Sso-Fast EvaGreen Supermix (Bio-Rad), 5 ¢l of primers at final concentration
of 500 nM (Bio-Rad), and 5 yL of cDNA on a CFX96 Real-time PCR detection System
(Bio-Rad) as previously described.2® Master mixes of SYBR Green or EvaGreen and
primers were used to decrease pipetting errors. In all cases, each biological sample was run
in triplicate. RT-PCR was run for 40 cycles and amplification of a single product was
confirmed using melt curve analysis. Primer efficiencies were calculated from each well as
previously described3* using 3% and 6% of the maximum amplification to set two
thresholds. Relative GAPDH expression was calculated using the Pfafll equation3 relative
to untreated samples and untreated samples and normalized to g-Actin (murine) or
peptidylprolyl isomerase B (PP/B, human) expression. Primer sequences used in this study
are listed in Table S1.

Hemolysis Assay for Evaluation of pH-Responsive NP Membrane Lysis Behavior

A hemolysis assay was performed to assess pH-responsive membrane disruption due to NP,
as previously described.36 Briefly, 25 mL of blood was collected directly in K;-EDTA-
coated vacutainer tubes from a consenting anonymous human donor by a trained
phlebotomist in accordance with the University of Rochester’s Institutional Review Board.
Blood was subsequently centrifuged at 5009 for 5 min and the plasma layer aspirated and
replaced with 150 mM NaCl. The tube was inverted to mix, and this washing step was
repeated. The supernatant was aspirated and replaced with 1x DPBS. Erythrocytes were split
into four tubes for each pH that was tested (7.4, 6.8, 6.2, 5.6) and centrifuged at 500¢ for 5
min. The supernatant was aspirated and replaced with phosphate buffer at the appropriate
pH. For each pH, 1 mL of erythrocytes in was added to 49 mL of phosphate buffer at the
appropriate pH. NP-siRNA complexes were prepared according to “Preparation of NP-
SiRNA Treatments” in the main text at 20x concentrations tested. A total of 10 zL of each
NP-siRNA sample in quadruplicate was pipetted into wells of a clear U-bottom 96 well
plate. 1% Triton X-100 was used as a positive control at each pH to define 100% hemolysis,
and 1x DPBS was used as a negative control to subtract background hemolysis at each pH.
One plate was loaded per pH tested. A total of 190 gL of erythrocytes diluted at each pH
were gently mixed by inversion and loaded to plates containing NP-siRNA treatments using
a multi-channel pipet. Plates were incubated for 1 h at 37 °C, centrifuged for 5 min at 500g
to collect intact erythrocytes, 100 zi of supernatant from each well was transferred into a
clear flat bottom 96-well plate, and absorbance of released hemoglobin, which is indicative
of hemolysis, was measured at 541 nm using a plate reader.
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Cytotoxicity via Assessment of Metabolic Activity Using AlamarBlue

Cells were seeded at 8000 cells/cm? and allowed to adhere overnight. The next day, NP-
siRNA treatments were prepared using nontargeting S//encer Negative Control siRNA 1
(Ambion) and cells were washed 2x with 1x DPBS. NP-siRNA treatments were added
directly to wells containing fresh Opti-Mem media and incubated for 24 h at 37 °C and 5%
CO». Treated cells were washed 2x using 1x DPBS. A mixture of 10% AlamarBlue in the
appropriate cell growth media was added to each well and incubated for 2 h at 37°C and 5%
CO». Blank samples were included by adding the AlamarBlue containing media to wells
containing no cells. Fluorescence of the cell culture media resulting from the metabolism of
the AlamarBlue compound was measured for each sample in triplicate in a black 96-well
plate using a plate reader with excitation = 570 nm, emission = 600 nm, and optimal gain.
Blank measurements were subtracted from all samples and relative metabolic activity was
calculated by normalizing treated to untreated samples.

