1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

o WATIG,

HE

M 'NS;))\

D)

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Microsc Res Tech. 2010 September ; 73(9): 878-885. doi:10.1002/jemt.20861.

Confocal microscopy for the analysis of siRNA delivery by
polymeric nanoparticles

Amanda M. Portis, Georgina Carballo?, Gregory L. Baker2, Christina Chan:3, and S.
Patrick Walton1*

1Department of Chemical Engineering and Materials Science, Michigan State University, East
Lansing, Michigan 48824

?Department of Chemistry, Michigan State University, East Lansing, Michigan 48824

3Department of Biochemistry and Molecular Biology, Michigan State University, East Lansing,
Michigan 48824

Abstract

Clinical applications of genetic therapies, including delivery of short, interfering RNAs (siRNAS)
for RNA interference (RNAI), are limited due to the difficulty of delivering nucleic acids to
specific cells of interest while at the same time minimizing toxicity and immunogenicity. The use
of cationic polymers to deliver nucleic acid therapeutics has the potential to address these complex
issues but is currently limited by low delivery efficiencies. While cell culture studies have shown
that some polymers can be used to deliver sSiRNAs and achieve silencing, it is still not clear what
physical or chemical properties are needed to ensure that the polymers form active polymer-
SiRNA complexes. In this study, we used multicolor fluorescence confocal microscopy to analyze
the cellular uptake of siRNAs delivered by novel propargyl glycolide polymeric nanoparticles
(NPs). Delivery by these vehicles was compared to delivery by linear polyethyleneimine (LPEI)
and Lipofectamine 2000 (LF2K), which are both known as effective delivery vehicles for sSiRNAs.
Our results showed that when LF2K and LPEI were used, large quantities of sSiRNA were
delivered rapidly, presumably overwhelming the basal levels of mRNA to initiate silencing. In
contrast, our novel polymeric NPs showed delivery of SiRNAs but at concentrations that were
initially too low to achieve silencing. Nonetheless, the exceptionally low cytotoxicity of our NPs,
and the simplicity with which they can be modified, makes them good candidates for further study
to optimize their delivery profiles and, in turn, achieve efficient silencing.

INTRODUCTION

Gene therapy has the potential to treat a wide variety of genetic and acquired diseases in
which traditional molecular drugs have proven ineffective. The potential to design a highly
specific nucleic acid therapy from the coding sequence of the disease protein is appealing
over small molecule drugs which are more difficult to develop. These small molecules can
have side effects through interactions with untargeted proteins and biomolecules. With the
discovery and subsequent explosion of work in RNA interference (RNAI), the realm of
nucleic acid therapies has expanded from the traditional focus of delivering genes to add
functionality to cells, to include the delivery of a variety of nucleic acids for both
upregulation and downregulation of specific proteins.
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Clinical applications for nucleic acid delivery have been limited due to the lack of vehicles
that survive the challenging in vivo environment. The vehicle must be able to protect the
nucleic acid cargo as it is being transported, target only the cells of interest, efficiently
deliver the cargo in its active form, and be non-toxic at the concentrations required for
delivery. Delivery approaches are generally divided between viral and non-viral methods.
Viral delivery methods, such as adenoviruses (Ghosh, 2006), retroviruses (Mori, 2005), and
adeno-associated viruses (Peng, 2000), have an advantage of delivery efficiency but often
result in safety concerns due to immunogenicity and resistance to repeated infection (Ghosh,
2006; Kaiser, 2007). Therefore, developing non-viral delivery methods for siRNAs has been
and will continue to be a focus of significant research effort (recently reviewed in (Nel,
2009)).

