
Targeting the Blind Spot of Polycationic Nanocarrier-Based
siRNA Delivery

Mengyao Zheng†, Giovanni M. Pavan‡, Manuel Neeb§, Andreas K. Schaper||, Andrea
Danani‡, Gerhard Klebe§, Olivia M. Merkel†,*,⊥, and Thomas Kissel†,*

†Department of Pharmaceutics and Biopharmacy, Philipps-Universität Marburg, Germany
‡Laboratory of Applied Mathematics and Physics (LamFI), University for Applied Sciences of
Southern Switzerland (SUPSI), Switzerland §Department of Pharmaceutical Chemistry, Philipps-
Universität Marburg, Germany ||Center of Material Science, Philipps-Universität Marburg,
Germany

Abstract

Polycationic nanocarriers attract increasing attention to the field of siRNA delivery. We
investigated the self-assembly of siRNA vs pDNA with polycations, which are broadly used for
nonviral gene and siRNA delivery. Although polyethyleneimine (PEI) was routinely adopted as
siRNA carrier based on its efficacy in delivering pDNA, it has not been investigated yet why PEI
efficiently delivers pDNA to cells but is controversially discussed in terms of efficacy for siRNA
delivery. We are the first to investigate the self-assembly of PEI/siRNA vs PEI/pDNA and the
steps of complexation and aggregation through different levels of hierarchy on the atomic and
molecular scale with the novel synergistic use of molecular modeling, molecular dynamics
simulation, isothermal titration calorimetry, and other characterization techniques. We are also the
fist to elucidate atomic interactions, size, shape, stoichiometry, and association dynamics for
polyplexes containing siRNA vs pDNA. Our investigation highlights differences in the
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hierarchical mechanism of formation of related polycation–siRNA and polycation–pDNA
complexes. The results of fluorescence quenching assays indicated a biphasic behavior of siRNA
binding with polycations where molecular reorganization of the siRNA within the polycations
occurred at lower N/P ratios (nitrogen/phosphorus). Our results, for the first time, emphasize a
biphasic behavior in siRNA complexation and the importance of low N/P ratios, which allow for
excellent siRNA delivery efficiency. Our investigation highlights the formulation of siRNA
complexes from a thermodynamic point of view and opens new perspectives to advance the
rational design of new siRNA delivery systems.

Keywords
siRNA delivery; DNA delivery; polyethyleneimine; molecular modeling; isothermal titration
calorimetry; RT-PCR; supramolecular complexation

Nanomedicine is the engineering, manufacturing, and application of nanotechnology for
medical applications, among others, for drug or nucleic acids delivery.1,2 One of the most
important applications of nanomedicine is gene delivery, a powerful approach for the
treatment of cancer and genetic diseases. Compared with viral counterparts and liposomes,
polymeric gene delivery systems have the advantages of lower toxicity and immunogenicity
by design and allow for industrial production involving good manufacturing practice.3 A
wide range of polymeric vectors were designed and developed based on the complexation of
nucleic acids via electrostatic interaction between the negatively charged phosphates along
the nucleic acid backbone and the positive charges on the cationic polymers.4 The cationic
polymer poly(ethyleneimine) (PEI) is one of the best studied vectors for nonviral gene
delivery. Starting in the 1990s, the polymeric nonviral vector PEI has been developed to
achieve successful delivery of nucleic acids such as plasmid DNA, antisense
oligonucleotides, and ribozymes, and lately has been adopted for siRNA delivery.2 Since the
discovery of gene silencing by introduction of double-stranded RNA,5 RNA interference is
widely used in functional genomics and drug development.6,7 Although the delivery of
siRNA faces many of the same barriers and intracellular steps as delivery of plasmid DNA,
the delivery of siRNA appears more difficult than DNA delivery, and the design of high
affinity, good protection agents is a key point in the development of nanocarriers for siRNA
delivery systems. To investigate why PEI efficiently delivers pDNA to cells but is
controversially discussed in terms of efficacy for siRNA delivery, in this study, we used
isothermal titration calorimetry (ITC) to investigate the complexation behavior of siRNA
and DNA with polycations. These thermodynamic parameters also allow for the study of the
hierarchical aggregation phenomena that result from the biomolecular interactions between
nucleic acids and cationic polymers. Because the knowledge on structure conformation of
cationic polymers and genetic materials is limited, molecular dynamics (MD) simulation
was used to investigate the local mechanism of binding between pDNA or siRNA molecules
and cationic polymers, providing detailed insight into the structural conformations and
binding behavior.8–10 This synergetic use of MD simulation and ITC provides a complete
description not only of the local binding between polymers and nucleic acids but also of the
hierarchical aggregation steps that occur during polyplex formation. Additionally, the
complexation of DNA and siRNA was also studied using heparin assays and dye quenching
assays, and subsequently in vitro transfection experiments were conducted with both siRNA
and pDNA. Our investigations are focused on the study of binding mechanisms, the different
location of plasmid DNA and siRNA within complexes of cationic polymers, their different
structural conformations and biophysical parameters, and the size and surface charge of the
final polyplexes. By investigating these parameters and correlating them with functional
studies including knockdown of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) gene
expression measured by RT-PCR, we try to find distinguishing features of siRNA
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complexation and to explain why the principle of DNA transfection cannot generally be
directly applied to siRNA transfection.11