Statistical and Multiparameter Regression Analysis

Multi-parameter regression was performed in JMP with first block M, second block M,
corona/core ratio, and %BMA as model inputs to describe the behavior of uptake, gene
inhibition, and viability results within each cell type as a function of the individual polymer
parameters. This approach limits the influence of confounding factors and allows analysis
across all NPs. Model fit significance was set to p < 0.05. If overall model fit was significant
for a given outcome measure within a cell type, the individual parameter effect (£) of the NP
property was assessed to identify parameters that best described the behavior.

Each experiment was performed in triplicate in two independent experiments (/7= 6), except
for NP-siRNA uptake in mTenocytes, in which a third independent experiment of triplicate
samples was performed (/7= 9) to increase statistical power due to variability. One-way
ANOVA was used with the appropriate post hoc test as indicated in figure legends to assess
significant differences ((a = 0.05) in NP-siRNA means, compared to controls. Two-way
ANOVA was used to compare siRNA delivery outcomes across cell types ((a = 0.05) using
Tukey’s post hoc test to correct for increased type | error due to multiple comparisons.
Pearson’s correlation ((a = 0.05, two-tailed) was used to determine if gene silencing and
cytotoxicity are correlated with NP-siRNA uptake. Statistical analyses were performed using
GraphPad Prism 6.0 unless otherwise indicated. For all plots, the mean is represented with
standard deviation shown as error bars.

RESULTS

Polymer NP Synthesis and Characterization

Diblock copolymers were synthesized using reversible addition—fragmentation chain transfer
polymerization (RAFT) as previously described.2-21.26 The degree of polymerization or the
ratio of monomer to chain transfer agent was varied to synthesize a library of polymers
varying in first block M,, second block M, and the ratio of the 1st/2nd block M, (corona/
core), in addition to the BMA content in the second block (see Table 1). NP X was
synthesized as a control with 100% BMA in the core and therefore lacked pH-responsive
behavior. All polymers had narrow polydispersities (PDI < 1.21), regardless of reaction
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conditions. The resulting polymers self-assembled into micellar nanoparticles with
diameters ranging from 9 + 2 to 34 + 10 nm. All nanoparticles maintained cationic surface
charge of 8 + 14 to 24 + 4 mV in phosphate buffered saline (PBS).

NP-Mediated siRNA Uptake

To quantify NP-mediated siRNA uptake, cells were treated for 24 h with NP complexed with
30 nM fluorescent siRNA at a charge ratio (£) of 4:1 to form NP-siRNA complexes, and NP-
SiRNA uptake was quantified using flow cytometry. In general, uptake was significantly
greater in hMSCs than both murine cell types, and multiparameter regression (MPR)
analysis shows that first block M, positively correlated with uptake in mTenocytes and
hMSCs. mTenocytes and mMSCs showed highly variable siRNA uptake, as illustrated in
Figure 1A, B. In mTenocytes, NP A, B, C, D, and | resulted in significantly increased MFI,
while NP E, F, G, and H were not significantly increased compared to untreated.
Furthermore, NP C and I resulted in the highest MFI compared to Lipofectamine2000, a
commercial transfection reagent (Figure 1A). All NP resulted in significantly increased MFI
in mMSCs, compared to untreated cells; however, uptake was lower than that achieved using
Lipofectamine2000 (Figure 1B). In hMSCs, all NP resulted in increased MFI, and all NP
except H and | performed similarly to the positive control, Lipofecamine2000. Control NP X
was taken up by all cell types. A two-way ANOVA comparing effects of cell type and
species on MFI means with Tukey’s post hoc test to correct for multiple comparisons shows
overall uptake was significantly greater in hMSCs compared to both mMSCs (p < 0.0001)
and mTenocytes (p < 0.0001), while there was no difference between murine cell types (o>
0.05).