Among non-viral approaches, the majority of delivery vehicles are based on cationic lipids
(Hong, 1997; Cardoso, 2007) or cationic polymers (Pack, 2005). These cationic species
allow electrostatic complex formation with anionic nucleic acids. A variety of commercial
cationic lipid reagents, such as Lipofectamine 2000 (LF2K), are used for nucleic acid
delivery to cultured cells. Unfortunately, these reagents are typically cytotoxic at
concentrations only slightly higher than that required for effective delivery (Zhang, 2007),
thus presenting a challenge for their use in vivo. Therefore, for eventual in vivo applications,
the development of polymeric delivery vehicles has been an area of considerable study.

Polymeric delivery methods are most often used for the delivery of plasmid DNA (pDNA)
(Farrell, 2007) and short interfering RNA (siRNA) (Whitehead, 2009), with antisense
oligonucleotides (Chen, 2006) and aptamers (Que-Gewirth, 2007) also being studied. The
challenges in delivering pDNA and siRNA are unique due to the differences between DNA
and RNA and the dramatic difference in size. While pDNA has the ability to provide
increased complex condensation (Spagnou, 2004) and extended transgene expression
(Thierry, 1995), delivery is hampered by its large size and the need for the pDNA to reach
the nucleus to be active (Gary, 2007). siRNAs are more susceptible to degradation by serum
nucleases and require repeated delivery for sustained inhibition (Bartlett, 2006). However,
they are considerably smaller than pDNA (~5 nm vs. > 30 nm), and therefore require smaller
quantities of vehicle and need only to reach the cytoplasm to be active (Gary, 2007). Thus,
delivery vehicles with the appropriate physical and chemical properties should be able to
overcome the challenges presented by siRNA delivery.

Linear and branched polyethylenimine (LPEI, BPEI) have traditionally been the standard
cationic polymers of choice (Mehrotra, 2009) even though they have been shown to be
significantly toxic (Burke 2008). Modifications of PEI with the addition of poly(ethylene
glycol) (PEG) (Mao, 2006), ethyl acrylate (Zintchenko, 2008), or cross-linking (Hu, 2009)
have been able to increase delivery efficiency while decreasing toxicity. Other single
polymer systems include poly (B-amino esters) (PBAE) (Lynn, 2000) or poly(amidoamine)
(PAMAM) dendrimers (Tang, 1996). Combinations of polymers to create di- or tri-block
polymers such as polyvinyl alcohol with poly(D,L-lactide-co-glycolide) (PVA-b-PLGA)
(Nguyen, 2008) or poly(ethylene oxide) (PEO) with poly(e-caprolactone) (PEO-b-PCL)
(Xiong, 2009) are also promising methods of improving nucleic acid delivery.

Unfortunately, polymers synthesized with similar characteristics can have widely varying
silencing efficiency, as seen in one study where only 46 of the 2350 PBAE derivatives
demonstrated transfection efficacies better than that of PEI (Green, 2008). In most cases, the
presence of amine groups is a common motif among all successful delivery vehicles, with
secondary and tertiary amines showing the best nucleic acid binding and endosomal release
(Green, 2008; Liu, 2005). Other studies have shown that the presence of disulfide bonds can
also aid in the intracellular release of the complex (Breunig, 2008; Ou 2008; Rozema, 2007).
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Its reduction by cytoplasmic glutathione and thioredoxin can cause the breakdown of the
polymer itself to release the sSiRNA from a non-covalent complex or sever the bond between
the polymer and siRNA for a covalently-linked sSiRNA. However, no general rules exist for
designing siRNA delivery vehicles.

It is believed that polymer-siRNA complexes enter cells through the endosomal pathway,
eventually escaping into the cytoplasm, allowing for the release of the siRNA, and eventual
silencing of a target gene. To date, SiRNA studies have included microscopy images for
delivery by LF2K (Berezhna, 2006) and at the point of silencing (Xiong, 2009). However,
the delivery mechanism of polymeric siRNA complexes intracellularly over time, from the
membrane, through endocytosis, to the entry of the siRNA into the cytosol, and silencing of
the target mMRNA remains unknown.