Our study of the complexation mechanism between nucleic acids and polycationic
nanocarriers describes the very different nature of polycation–siRNA and polycation–DNA
hierarchical aggregation. We chose PEI, the most widely used polycation for nucleic acid
delivery, and an amphiphilic PEI-based triblock copolymer to elucidate the complex
formation mechanism with siRNA vs pDNA and to investigate differences between
hydrophilic and amphiphilic polycations. We demonstrate that siRNA complexation can be
ideally schematized into two “rigid” steps, namely, (i) polycation–siRNA primary
complexation, followed by the (ii) hierarchical association of multiple nanocomplexes into
larger polyplexes (Figure 1A). DNA condensation, however, seems to be more extensive,
involving multiple and more complex hierarchical steps. In fact, after the immediate binding
of multiple PEI molecules to pDNA, the large primary complexes most probably undergo
strong rearrangement and folding in solution. The aggregation of multiple primary
complexes into polyplexes which follows the initial electrostatic interactions (Figure 1B) is
thus less ordered and more chaotic than in the case of siRNA. In this hierarchical
framework, siRNA aggregation results in a more uniform and stable complex formation, at
low N/P ratios, which leads to increased siRNA delivery efficiency. Interestingly, with the
following study of the relationship between nucleic acids/polycations aggregation
mechanism and in vitro siRNA delivery efficiency, which is performed by RT-PCR and
confocal laser scanning microscopy, the polycationic nanocarrier-based siRNA delivery
systems showed the best knockdown effect with siRNA at N/P = 2, although higher N/P
ratios were believed to be necessary until now by most of the researchers in the area of
polycationic nanocarrier-based siRNA delivery. Our results show that self-assembled siRNA
nanocarriers need to be characterized in more detail to optimize their delivery efficacy and
that rules that apply for pDNA polyplexes cannot easily be transferred to siRNA.

RESULTS AND DISCUSSION
Molecular Dynamics Simulation Study of PEI25 kDa Binding with DNA and siRNA