To determine the extent to which the varying NP polymer parameters contributed to sSiRNA
uptake, MPR analysis was applied. This statistical analysis creates a linear regression model
of siRNA delivery outcome measures as a function of NP properties. If the overall fit
significantly describes the siRNA delivery outcome measure (p < 0.05), indicating
dependence on polymer properties, then the analysis can be expanded to determine the effect
size (E) of the individual polymer parameters and if the effect is significant (p < 0.05).
Figure 2 shows this analysis applied to normalized MFI in each cell type. The model
significantly predicts uptake behavior for mTenocytes (v < 0.0001) and hMSCs (p = 0.0005),
but not mMSCs (p = 0.1682; Figure 2A). MFI in mTenocytes is primarily correlated
positively with first block M, (effect size (£) = 1.5, p=0.0002; Figure 2B). All parameters
significantly influenced MFI in hMSC, which is positively correlated with % BMA (£ =
0.48, p=0.001) and first block M, (E=0.25, p=0.007). Second block M, (E=-0.45, p=
0.002) is similar in effect size to %BMA, but negatively correlates with MFI. Additionally,
corona/core negatively affects MFI (£=-0.38, p< 0.02).

NP-siRNA-Mediated Gene Silencing

After quantifying uptake of siRNA, cells were treated with NP-siRNA complexes targeting
glyceradehyde 3-phosphate dehydrogenase (GAPDH) to quantify the functional gene
silencing capabilities of the NP. Cells were treated with NP-siRNA complexes for 24 h and
RNA was extracted an additional 24 h later. In general, gene silencing is positively
correlated with %BMA content in all cell types. Figure 3A shows that all NP resulted in
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>90% knockdown in GAPDH expression in mTenocytes, except for NP H, which resulted in
~85% gene knockdown. These effects were greater than the knockdown achieved using
Lipofect-amine2000. Control NP X resulted in ~70% gene silencing. All NP except NP X
also showed significantly reduced GAPDH expression in mMSCs compared to untreated
cells (Figure 3B). However, knockdown using NP C, F, G, H, and | were significantly
smaller than that achieved with Lipofecamine2000, indicating differential gene silencing
abilities in mMMSCs across the NP library. Similarly, all NP achieved significant reductions in
GAPDH expression in hMSCs (Figure 3C). All NP except for H and X resulted in >90%
reductions compared to untreated controls, and performed no differently than Lip-
ofectamine2000. Two-way ANOVA using Tukey’s post hoc test shows that overall gene
silencing in mMSCs was significantly reduced compared to mTenocytes (p < 0.0001) and
hMSCs (p < 0.0001).

To determine the extent to which polymer parameters control NP-mediated gene silencing,
MPR analysis was performed on NP-mediated gene expression. NP gene silencing capability
is significantly dependent on NP properties in all three cell types (mTenocyte p= 0.0011,
mMSC p<0.0001, hMSC p < 0.0001; Figure 4A). Furthermore, relative GAPDH
expression is significantly dependent on and negatively correlated with %BMA content in all
three cell types (mTenocyte £=-1.7, p<0.0001; mMSC £=-0.55, p=0.038; hMSC E=-
4.2, p<0.0001; Figure 4B), suggesting % BMA may be an important parameter governing
gene silencing.

pH-Dependent NP Membrane Disruption Behavior

A hemolysis assay was performed to determine the impact of polymer properties on NP pH-
dependent membrane disruption ability, as this behavior is required for endosomal escape
and subsequent gene knockdown. In this assay, human erythrocytes are isolated and
incubated with NP complexed to negative control nontargeting siRNA under normal
treatment conditions, and incubated at various pH that mimic the various stages of the
endosomal environment. NP-mediated membrane disruption is assayed by measuring
absorbance of hemoglobin released by lysed erythrocytes. Triton-X is used as a positive
control to set 100% lysis for normalization. Figure 5 shows that all NPs display pH-
dependent membrane lysis ability, except the control NP X, which contains no pH
responsive core components. A two-way ANOVA using Tukey’s test shows that mean
membrane lysis significantly increases as %BMA increases (p < 0.001). No significant
differences were observed for the other polymer properties.