In our study, we used a poly(propargyl glycolide) (PPGL) polymeric backbone that allows
for the addition of a variety of chemical functional groups through an alkyne-azide
cycloaddition known as “click chemistry” (Jiang, 2008). For the polymers used in this study,
we added combinations of primary amines, secondary amines, disulfide linkages, and
cholesterol groups to create our delivery vehicles. Using confocal laser scanning
microscopy, we imaged enhanced green fluorescent protein (EGFP) expressing cells at
various time points after transfection of siRNAs by LF2K (a model lipid), LPEI (a model
cationic polymer), and two of our PPGL nanoparticles (NPs). By using a fluorescently
tagged siRNA and a 7-dimethylaminocoumarin acetic acid (DMACA) tagged particle, we
are able to see cellular uptake of both the siRNA and polymer with respect to time. Our
results showed that LF2K and LPEI bound more tightly to the sSiRNA and delivered siRNA
to the target cells more quickly and in apparently larger complexes. We conclude that our
NPs, which have similar chemical functionality to LPEI, do not result in silencing due to
their inability to form the higher order complexes required to deliver a sufficiently high
initial dose of SiRNA to achieve measurable silencing.

MATERIALS AND METHODS

Chemicals

All synthesis reagents were purchased from Aldrich (St. Louis, MO) or Alfa Aesar (Ward
Hill, MA), and were ACS reagent grade. Lipofectamine 2000 (LF2K) was purchased from
Invitrogen (Carlshad, CA). Linear poly(ethyleneimine) (LPEI, M,, = 25 kDa) was obtained
from Polysciences, Inc (Warrington, PA). A working solution for LPEI was prepared in
Milli-Q water at a concentration of 2.5 mg/mL. The solution was acidified using HCI to aid
in solubility. Once dissolved, the solution was readjusted to pH 7.0 using NaOH. Al
polymer solutions were filtered through 0.22 um Millex-GV PVDF sterile filters (Millipore)
prior to being added to cells. The siRNA (Dharmacon; Lafayette, CO) sequence used was:
SiRNA guide strand - GAU GAA CUU CAG GGU CAG CUU; siRNA passenger strand -
GCU GAC CCU GAA GUU CAU CUU. The dsDNA (IDT; Coraville, I1A) was constructed
to have identical hybridization structure to the siRNA (19 nucleotides hybridized with 2
nucleotide overhangs on each 3’ end). The dsDNA sequence used was: dsDNA strand 1 -
CCA CTA CCT GAG CAC CCA GTT; dsDNA strand 2 - CAG GGT GCT CAG GTA
GTG GTT. For microscopy, the 5’-end of the siRNA passenger strand was labeled with
Dy547. For the binding studies, the dsDNA strand 1 5’-end was labeled with 6-
carboxyfluorescein (6-FAM). Tris/Boric Acid/EDTA running buffer and nucleic acid
sample loading buffer were purchased from Bio-Rad (Hercules, CA).
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Poly(propargyl glycolide) polymer synthesis

Prior to use, chloroform was dried over phosphorous pentoxide, dichloromethane was dried
over CaH,, and THF was dried over sodium and benzophenone. 4,4-N,N-
dimethylaminopyridine (DMAP) was purified by sublimation at 35-40°C. 2-
hydroxyethyldisulfide was distilled under vacuum. All glassware was oven-dried.