With the use of MD simulations, we aimed to compare the behavior of PEI25 kDa while
binding DNA vs siRNA according to a 1:1 complexation model. All of the thermodynamic
energies obtained from MD simulations were normalized per charge (and expressed in kcal
mol−1) to allow for the comparison between the different nucleic acids (Figure 2).
Interestingly, the binding entropy (ΔS) related to the siRNA and DNA complexation with
PEI25 kDa was practically the same, while the enthalpy (ΔH) of siRNA/PEI25 kDa binding
(−6.6 kcal mol−1) was higher than that of DNA/PEI25 kDa (ΔH = −5.7 kcal mol−1). As a
consequence, the normalized free energy of binding of PEI25 kDa with siRNA (ΔG = −5.5
kcal mol−1) was more favorable than that of DNA complexation (ΔG =−4.8 kcal mol−1),
indicating that PEI25 kDa polymers are slightly more strongly attracted by siRNA than by
DNA. This can be explained with a more consistent curvature and a higher local flexibility
of siRNA with respect to DNA, which facilitates the uniform binding between the negative
charges present on the nucleic acid with the positive ones of the polymer. The models in
Figure 2 were designed and simulated to study the possible presence of differences in the
binding of PEI25 kDa with DNA and siRNA. While Dicer substrate interfering RNA
(DsiRNA) molecules are double strands of 25/27mer, the plasmid DNA used in the
experiments presented in this work contains about 4400 base pairs. The DNA model used
for simulations is just a portion of the complete plasmid, and the simulation is thus
representative of the local interactions between the polymers and the DNA double strands.
Under physiological conditions, plasmid DNA exists usually as an elongated helix as B-
form, while RNA exists as a more compact and curved double helix, which is known as A-
form.12 That makes RNA locally more flexible in the case of local roll and tilt
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deformations13 and more adaptable14 in the case of binding with a charged spherical
polymer rather than DNA.9 For PEI25 kDa, not all of the charged surface groups are
sterically available to bind a single strand of nucleic acid because a large part of the charged
amines is back folded. During the binding between PEI25 kDa and DNA/siRNA, parts of
the positive surface charges of the polymer establish strong electrostatic interactions with
the nucleic acid. At the binding interface, positive and negative charges neutralize each
other. But moving away from the binding site on the polymer surface, there are several other
positively charged surface groups that do not participate actively in the binding with the
nucleic acid (“primary complexes” in Figure 2). These free charges can potentially lead to
interparticle electrostatic attractions with other siRNA/DNA molecules, giving rise to
hierarchical aggregation phenomena. In fact, primary complexes can aggregate further and
reorganize into larger polyplexes.15 Therefore, there is a balance that needs to be considered
between the amount of charges and the ability to use these charges. In this framework, it is
evident that the pure binding between the polymer and the nucleic acid that is depicted by
MD simulation constitutes only the first, and most immediate, step in a complex hierarchical
aggregation phenomenon that involves different scales and types of interactions, from strong
electrostatic to weaker hydrophobic intermolecular forces. This hierarchy emerges when
binding data from MD simulations are compared with the thermodynamic values calculated
based on ITC measurements. The consequent molecular complexes can potentially undergo
further structural reorganization and can interact with other polyplexes in solution. This
causes slower complexation as compared to siRNA, where a consistent structural
rearrangement is not expected due to the limited length of the nucleic acids. Moreover, DNA
molecules need more polycations to achieve complete condensation and to form stable
polyplexes. This hypothesis was challenged with the following ITC results.

Isothermal Titration Calorimetry
The atomic binding results of local interactions from MD simulations are complemented by
results from isothermal titration calorimetry experiments, which provide reliable
thermodynamic interpretation16 of the aggregation of multiple polycation/nucleic acid
nanocomplexes into higher-scale polyplexes. The ITC results are supported by the data from
MD modeling and showed the same tendency of the binding behavior between polycations
and different nucleic acids: the affinity between polycations and siRNA is higher than that
between polycations and plasmid DNA, and the formation of hierarchical polycation/siRNA
polyplexes is much easier and more stable than the complexation with plasmid DNA (Table
1). Even if the interaction between PEI25 kDa and DNA or siRNA is locally very similar,
the flexible PEI25 kDa/DNA nanocomplexes can undergo structural rearrangement
(folding), resulting in less uniform aggregation of multiple nanocomplexes into larger
polyplexes (Figure 1B). Moreover, ITC indicates also that DNA molecules need a larger
excess of polycations than siRNA to achieve complete condensation and to form stable
polyplexes (Table 1). If on an atomic level the pure polymer–nucleic acid molecular
recognition is controlled by electrostatic forces, on a higher-scale level, the interpolyplex
interactions are also consistently characterized by hydrophobic forces, as is evidenced by
data from ITC (Table 1). Hydrophobic aggregation is assumed to be typically an entropy-
driven assembly phenomenon, accompanied by a lower favorable enthalpy (Table 1).17 This
is particularly evident in the case of DNA. In fact, if PEI is modified with hydrophobic
poly(caprolactone) segments, DNA/PEI25k-PCL1500-PEG2k nanocomplexes aggregate
more strongly due to increased hydrophobicity18 and condense DNA more effectively.
Concerning modified PEI25 kDa, only about five PEI25k-PCL1500-PEG2k molecules are
required to condense one DNA molecule (N-value or site), whereas 11 molecules of
unmodified PEI25 kDa are needed for the same effect.
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Fluorescence Quenching Assay
The dye quenching assay is another method to investigate the binding behavior of nucleic
acids by polycations: the fluorescence of labeled siRNA molecules will be quenched by each
other due to close spatial proximity in complexes where many siRNA molecules are
compacted. Although we have used different polycations to condense siRNA, each curve
has a minimum of fluorescence at N/P = 1 (N/P = nitrogen/phosphorus). After this
minimum, the fluorescence increases again with increasing of N/P ratio (Figure 4A).
Interestingly, an equilibrium in ITC is also reached at remarkably lower N/P ratios for
siRNA than for DNA, highlighting the noteworthiness of this low N/P ratio. The
endothermic peaks of siRNA binding isotherm curves close to N/P = 1 (Figure 3), together
with the dye quenching assay (Figure 4A), reveal a special condensation phenomenon of
siRNA: siRNA molecules “escape” from saturated “primary multimolecular
nanocomplexes” at N/P = 1 and reorganize into more stable nanocomplexes with a lower
energy level (N/P = 2) (Figure 4B). This trend was already observed with siRNA19 and
oligonucleotides.20 Moreover, the particle size distribution (polydispersity index, PDI)
measurements indicate that siRNA can be condensed into more ordered and uniform
polyplexes with the lowest PDI at N/P = 2 (Figure S2). Additionally, heparin assays
confirmed that siRNA polyplexes at N/P = 2 are particularly stable against competing
polyanions (Figure S1). Therefore, we assumed that lower N/P ratios (N/P= 2 in the case of
PEI) are especially effective for siRNA delivery.