NP-siRNA Cytocompatibility

After determining NP-mediated uptake of siRNA and subsequent gene silencing, metabolic
activity normalized to untreated controls (Figure 6) was quantified to determine how NP
properties affect cell viability as a measure of cytocompatibility. A nontargeting negative
control siRNA was complexed to NP and incubated with cells for 24 h. In general, viability
was significantly higher in both MSC cell types and positively correlated with %BMA
content. mTenocyte viability was reduced by all NP, except C and |, and Lipofectamine2000
treatments (Figure 6A). Further, NP E, F, and H resulted in significantly reduced viability
compared to Lipofectamine2000 (Figure 6A). mMSC viability was only reduced by NP D,
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NP H, and Lipofectamine2000 (Figure 6B), indicating the NP are well tolerated by mMSCs
compared to mTenocytes. hMSCs also showed strong cytocompatibility, as only NP H and
Lipofectamine2000 significantly reduced hMSC viability compared to untreated cells
(Figure 6C). Two-way ANOVA using Tukey’s post hoc test shows that mTenocyte viability
is significantly lower than both mMSC and hMSC (p < 0.0001).

MPR analysis was used to determine which NP polymer properties affected cell viability as
measured by the relative metabolic activity (Figure 7) and shows that decreased viability in
mTenocytes is independent of NP properties (o= 0.10; Figure 7A). Viability was dependent
on NP properties in mMSCs (p < 0.0001) and hMSCs (p = 0.0018). In both cell types,
%BMA content was positively correlated with viability (mMSC: £=0.455, p=0.001,;
hMSC: £=0.551, p=0.0001). Furthermore, second block M, was negatively correlated
with viability in hMSCs (£=-0.317, p= 0.032). DNA content was quantified as a
secondary measure of cytocompatibility, in each cell type (Figure S1) and the MPR analysis
was applied (Figure S2). Overall, these data also show that viability was lowest in
mTenocytes and was dependent on NP properties in hMSCs, which agrees with metabolic
activity analyses. High assay variability in mMSC DNA content measurements led to
inconclusive results in this cell type (Figure S1).

DISCUSSION

Despite the successful implementation of polymeric NP-mediated siRNA delivery in a
number of applications,21:23.28.30 it remains largely unknown how various polymer
properties contribute to siRNA delivery outcomes. This information is necessary for the
rational design of safe and effective treatments. Therefore, a library of polymers was
synthesized via RAFT polymerization, wherein a number of parameters were varied
systematically, including first block M, second block M, corona/core ratio (first block M,
to second block M), and %BMA content, while maintaining narrow poly-dispersity (PDI <
1.21). Results show that NP-mediated siRNA uptake is significantly more robust in hMSCs
compared to both murine cell types, which suggests that uptake is species dependent. The
MPR model adequately predicts uptake behavior in hMSCs and mTenocytes, and it is
positively correlated with first block AM,. All NP treatments mediated robust gene silencing,
which is positively correlated with % BMA content in all cell types, regardless of species.
Furthermore, NP were significantly more cytocompatible with MSCs compared to
mTenocytes, suggesting the influence of differentiation state on NP cytotoxicity. Finally,
%BMA content is positively correlated with cytocompatibility in hMSCs, indicating NP
stability is critical for effective treatment.

NP were used to assess SiRNA delivery in mTenocytes, mMSCs, and hMSCs as RNAI has
gained traction to direct cell fate toward multiple musculoskeletal lineages for tissue
regeneration.37:38 MSCs are an excellent cell source for musculoskeletal tissue engineering
due to ease of isolation, ability to differentiate to multiple musculoskeletal lineages, and
immunomodulatory trophic factor secretion that modulates tissue repair.3-42 Furthermore,
NP have recently been used for drug delivery to tendon,*3 including delivery of TGF-3
miRNA plasmids to augment tendon healing by preventing the formation of adhesions.**
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However, to our knowledge, this report is the first to describe NP-mediated delivery of
SiRNA to tenocytes in vitro.