Synthesis of poly(propargyl glycolide) with disulfide initiator (PGSSPG)(Hou,
2009)—An oven dried Schlenk flask was charged with propargyl glycolide (PGL) and
DMAP, the flask was evacuated for at least two hours, then bis-(2-hydroxyethyl)disulfide
initiator solution (0.11M in CHCI3) [M]/[1] 10:1 was added, the monomer concentration was
adjusted to 0.5 M by adding dry chloroform. The reaction mixture was degassed by 3 freeze-
pump-thaw cycles, then backfilled with nitrogen gas. The flask was immersed in an oil bath
at 60°C and was stirred for 12hrs. After polymerization, the solvent was removed and the
white stringy solid was redissolved in THF and dialyzed against THF/Water 3:1 in a 1000
MWCO cellulose membrane. The polymer was then dried under vacuum. Nuclear Magnetic
Resonance (NMR) was performed in 500 MHz or 300 MHz spectrometer. FTIR spectra
were taken in a Mattson Galaxy series FTIR 3000. 1H NMR (CDCl3) 85.47-5.35 (br, 1H)
5.26-5.22 (br,1H) 4.52-4.36 (m, 6H) 3.0-2.66 (br m, 2H) 2.12-2.03 (br, 1H)

Synthesis of poly(propargyl glycolide-b-ethylene oxide monomethyl ether)
PEGgPG—An ampoule was loaded with propargy! glycolide and stir bar. The ampoule was
made from 3/8 in. diameter glass tubing was connected via a cajon fitting to a T-shape
vacuum adapter with a stopcock and an air free Teflon valve. The apparatus was connected
to vacuum and evacuated through the Teflon valve, and then it was backfilled with nitrogen
gas. Predetermined amounts of Tin 11 2-ethylhexanoate catalyst (51mM) in toluene and PEG
350 initiator (100 mM) in toluene were transferred to the ampoule through the stopcock. The
solution was stirred for 30 minutes. The solvent was removed via vacuum and the ampoule
was flame-sealed. The polymerization was carried out for 30 minutes at 130°C. The
polymerization was quenched in ice water, the ampoule was broken and the residue was
dissolved in CH,Cl5 to a 10% solution. A small amount was withdrawn to evaluate
conversion via 1H NMR. The rest was precipitated into ice cold methanol and the polymer
was filtered and dried under vacuum. 1H NMR (CDCI3) &: 5.43-5.33 (br, 1H) 3.70-3.66 (q,
2H) 3.64-3.61(dd, 2H) 3.54-3.51 (q, 2H) 3.36 (s, 3H) 3.0-2.82 (m, 2H) 2.14-2.06 (br s, 1H)

Standard Click Chemistry Procedure—A schlenk flask was loaded with 40-60 mg of
polymer, the desired mol % of azide ligand according to moles of alkyne in the polymer, and
24 mol% of sodium ascorbate. The mixture was dissolved in DMF and degassed by 3-4
freeze-pump-thaw cycles and backfilled with nitrogen gas. A 0.1 M solution of CuCl,-2H,0
in DMF was added after degassing. The reaction mixture was stirred at room temperature
overnight (Figure 1).

Cholesteryl lodide (R)—Mhodified procedure from Posner et al (1976) 1H NMR (CDCl5)
5.31 (t, 1H), 4.02 (m, 1H), 2.91 (t, 1H), 2.69-2.60 (dg, 1H) 2.32-1.03 (m, 24H), 1.02 (s, 3H),
0.97 (m, 2H), 0.89 (d, 3H), 0.84 (dd, 6H), 0.65 (s, 3H).

Cholesteryl Azide (S)—Cholesteryl iodide (2mmol, 1.03g) was combined with sodium
azide (4mmol, 0.65g) and dissolved in 10 ml DMF. The reaction mixture was stirred at 80°C
overnight. The solvent was removed under high vacuum. The solid was redissolved in
diethyl ether and washed with water, sodium metabisulfite (Na,S,03) and NaCl. The
organic layer was dried over MgSQO;,. The solid was recrystallized from absolute ethanol (60
% yield) IH NMR (CDCI3) &: 5.38 (t, 1H), 3.86 (t, 1H), 2.54-2.45 (m, 1H), 2.21-2.13 (1H),
2.04-2.02 (2H), 1.86-1.02 (24H), 0.99 (s, 3H), 0.90 (d, 3H), 0.85 (dd, 6H), 0.66 (s, 3H)) 13C
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NMR (CDCl3) 138.08, 123.17, 58.28, 56.7, 56.1, 49.9, 42.3, 39.7, 39.5, 37.1, 36.2, 36.0,
35.8, 33.6, 31.82, 31.79, 28.2, 28.0, 26.1, 24.26, 23.8, 22.8, 22.5, 20.7, 18.9, 18.7, 11.8 FTIR
2080 cm™1 N3