In Vitro Uptake and Gene Knockdown Effect
Interestingly, with the following study of the relationship between nucleic acids/polycations
aggregation mechanism and in vitro siRNA delivery efficiency, which is performed by RT-
PCR (Figure 5A, B) and confocal laser scanning microscopy (Figure 5C), we found that not
only PEI25 kDa but also the PCL-PEG-modified copolymer hyPEI25k-PCL1500-PEG2k
showed the best intracellular delivery and knockdown effect with siRNA at N/P = 2,
although higher N/P ratios were believed to be necessary until now by most of the
researchers in the area of polycationic nanocarrier-based siRNA delivery.21–24 The belief of
increased transfection efficiency with increased N/P ratio can be explained by this exact
behavior for the delivery of pDNA, which is true up to a point, where toxicity of free
polymer decreases the transfection efficacy of pDNA (Figure S3). In the case of siRNA
delivery with PEI25 kDa, by increasing the N/P ratio, the hGAPDH gene expression
decreased from N/P 1 (53.26% knockdown) to N/P 2 (72.29% knockdown) and increased
again with the increasing of N/P ratios. The knockdown effect in the graph is better at N/P =
30 than at N/P = 2, but the negative control at N/P = 30 is also very low, which indicates that
at higher N/P ratio the knockdown effect is caused by not only gene silencing but also the
cytotoxicity of the polycations. The confocal laser scanning microscopy (CLSM)
micrographs reflected the same tendency: although the siRNA could be delivered effectively
into the cytosol at N/P = 20, a disturbed cell morphology with partially dilapidated cellular
membranes was observed, which indicated a high cytotoxicity of these polycationic delivery
agents at high N/P ratios. On the other hand, the siRNA delivery efficiency at N/P = 2 was
as good as at N/P = 20, but with a vital cell morphology (Figure 5C), as a result of more
uniform and stable complex formation and lower cytotoxicity.

CONCLUSION
In our research we investigated the different complexation and aggregation mechanism
between polycationic nanocarriers and DNA or siRNA on the atomic and molecular scale.
The novel synergic use of MD simulations, ITC, and dye quenching assay provided an
exceptionally clear depiction of the different hierarchical aspects that control the formation
of polyplexes. It is well accepted that the positively charged surface of poly(ethyleneimine)
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nanocomplexes induces not only increased cellular uptake through charge-mediated
interactions25 (Figure 5C) but also disadvantageous higher cytotoxicity (especially true for
high N/P ratios). While researchers seek to balance toxicity and transfection efficiency, our
investigation highlights the need to address the actual assembly of polyelectrolyte
complexes and to optimize the formulation of siRNA complexes from a thermodynamic
point of view. Our study based on poly(ethyleneimine) as a model polycationic nanocarrier
directs attention to lower N/P ratios, which emerge as an unnoticed “blind spot” in
polycationic siRNA delivery. All our results emphasized one point: lower N/P ratios are
especially effective for polycationic nanocarrier-based siRNA delivery. This could have
broad implications for the delivery of siRNA, as less toxic and yet efficient delivery systems
have been the bottleneck for the translation of this promising approach into the clinical
arena. We recommend to the scientific community working in the area of polycationic
siRNA delivery to study the actual assembly of self-assembled nanocarriers and thus to
consider low N/P ratios, which could be particularly important for siRNA delivery but have
been disregarded in previous studies.