NP enter cells through endocytosis#>46 or direct membrane translocation.4”48 Multiple
reviews show the majority of spherical cationic NP with diameters similar to those used
herein undergo clathrin-mediated endocytosis, and blocking this pathway results in uptake
using compensatory endocytic pathways, such as macropinocytosis.*9:50 Regardless of
endocytic mechanism, uptake ultimately leads to endosomal trafficking in acidic vesicles
(pH 6.8-4.9).51-53 Here, results show that the design parameters of the NP differentially
affect sSiRNA uptake in murine and human cells. Differences in uptake mechanisms are
unknown, but could be partly attributed to species and/or cell type differences in lipid
bilayer composition.>4:55 Cationic drug delivery systems, such as PEI and Lipofectamine,
are endocytosed after interaction with anionic surface receptors.#>:56-58 However,
differences in endocytosis receptors have not been characterized in these cell types or across
different species. Uptake is positively correlated with first block M, in mTenocytes and
hMSCs, indicating the influence of the cationic nature of the NP, which is reported to
increase NP uptake.>® Furthermore, uptake was positively correlated with %BMA.
Generally, increased micelle core hydrophobicity (here, %BMA) increases stability,5% which
could explain the improved uptake with increased %BMA. To help support this claim,
critical micelle concentration (CMC) was measured for NPs B, I, and H, which have varied
%BMA core content (Figure S3). Results show that NP B, which has the highest BMA
content (70%) displayed the lowest CMC (0.37 #M) compared to NP | (55% BMA, CMC =
1.0 zM) and NP H (27% BMA, CMC = 1.1 pM). On the other hand, uptake negatively
correlated with Corona:Core ratio, and it is known that increases in this ratio decrease NP
stability.61 Interestingly, corona/core positively correlated with hydrophobic drug release
rate within biofilm microenvironments,3%:61 yet here, the resulting instability had adverse
effects on siRNA uptake. Additionally, second block M, is negatively correlated with uptake
in hMSCs. A recent study using dissipative particle dynamics simulation shows “soft” NP,
composed of self-assembled amphiphilic molecules similar to the NP used herein, deform
upon interacting with the cell membrane. This deformation allows hydrophobic NP core
components to incorporate into the hydrophobic interior of the bilayer, thereby slowing or
inhibiting NP internalization.62 Our results suggest that high M, second blocks result in
greater overall NP hydrophobicity, possibly limiting NP uptake through this mechanism.
This deformation could also explain the positive correlation of first block M, with uptake, as
deformation of the NP might allow more positive charges in the polymer chain to interact
with the cell membrane, rather than just those at the surface of the NP.

Differences in NP-mediated gene silencing reveal further insights into the NP
physicochemical properties that affect sSiRNA delivery. All NP resulted in significant
GAPDH knockdown across all cell types tested, yet gene silencing is not correlated with
uptake (Table S2). This finding is interesting because not all NP resulted in significant
uptake in mTenocytes. To interpret this outcome, a control NP (X) was synthesized with a
core composed of 100% BMA (Table 1), thereby providing significant siRNA uptake in all
cell types (MFI = 96 + 65 in mTenocytes, 50 £ 4 in mMMSCs, and 62 £ 6 in hMSCs; Figure
1), but eliminating its pH-dependent membrane disruption properties as verified using a
hemolysis assay (Figure 5).38 NP X-mediated GAPDH gene knockdown was robust in

Biomacromolecules. Author manuscript; available in PMC 2017 December 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Malcolm et al.

Page 13

mTenocytes (71% * 13%) compared to hMSCs (<30%) and mMMSCs (~0%) (Figure 3). This
result indicates gene silencing in mTenocytes is independent of pH-responsive endosomal
escape, suggesting NP-mediated uptake and endosomal escape via passive mechanisms,
such as direct membrane translocation.#”:63 The MPR analysis shows that %BMA content
positively influences NP-mediated gene knockdown in all cell types, similar to previous
results in HeLa cells.28 Furthermore, pH-dependent NP destabilization, which is required for
membrane destabilization,28:36 is not inhibited in NP with up to 70% BMA in the core
block, and that greater hydrophobic characteristic provides increased membrane lysis at
endosomal pH (Figure 5).