Polymer Binding Gels

Cell Culture

Transfection

Solutions were prepared in Milli-Q water using 200nM dsDNA. To each sample, polymer
was added and allowed to mix for 15 minutes. Bound complexes were resolved on 0.8%
agarose gels. Signal intensities of free dSSDNA were quantified from gel images and
normalized to dsDNA only control lanes. Example: Fraction Bound = 1 — (intensity of
unbound dsDNA from NP-containing lane/intensity of unbound dsDNA from lane without
NP). A single plot of fraction bound versus NP concentration (in pg/ml) was constructed
from all of the data from two independent experiments (Figure 2). The combined data were
simultaneously fit by a modified form of the Hill equation (Hill, 1910) (equation 1) to obtain
values for the binding constant (K) and a value to capture binding cooperativity (n) (Table
1). The K value reflects binding at 15min, which is not necessarily equivalent to the
equilibrium dissociation constant since the time required to reach equilibrium varies with the
NP composition and can approach up to ~24hrs for some NPs (data not shown). An n value
greater than 1 indicates the possibility of cooperative binding.

fe [NP]"
~ K"+[NP]" (1)

The K values were compared using a two-tailed Student’s t-test for unequal variances with
0=0.01.

Human lung carcinoma cells (H1299) constitutively expressing EGFP were generously
provided by Dr. Jgrgen Kjems, University of Aarhus, Denmark. Cell culture media was
prepared with Dulbecco’s Modified Eagle’s Medium High Glucose (DMEM, #11965,
Invitrogen) supplemented with 10% fetal bovine serum (FBS, GIBCO), 1% penicillin-
streptomycin (GIBCO), and 1% Geneticin (GIBCO). Cells were maintained in an incubator
at 37°C, 5% CO», 100% relative humidity and subcultured approximately weekly by
trypsinization. Leibovitz Medium (L-15, Sigma, St. Louis, MO) was used for cell imaging.
All experiments were performed using cells with passages earlier than 20.

Opti-Mem (GIBCO) was used for all transfections. H1299-EGFP cells were seeded in 4-
well Nunc Lab-Tek chambered coverglasses (Fisher Scientific, Pittsburgh, PA) at a density
of 37,500 cells/well in 0.5 mL of complete media without antibiotics. After 24 h, treatments
were initiated in a staggered fashion so that all samples would be ready for processing and
imaging at the same time. In other words, the 24 h time points were started first, with the 16
h points started 8 hours later, etc. 100 pL solutions of sSiRNA-NP were prepared in Opti-
Mem and allowed to mix for 20 minutes prior to their addition to cells at final
concentrations of 100 nM siRNA and 100 pg/mL NP. LPEI polyplexes and LF2K lipoplexes
were prepared in a final volume of 600 pL at concentrations of 100 nM siRNA and either
10pg/mL LPEI or 2.3 pg/mL LF2K (1.4 pL of 1pg/ul stock solution). Cells were incubated
in the transfection solutions for 24h, 16h, 8h, and 4h prior to imaging.
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Confocal Microscopy

Immediately prior to imaging, the cell media was removed, the cells were rinsed, and 0.5mL
of L-15 media were added. Confocal imaging was performed on an Olympus FluoView
1000 Inverted 1X81 microscope, using a 40x oil objective. Images were taken sequentially,
using a Kalman average of 2x. DMACA tagged particles were excited using a 405 nm diode
laser and detected through a BA430-470nm emission filter. EGFP fluorescence was assayed
using an excitation of 488 nm with a multi-line Argon laser and detected through a
BA505-525nm emission filter. Dy547 fluorescence (SiRNA) was excited at 543 nm by a
HeNe laser and detected through a BA560-1Fnm emission filter. The focal plane selected for
each image was based on the highest intensity of green fluorescence. The line intensity
graphs were constructed from the 4h, 160x magnification images. A line was drawn
lengthwise across the cell so that it would intersect with the areas of highest intensity red
fluorescence.