MATERIALS AND METHODS
Materials

Hyperbranched polyethylenimine (hy-PEI) 25 kDa was obtained from BASF. Poly(ethylene
glycol) monomethyl ether (mPEG) (5 kDa) and ε-caprolactone were purchased from Fluka
(Taufkirchen, Germany). Beetle luciferin, heparin sodium salt, and all other chemicals were
obtained from Sigma–Aldrich (Steinheim, Germany). Luciferase-encoding plasmid (pCMV-
Luc) (lot no. PF461-090623) was amplified by The Plasmid Factory (Bielefeld, Germany).
Negative control sequence, hGAPDH-DsiRNA, and TYE546-DsiRNA were obtained from
Integrated DNA Technologies (IDT, Leuven, Belgium).

Molecular Modeling and MD Simulations
The binding of nucleic acid and PEI25 kDa was modeled according to a reported validated
strategy.8,26 The MD simulations were conducted according to previous studies.8,26–28

Briefly, each of the molecular dynamics runs was carried out using the sander and
pmemd.cuda modules within the AMBER 11 suite of programs.

Isothermal Titration Calorimetry
ITC was carried out with an iTC200 micro titration calorimeter (Microcal, Inc.,
Northampton, MA, USA) according to our earlier report.29 Bidistilled water was degassed at
293 K under vacuum for 10 min and equilibrated to room temperature before use.
Measurements were performed at 298 K. The baseline (dilution energy) was recorded by
titrating redundant amounts of polymer into water. Afterward, to modify the baseline, a
redundant of 3 μL of polymer, 3.0 mM nitrogen of PEI was added and titrated into the
stirred cell containing plasmid DNA (0.1 mM base pairs) or siRNA (0.05 mM base pairs).
To prevent a systematic error from syringe filling, an initial injection of 1.5 μL was
necessary and the following injections were constantly maintained at 3 μL at intervals of
180 s until the plasmid DNA or siRNA was saturated with polymer. Energy differences
caused by the condensation of polymer and nucleic acids during each polymer injection
were detected from the integral of the calorimetric signal, after subtraction of the baseline.
ITC data were analyzed with ORIGIN software (Microcal, Inc.). After integration and
correction of peaks with a single-site-binding assumption, the thermodynamic parameters
enthalpy (ΔH), entropy (ΔS), and the dissociation constant K of binding were calculated.
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Dye Quenching Assay
Dye quenching assays were conducted according to a previous study by Merkel et al.19

Briefly, 60 pmol of Tye563-labeled DsiRNA (IDT, Leuven, Belgium) was complexed with
hyPEI25k or hyPEI25k-PCL1500-PEG2k at different N/P ratios. Remaining fluorescence of
the polyplex solutions (200 μL) was determined in opaque FluoroNunc 96 well plates
(Nunc, Thermo Fisher Scientific, Langenselbold, Germany) using a fluorescence plate
reader (SAFIRE II, Tecan Group Ltd., Männedorf, Switzerland) at 549 nm excitation and
563 nm emission wavelengths. Experiments were performed in replicates of three, and the
results are given as mean relative fluorescence intensity values ± SD. For normalization
purposes, free polymer in buffer represents 0% fluorescence, while free siRNA in buffer
represents 100% fluorescence.

In Vitro Cell Uptake and Knockdown Experiments
SKOV3 cells were seeded with 106 cells per well in six wells 24 h prior to transfection and
transfected with 50 pmol of siRNA. The mRNA was isolated 24 h after transfection
(PureLink RNA Mini Kit, Invitrogen GmbH, Germany) and reverse transcribed to cDNA
(First Strand cDNA Synthesis kit, Fermentas, Germany). RT-PCR was performed using
QuantiFast SYBR Green PCR kits (Qiagen, Germany) and the Rotor-Gene 3000 RT-PCR
thermal cycler (Corbett Research, Sydney, Australia). For confocal laser scanning
microscopy, cells were incubated with nanocomplexes containing AF647-labeled siRNA for
4 h and then fixed. Nuclei were stained with DAPI, and cell membranes were labeled with
FITC-wheat germ agglutinin (Invitrogen, Karlsruhe, Germany).