Cytocompatibility is critical for successful drug delivery. Cationic polymers and NPs have
been shown to induce cytotoxicity through membrane disruption®4:65 and production of
reactive oxygen species*>66 (ROS). Regardless of mechanism, cytotoxicity is dose-
dependent and varies with polymer molecular weight and structure (i.e., linear, branched,
nano-particle, etc.). This finding has been specifically shown in multiple DMAEMA-
containing drug delivery systems.87:68 Here, MSCs, regardless of species, were significantly
more resilient to NP treatments than mTenocytes. This trend was consistent when measuring
viability via metabolic activity and DNA content, and suggests that differentiation state is an
important parameter to consider when designing siRNA delivery systems and optimizing
doses. MSCs possess the unique ability to protect themselves from stress-induced cell death
by undergoing senescence®9.70 or quiescence.’! Additionally, our previous study using
RNA-seq and enrichment analysis in hMSCs showed significant upregulation of
antiapoptotic genes 24 h after NP-siRNA treatment that is sustained up to 14 days.26 These
innate self-protective effects of MSCs could explain the differences in toxicity observed here
in mTenocytes compared to MSCs. mTenocyte cytotoxicity is independent of polymer
properties (Figure 6, Figure S2) and positively correlated with uptake (Table S2). These data,
in concert with uptake and pH-independent gene silencing, lead to the hypothesis that
mTenocytes have fewer membrane-associated receptors to coordinate NP uptake leading to
nonspecific interaction with membrane lipids that could result in formation of nanoscale
pores in lipid-bilayer membranes through which NP can translocate. This premise has been
shown in other cationic NP systems, resulting in passive NP uptake and increased
cytotoxicity.4”48:72 To our knowledge, the relative amounts of cell surface receptors or
diversity of cell receptors have not been characterized in these cell types. Therefore, it is
possible that progenitor cells have a wider variety and larger number of surface-associated
receptors compared to differentiated cells, which leads to more NP-receptor interactions for
uptake and less NP-lipid membrane disrupting interactions. Furthermore, %BMA is
positively correlated with mMSC and hMSC viability, indicating that more stable NP are
less toxic. % BMA content is also positively correlated with relative DNA content in
hMSCs, a secondary assessment of viability (Figure S2), further emphasizing the importance
of this parameter with respect to cytocompatibility. These results suggest that unstable NP,
which undergo more rapid diblock exchange and have higher CMC (Figure S3) contain
more free polymer chains that can disrupt the cell membranes, which has been shown to
decrease cytocompatibility through membrane disruption in other pPDMAEMA, containing
polymer drug delivery systems.68:73-75 These results suggest that mechanism of NP-siRNA-
mediated cytotoxicity in mTenocytes should be further investigated, as our previous studies
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show initiation of, but limited commitment to apoptosis in hMSCs.28 It is also important to
note that cytotoxicity does not correlate with polymer mass, as each treatment is based on
charge ratio (Table S3).