RESULTS

Polymer Binding Gels

It was first important to understand the association of our polymeric NPs with the siRNAs.
To do this, we performed in vitro binding experiments using electrophoresis as the readout
(Figure 2). For our binding experiments, a 21 base pair dSDNA of analogous structure to the
GFP-targeting siRNA was used to help minimize cost. Both LPEI and LF2K showed
markedly stronger binding to the dsDNA than either the Cholesterol NP or the disulfide NP
(Figure 2 and Table 1). Only in the case of LPEI did the equation suggest possible binding
cooperativity (n = 1.8). The strength of the binding interaction is important to the overall
efficacy of the siRNA. Vehicles that form less-stable complexes will have to be used in
greater excess concentration to ensure complete encapsulation of the siRNA cargo. Thus,
based on our results, when performing cellular uptake experiments, we chose to use 10ug/
mL LPEI and 100pg/mL polymer concentrations to maximize siRNA encapsulation while
minimizing excess polymer concentration.

Cellular Uptake

We monitored the delivery of polymer/siRNA complexes into GFP expressing H1299 cells
over time using confocal microscopy (Figure 3). As early as 4h, both LF2K and LPEI begin
to show intracellular accumulation. The disulfide NP and siRNA only cell populations do
not show any intracellular siRNA signal, while the cholesterol NP shows minimal
intracellular signal with significant extracellular accumulation around the cell membrane,
perhaps due to increased aggregation and sedimentation of the hydrophobic cholesterol NP
as compared to the other polymers. It should be noted that at this early time point, the
SiRNA signal from the LF2K- and LPEI-treated cells arises primarily from points of
concentrated fluorescence (Figure 4), suggesting that these vehicles form structures that
deliver multiple siRNAs simultaneously to a single cell.

By 8h, siRNA uptake can be seen for all 4 delivery vehicles and the siRNA only treatments
(Figure 3). For LF2K and LPEI, the intracellular siRNA signal is still primarily concentrated
in distinct intracellular locations. In contrast, the cholesterol and disulfide NPs show a more
even siRNA distribution throughout the cell. This further suggests the LPEI and LF2K
complexes that enter the cell are more densely packaged than those formed by the
cholesterol and disulfide NPs. It is notable that the uptake and distribution pattern after
delivery by the cholesterol and disulfide NPs more closely resembles that of the siRNA only
treatment than those of the LF2K and LPEI.
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After 16h, the LF2K-treated cells begin to show silencing of the GFP. Additionally, the
SiRNA has spread more uniformly throughout the cells. In the case of the LPEI treatment,
changes in the cell morphology can be seen, indicative of the cytotoxicity of LPEI. As with
the LF2K, the intracellular siRNA distribution has become more uniform throughout the
cell. The cholesterol and disulfide particles, along with the siRNA only treatment, show
widespread delivery of the siRNA throughout the cells but, in none of the cases, do the
siRNAs significantly silence GFP. However, unlike the LPEI, our NPs show no effect on
cell morphology, indicating far less cytotoxicity despite their higher concentration relative to
LPEI (100 pg/mL vs. 10 pg/mL). Interestingly, the sSiRNAs delivered by the cholesterol NP
appear to accumulate preferentially around the nuclei of the cells. This could be attributed to
the hydrophobicity of the cholesterol causing it to associate with the nuclear membrane. For
the disulfide particle, blue areas can also be seen inside the cells apart from the overlapping
red siRNA signal. Due to the low binding affinity of this particle, it is likely that
uncomplexed particles can also be taken up by the cell, potentially resulting in competition
for uptake with complexed particles. Side view images and three dimensional rotational
videos constructed from z-section images at this time point are available online (Figure S1
and Videos S1-S5, Supporting Information).