Transmission Electron Microscopy
To determine the different location of plasmid-DNA and siRNA within complexes of the
polycations, first, polyplexes of pDNA (0.1 mg/mL, 300 μL in 5% glucose) or siRNA (6.1
μM, 300 μL in 5% glucose) were prepared at N/P = 2 and N/P = 20 as described above.
After complexation of the nucleic acids with polymer (15 min of incubation at 25 °C), 600
μL of polyplexes was metalized during incubation with 30 μL of AgNO3 (0.1 M) for 2 h at
25 °C. The concentration of plasmid DNA and siRNA was calculated and selected to obtain
the same concentration of base pairs, respectively. Polyplexes for TEM analysis were
prepared by drop-coating the solutions on carbon-coated Cu meshes (S160-3, Plano,
Germany). TEM measurements were performed using a JEM-3010 microscope (Jeol Ltd.,
Tokyo, Japan), operated at 300 kV, equipped with a high-resolution CCD camera for image
recording.

Statistics
All analytical assays were conducted in replicates of three or four. Results are given as mean
values ± standard deviation. Two-way ANOVA and statistical evaluations were performed
using Graph Pad Prism 4.03 (Graph Pad Software, La Jolla, CA, USA).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Model for different hierarchical aggregation mechanism. (A) PEI/siRNA. (B) PEI/pDNA.
The synergic use of MD simulations, ITC, and dye quenching assays provides us a complete
description not only of the local binding between polymers and nucleic acids but also of the
hierarchical aggregation steps that occur during polyplex formation. TEM: During reduction
of the silver cations into silver nanoparticles on the negatively charged sugar–phosphate
backbone of the nucleic acids, siRNA and DNA were stained with Ag (black) and then
condensed with polycations at low and high N/P ratios.
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Figure 2.
Molecular modeling and MD simulations. (A) Equilibrated configurations of the MD
simulations of nucleic acids/PEI25 kDa polyplexes. (B) Simulated ΔG energies and the
contributing potentials of the binding between branched PEI25 kDa and DNA or DsiRNA
normalized to energy per charged surface amine expressed in kcal mol−1.
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Figure 3.
Thermodynamic interpretation was provided during isothermal titration calorimetry.
Standard binding isotherm curve of siRNA and pDNA with polycations. The siRNA
reorganization from the saturated complex into aggregates is an endothermic process,
reflected in an endothermic peak at N/P = 1 in the ITC measurements.
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Figure 4.
Dye quenching assay. (A) The fluorescence of Tye563-labeled siRNA molecules is
quenched by each other in a “multimolecular complex” due to close spatial proximity. Each
curve had a minimum of fluorescence at N/P = 1, after which the fluorescence increased
again due to a decreased number of siRNA molecules per polyplex, resulting in less
proximity of the labeled siRNA and thus in lower quenching. This special phenomenon of
short nucleic acids condensation can be understood as a reorganization of the polyplexes.
(B) Molecular reorganization of the siRNA within the polycations at lower N/P ratios.
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Figure 5. In vitro
cell uptake and knockdown at different N/P ratios. (A) Knockdown effect of siRNA/PEI25
kDa polyplexes using RT-PCR. (B) Knockdown effect of siRNA/PEI25k-PCL1500-PEG2k
polyplexes using RT-PCR: polycations showed the best knockdown effect with siRNA at N/
P = 2. In the case of PEI25 kDa, by increasing the N/P ratio, the GAPDH gene expression
decreased from N/P = 1 (53.26% knockdown) to N/P = 2 (72.29% knockdown) and
increased again. The knockdown effect at N/P = 20 and 30 seems better than at N/P = 2, but
the lower negative control bar indicated toxicity at higher N/P ratio. (C) Confocal laser
scanning microscopy (CLSM) showed the cell uptake at different N/P ratios: the uptake
efficiency at both N/P = 2 and N/P = 20 was good, but N/P = 20 was too toxic, causing a
less vital cell morphology (siRNA was labeled with AF647 dyes; nuclei were stained with
DAPI and cell membranes were labeled with FITC-wheat germ agglutinin).
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