The study herein identifies polymer parameters that are critical for sSiRNA delivery. Our
results further show the importance of using multifunctional polymers for siRNA delivery in
agreement with and expanding upon previous studies.28 Overall, first block molecular
weight was shown to increase uptake, while hydrophobic BMA had significant effects on
siRNA delivery and gene silencing by increasing polymer stability to increase
cytocompatibility while also improving pH-dependent membrane lysis. These results were
consistent across multiple species and musculoskeletal cell types indicating the potential
universality of these conclusions. These data agree with the current emphasis on efficient
endosomal escape as a critical feature for SIRNA delivery.” Recent advancements in sSiRNA
delivery quantification using lipid NP (LNP) reveal that only 1-2% of siRNA taken up by
cells could actually escape the endosome,’® while a separate study showed that over 70% of
the internalized LNP dose was eventually exocytosed.”’ Increasing endosomal escape would
allow for significantly lower doses, making siRNA treatments much safer by reducing
potential for immunogenic responses and carrier mediated toxicities. There are limitations of
this study in that the model only partially describes this sSiRNA delivery behavior in vitro (72
<0.47), indicating the likelihood of other confounding factors, such as additive or
synergistic effects of polymer properties, or nonlinear siRNA delivery-polymer parameter
correlations. Due to practical synthesis limitations, it was not possible to systematically vary
a single property while fixing all others, and therefore conventional multiway ANOVA may
be inconclusive. Thus, while the MPR predictions are not causative, they provide an intuitive
way to assess the impact of individual polymer properties on NP performance. For example,
although NP B has greater BMA content than NP I, the two have similar increases in MFlI,
even though the MPR model predicts a positive correlation with %BMA content. This
observed plateau is likely due to either confounding factors of the other polymer/NP
properties, or the assumption of linear behaviors in the MPR model. NP B has greater
second block Mn, as a consequence of increasing the %BMA, compared to NP I, and the
MPR model predicts that uptake is negatively correlated with second block Mn. This
example Illustrates the motivation for the use of MPR analysis to limit the effect of
confounding factors and predict the contribution from individual polymer parameters. These
relationships show that the most effective NPs will have an optimal combination of these
parameters. As mentioned previously, NP zeta potential, and diameter are known to
influence siRNA delivery.#>78 Therefore, we also correlated siRNA outcome measures with
these NP properties. Zeta potential was not correlated with any siRNA delivery outcomes
(Table S4). These results are likely due to identical SiIRNA-NP formulations with
complexation at the same charge ratio (£ 4), effectively maintaining similar cationic
characteristic across NP treatments. Diameter was positively correlated with viability (DNA
content) in mTenocytes (p= 0.01) and hMSC (p = 0.04; Table S5). This trend agrees with
other studies that show smaller NPs (diameter < 10 nm) are more likely to create pores in the
cell membrane, leading to toxicity.48.79 Furthermore, GAPDH expression was negatively
correlated with NP diameter in hMSCs, indicating larger NPs lead to better gene knockdown
(Table S5). However, this logic could be confounded with % BMA, which is also correlated
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with greater gene knockdown, yet increasing core hydrophobicity leads to greater NP
diameter.60.61.80

CONCLUSION

Overall, this study determined how polymer properties modulate NP-mediated delivery of
siRNA in a previously developed siRNA delivery system using therapeutically relevant
musculoskeletal cell types. Our results show larger first block M, resulted in better NP-
SiRNA uptake, and %BMA content is a critical parameter that governs gene silencing
cytocompatibility in MSCs and tenocytes. These findings lead to the hypothesis that
increased %BMA increases NP stability and efficiency of endosomal escape, resulting in
effective siRNA delivery and gene silencing across the cell types tested. Additionally, the
safety and efficacy siRNA delivery is dependent on the differentiation state of the target cell.
We hypothesize that these differences might be attributed to differences in cell membrane
composition and alternate uptake mechanisms independent of endolysosomal vesicle
trafficking. Our results highlight the importance of undertaking these fundamental
characterizations to truly understand NP-mediated siRNA delivery mechanisms. This
knowledge could contribute to the development of safer and more effective next-generation
siRNA and drug delivery systems via the use of the rationally designed biomaterials.
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Figurel.
NP facilitate significant and differential sSiRNA uptake across multiple cell types and species.

Murine tenocytes (A), murine MSCs (mMSC) (B), and human MSCs (hMSC) (C) were
treated with 30 nM fluorescent siRNA complexed to NP at a charge ratio of 4:1. Median
fluorescence intensity (MFI) was detected via flow cytometry and normalized to negative
controls within each cell type. *p < 0.05 compared to negative control (-), #p< 0.01
compared to positive (+) control. Negative controls (-) are comprised of untreated cells and
positive controls (+) are cells treated with 30 nM siRNA using Lipofectamine2000.
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Figure2.
Normalized MFI data were fit using a multiparameter linear regression to determine if

SiRNA uptake is dependent on NP properties. (A) p-values less than 0.05 (bold) indicate that
siRNA uptake is dependent on NP parameters, and the /2 values illustrate what percentage
of the behavior can be adequately described by the predictive model. (B) Effect sizes (£)
from significant regression models show the extent that a single property correlates with
MFI. p< 0.05 indicates the polymer property significantly influences MFI. Significant
effects are in bold.

Biomacromolecules. Author manuscript; available in PMC 2017 December 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Malcolm et al.