By 24h, it appears that two populations of cells have been generated by LF2K treatment,
those cells that received siRNA and have had GFP nearly completely silenced and those
cells that did not receive siRNA and have basal GFP expression. For the LPEI, a more
graded silencing can be seen where more cells have intermediate fluorescence intensity.
Additionally, the changes in morphology are more pronounced, with cells appearing more
spindly and less regular in shape. For the cholesterol and disulfide NPs, despite the
continuing accumulation of siRNA, there is no significant silencing. The same can be seen
for the siRNA only images, where widespread uptake is seen without silencing. In some
cells, the disulfide particle colocalizes with the siRNA, but this does not occur consistently
across the cell population.

Intensity Analysis

To confirm the siRNA packaging found in LF2K and LPEI transfected cells are more highly
concentrated as compared to the cholesterol NPs at the 4h time point, line intensity graphs
were constructed across selected cells from the 160x magnification images (Figure 4). The
lines were drawn lengthwise across regions of single cells where the siRNA-polymer
complexes are present. In both the LF2K and LPEI graphs, there are highly localized regions
of strong fluorescence from the siRNA. These fluorescence peaks are suggestive of the
presence of multiple siRNAs at these points, likely still complexed with the vehicles. In
contrast, the maximal siRNA signal when delivered using the cholesterol NPs, the only other
polymeric delivery technique with any intracellular signal at this time point, is three- to six-
fold lower than the signal from the LF2K and LPEI. The cholesterol complexes also show
multiple siRNA peaks but at a much lower intensity. Because eventual silencing occurs for
both the LF2K and LPElI, this suggests that the higher initial concentration of SiRNA is
necessary to initiate silencing.

DISCUSSION

Confocal microscopy is a valuable tool for analyzing the delivery and function of SiRNAs to
cultured cells at the resolution of a single cell. As we found, the uptake of SiRNAs delivered
by different vehicles can vary by rate, fraction of cells loaded, and the apparent structure of
the complexes taken up. Moreover, we were able to identify, particularly for delivery using
LF2K, that multiple cell populations could arise within a treatment group and that the
distribution of the siRNAs within a cell changed markedly over time. Bulk measurements
like western blotting or average fluorescence would have masked these important details of
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the delivery process. Additionally, we were able to visualize changes in cell morphology as
a result of LPEI exposure, changes that did not occur upon exposure to our polymers.
Combining this information improved our understanding of the sSiRNA delivery process and
will greatly enhance our future ability to design more efficient vehicles for SIRNA delivery
based on our polymer system.

Many studies have reported on key compositional elements that are common among
effective vehicles (Breunig, 2008; Green, 2008; Liu, 2005; Ou 2008; Rozema, 2007). Our
binding data support that chemical composition is critical in forming complexes that can
achieve silencing, with the more tightly bound complexes resulting in more active silencing
(Figures 2 and 3). However, vehicles containing the key compositional features are not
guaranteed to result in silencing when used for siRNA delivery (Green, 2008). Our data
support that a fundamental aspect to achieving silencing may be in the physical structures of
the vehicle-siRNA complexes that form, not just their chemical compositions.

These structures result from both the interaction of the vehicle with the siRNA but also from
the aggregation of the complexes into higher order structures. In this way, the cooperativity
of the interaction may also be a defining characteristic for the eventual function of the
siRNAs. Elucidating the structure of the siRNA-vehicle complexes can be difficult.
Modeling approaches could be used to predict the structures of polymer-siRNA complexes,
in a similar manner to models used for predicting protein/peptide aggregation (Tjernberg,
1999). Several experimental techniques have proven useful for measuring the changes in the
polymer complexes with time, concentration, and altered vehicle chemistry. These include
dynamic light scattering (DLS) (Breunig, 2008; Ou, 2008), transmission electron
microscopy (TEM) (Cohen, 2000), scanning electron microscopy (SEM) (Mehrotra, 2009),
and atomic force microscopy (AFM) (Shifrina, 2009).

While siRNA delivery by our polymeric NPs did not result in silencing, we were encouraged
that our polymers did not show any apparent toxicity, even at concentrations far in excess of
that required for LPEI delivery. As we go forward in designing vehicles for sSiRNA delivery,
we will place additional emphasis on understanding the structures formed from the vehicle-
SiRNA complexes. Moreover, we are investigating strategies for modifying our polymers to
improve their binding with the siRNA cargo. Possible means to achieve this include
covalent coupling of multiple siRNA to a single polymer and adding side-chains with
greater positive charge density to improve the electrostatic attraction between the polymer
and the siRNA. In all cases, confocal microscopy will serve as an essential tool for
determining the siRNA uptake profiles for our various polymers.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Click chemistry schematic

A. The cholesterol particle was made using a long, continuous propargyl glycolide (n=45)
backbone with PEG endgroups. The azide-alkene click reaction was used to add the primary
amine, secondary amine, and cholesterol ligands. B. The DMACA tagged disulfide particle
is synthesized by first adding the fluorescent end group onto two shorter propargyl glycolide
backbones (n=5) linked by a disulfide bond. The amine ligand was added to 80% of the
available alkynes.
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Figure 2. Polymer/Nucleic Acid binding

A graph of the fraction of dsSDNA bound at varying polymer concentrations. The dsSDNA
concentration was maintained at 200nM, and the fraction bound to each particle was
calculated as a mass balance from the amount of free dSDNA resolved on the gel.
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Cholesterol NP

Disulfide NP

Figure 3. Time series Microscopy pictures

Confocal images of the uptake of various polymer/EGFPsiRNA complexes into GFP
expressing H1299 cells. Pictures were taken at 4, 8, 16, and 24h time points. The green
fluorescence represents the GFP expressing cells and the red fluorescence is of the Dy547-
tagged siRNA. In the case of the disulfide particle, blue fluorescence indicates the presence
of the particle. The scale bars are 50um.

Microsc Res Tech. Author manuscript; available in PMC 2011 September 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Portis et al.

Fluorescence Intensity

——GFP
—— siRNA

2000 Particle
0
4000 B e Y
2000
0 T T T
4000 0 c 20 40
0 T T f T
4000 0 D 20 40
2000
0 T T =
4000 0 E 20 40
2000
0 T~
T T T T
0 20 40

Position (um)

Figure 4. 4h line intensity graphs
Fluorescence intensity graphs measured across individual cells at 4h after addition of LPEI
(A), LF2K(B), Cholesterol NP (C), and Disulfide NP (D) complexes, as well as sSiRNA
alone (E). For each image, the line was constructed by drawing across the longer diameter
that intersected the areas of highest intensity red fluorescence. The GFP signal is indicative
of the cell area. There was no visible siRNA uptake for the disulfide NPs or siRNA alone at
the 4h time point.
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Table 1
Hill Equation Parameters

Fractional dsDNA binding was fit to a modified form of the Hill equation. The binding constant (K) reflects
binding achieved at 15min. An exponential (n) greater than 1 is indicative of cooperative binding. The K
values were compared using a two-tailed Student’s t-test for unequal variances and all four values were
statistically significantly different at a=0.01.

Hill Equation Parameters | LF2K | LPEI | Cholesterol NP | Disulfide NP
K (ng/mL) 49 3.0 68 151
error (ug/mL) 0.7 0.4 8 14
n (cooperativity) 0.9 1.8 11 0.9
error 0.1 0.4 0.1 0.1
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