Page 22

A B C
mTenocyte mMSC hMSC
150 150 "
T~ T~ T — .
S o 1°°i i # B8 1ooi i
i o> 50 2 o>
c c c
Ss s . . S
7] 73 2 [}
R [} 20
28 22 20 28
5g Sg Sg
CI gdi 10 g T
o o
-+X ABC DAE AFG HIB -+X ABC DAE AFG HIB +X ABC DAE AFG HIB
— el el el el — el el el el — el el el el
Controls 1% block 2 block Corona:  %BMA Controls 1% block 2™ block Corona: %BMA Controls 1 block 2 block Corona: %BMA
Ma Ma Core M Ma Core Mn M Core
Figure 3.

NP-mediated delivery of siRNA results in robust gene silencing across multiple cell types
and species. Murine tenocytes (A), murine MSCs (mMSC) (B), and human MSCs (hMSC)
(C) were treated with 30 nM siRNA targeting glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) complexed to NP at a charge ratio of 4:1. Gene expression was detected using RT-
PCR and normalized to negative controls in each cell type. GAPDH expression was
normalized to B-Actin expression for murine cell types and peptidylprolyl isomerase B
(PPIB) expression for hMSCs. *p < 0.0001 compared to negative control, #p < 0.001
compared to positive controls (+) control. Negative controls (-) are comprised of untreated
cells and positive controls (+) are cells treated with 30 nM anti-GAPDH siRNA using
Lipofectamine2000.
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Figure 4.
Relative GAPDH expression data was fit using a multiparameter linear regression to

determine if gene-silencing capability is dependent on NP properties. (A) p values less than
0.05 (bold) indicate that gene silencing is dependent on NP parameters, and the /2 value
describes what percentage of the behavior can be adequately described by the predictive
model. (B) Effect sizes (£) from significant regression models show the extent that a single
property correlates with MFI. p< 0.05 indicates the polymer property significantly
influences GAPDH expression. Significant effects are bolded.
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Figureb.
pH-dependent hemolysis ability of NPs. *p < 0.05 compared to pH 7.4 for a given NP using

two-way ANOVA with Dunnett’s correction for multiple comparisons. #p < 0.0001
comparing hemolysis across indicated NPs using two-way ANOVA with Tukey’s post hoc
test for multiple comparisons. 7= 8 from two independent experiments using blood from
two separate donors. Error bars represent standard deviation.
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Figure 6.
NP-siRNA cytocompatibility via assessment of metabolic activity. Murine tenocytes

(mTenocyte) (A), murine MSCs (mMSC) (B), and human MSCs (hMSC) (C) were treated
with 30 nM nontargeting negative control sSiRNA complexed to NP at a charge ratio of 4:1.
Metabolic activity was quantified as a measure of cytocompatibility and normalized to
negative controls. *p < 0.05 compared to negative (-) control, #p < 0.05 compared to
positive (+) control. Negative controls (-) are comprised of untreated cells and positive
controls (+) are cells treated with 30 nM nontargeting negative control siRNA using
Lipofectamine2000.
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Figure7.
Relative metabolic activity in treated cells was fit using a multiparameter linear regression to

determine if cell viability is dependent on NP properties. (A) p values less than 0.05 (bold)
indicate that cell viability is dependent on NP parameters, and the A2 value describes what
percentage of the behavior can be adequately described by the predictive model. (B) Effect
sizes (£) from significant regression models show the extent that a single property correlates
with cell viability. p < 0.05 indicates the polymer property significantly influences cell
viability. Significant effects are bolded.
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Nanoparticle (NP) siRNA NP-siRNA

Scheme 1. Diblock Copolymers Form Cationic Nanoparticles (NP) via Self-Assembly That Can
Complex with Negatively Charged SRNA2

4(A) Diblock copolymer structure showing cationic first block composed of
dimethylaminoethyl methacrylate (DMAEMA), and a pH-responsive hydrophobic
tercopolymer second block composed of DMAEMA, propylacrylic acid (PAA), and butyl
methacrylate (BMA) that drives self-assembly and allows endosomal escape. R and Z are
functional end groups. (B) Self-assembled cationic NP electrostatically complex with
negatively charged siRNA.
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